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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 ¢ w=21.2 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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[. INTRODUCTION with initial- and final-state energiels; and E;, the photon
energyfiw, the density of final states(E;), and the matrix
The contribution of surface-related electromagnetic fieldselement
to photoelectron peak intensities has been discussed since the
early days of photoemission experiments; see Feibelman’s
excellent review for references to earlier work. Photoelec-

tron spectroscopy’ is an extremely surface-sensitive tech-

niqgue due to electron escape depths of only a few latticd” this _equationA(r) is the corresponding vector potential
constants. When the electromagnetic field, required to excit§@nsmitted into the sample apds the momentum operator.
photoelectrons, crosses the surface of a solid, the comp n m(_)st. text.b_ooks.on photoelectron spe.ctrols‘c.o py the ﬂ.rSt
nents of the electric field parallel to the surface vary continu{€M IS identified with momentum conserving “direct transi-
ously on a scale defined by the wavelength of the incidentt'.ons,'; whlle.th_e se_cond term |s“descr|ped as surf:alce emis-
light. In contrast the normal component varies rapidly over !Nl Or €mission '”d.“C.ed by qual-fleld effects. In. the
distances of the order of Angstroms showing Friedel-likeMajofity of photoemission experiments analyzed in the
oscillations near the surfadehecause the translational sym- past thg second term in Eq(2) has been simply
metry in this direction is broken. In classical terms this re_negletcted.' The calculation of the transmitted vector poten-
sponse is an induced surface charggiantum mechanically &l A* from the incident fieldA' is based on the Maxwell
the response is the near-surface excitation of electron-hof&€0y. If the dielectric constant is assumed to change
pairs or plasmons Therefore any analysis of photoemission 2PTuptly frome=1 in vacuum toe=e,+1e; inside the
matrix elements cannot ignore this short-range dielectric reSample, the amplitude d¥" is spatially constant and follows
sponse. The fundamental problem is, however, that not mucfiom Fresnel’s equations:

is known about the local optical properties at the surface, and

h
M= A-pl) + 5 (v Ali). @

theoretical progress in calculating the screening at a surface Al 2 cosy N 3
has been limited to free-electron-like metal surfacdhis * cosy+\e—sify

theory refers to the surface of a jellium metal with the charge

density of aluminum. It has been verified for photoemission [—

intensities measured near the Fermi edge froni1@0), A= 2 Cosye S|r.12 id |All, (4
which shows a rapid resonance-like variation with photon £ COSYr+ e —sin’ i

energies in the energy range of the surface and bulk

plasmong® The question related with our present paper is Al 2 cosysing A 5

di_ffer_ent: Can we identify experi_mentally any intensity con- z g cosy+ m
tributions from surface-related fields to angle-resolved pho-
toemission peaks measured at fixed photon endgigy  wherey is the light incidence angle within the optical plane

=21.2eV? (yzplane. In this description both the incident and transmit-
In time-dependent perturbation theory the transition ratded fields are transverse, with the consequence thad div
w of photoemission is described®as =0, except just at the interface, as can be easily checked. In

fact previous photoemission studi&s have shown that
5 calculating A' with Fresnel's equations and the dielectric
woe M| 28(E— Ej— i) p(Ef) (1) function of the bulk gives a fair overall description of the
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experimental observations. However, our recent experiments
with an improved experimental setup indicate that good fits Cu(lll) =0
to the experimental data either require modified dielectric I'Lux

constantgSec. Il A) or the inclusion of the second term in
Eqg. (2) into the analysigSec. Il B). We discuss some rep-
resentative data together with the subsequent analysis based
on Eq.(2). Particularly we present evidence that the second
term in Eq.(2), which results exclusively from local-field
effects within the surface layers, may contribute significantly
to the intensity of angle-resolved photoelectron peaks of bulk
states as well as of surface states on copper.

o

Il. EXPERIMENTAL DETAILS

Our spectrometer arrangement includes a high-resolution
energy analyzer, a rotatable polarizer arrangement allowing
to vary the incidence anglgs of 93% p-polarized light at
constant electron take-off angte and the standard facilities
for sample cleaning. Both light incidence and electron emis-
sion directions are confined to the same optical plane. In
particular we mention that the geometry is optimized to col-
lect all photoelectrons even gt=80°. For details we refer
to Ref. 14. The resolution parameters of the analyzer may be
changedn situ. The energy resolution can be tuned down to

o =55°
AE=10meV. Also the angular resolution can be varied be- JULJL
tween A= +0.4° and =1.5°. The samplegoriented to v=08
+0.39 have been polished mechanically and electrochemi- M

Intensity [arb. units]

cally, cleanedn situ by argon ion bombardment and subse- -

guently annealed. Sample cleanliness and surface order were 'M Y=80" p

verified by regular checks of the well-knofvhsurface states 4 3 2 1 0

occurring on C(111) at thel” point (E;=—0.39eV) and on E; [eV]

Cu(110 at theY point (E;= —0.43 eV) of the corresponding

surface Brillouin zones. FIG. 1. Normal emission spectra excited witfpolarized He

radiation ¢ w=21.2 eV) taken at different light incidence anglgs
Il RESULTS All data are normalized to equal incident photon flux.
A. Analysis without surface emission the initial state. Thus we are able to probe experimentally to

i t . y .
In this section we present a concept to analyze photoemié’yhICh extentA’ can be described by Fresnel's equatit)s-

sion intensities neglecting any spatial variation of surface(s)'

: I, : , : Particularly we study the intensity dependeniig))
related fields. Combining Ed2) with Fresnel's equations ; . ) )
yields 9 Eq2) . «|My|? of well-defined emission peaks witp-polarized

light, i.e.,A,=0. A typical experimental result is reproduced
Mo Al (f|pli)=Al. Py (6)  inFig. 1 showing normal emission spectra from(CL4d) for
light incidence along th€LUX mirror plane. All amplitudes

with the momentum matrix elemei; . This is the usual 5re normalized to the same incident photon flux. The surface

d]pole apprOX|mat|on._In the C_arte3|an coordinates the tranétate at thd™ point (E;= —0.39 eV) shows a symmetric in-
sition matrix element is then given by

tensity dependencé(#)~I1(—): The intensities can be
L ALP* L At p* o atp* easily evaluated and are plotted in Fig. 2. The orbital char-

Mii APy APy + APz @ acter of the initial state isp,-like?® and thereforePy; is
with the conjugate complex componer®$ of P;;. For a  oriented along the surface normal. In consequence it can
certain transition, the complex vectBy; is a quantity that is  only be excited by the component o', which gets zero at
independent of the vector potential and that is characteristigy=0. At grazing incidence the light is reflected totally, no
for the wave functions of the participating states. Its compophotons can be adsorbed and the photoemission intensity
nents are fixed with respect to the crystal lattice directions. Irvanishes.
contrast the complex components Af depend sensitively Now we fit the square of Eq.7) to the data points. De-
onA' and can therefore be tuned by variation of polarizationspite the known symmetry of the surface state we regarded
and light incidence angle. In general the directionPpfis  the complex component%g andP, as free parameters in this
not knowna priori, but in this paper we have chosen someanalysis. Since onlyM;;|* is observable, the phase of the
transitions, whosé;; can be derived from the symmetry of matrix element is undefined and we are free to chd®sas
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_FIG. 2. Intensityl(f,//) qf the su_rface state ob§erved at l_ﬁe 90 60 30 0 30 60 90
point (Ei=_ —0.39 eV? in Flg.. 1 excited witlp-polarized radiation Light incidence angle % [deg ]
as a function of the light incidence angle The curves through the

data points are discussed in the text. FIG. 3. Photoemission intensitié$y) obtained from C(110)
at #=52.5° (E;=—23.70eV) in thel'LUX plane vs incidence angle
. The electric field withh w =21.2 eV wag-polarized with respect
resenting a phase shift betweBn and P, and the angles

to this mirror plane. Top: fit of Eq(7) with £;,e, as indicated.
representing the direction & with respect to the sample Bottom: same data as toffilled diamonds fitted with &s=1.02
normal: +i0.13. Open squares show data points from a different experiment
with the same values fass.

real. Thereford?;; can be expressed by a phase anglep-

Py=|Py|sinpe'?, (8)

the'LUX bulk mirror plane. Under appropriate kinematical
conditions direct emission witk;=—3.70 eV occurs just at

_ . . . the samek space point along thEL direction as in case of
Using Fresnel’s equation(@) and(5) for A, andA; and the

normal emission from Qd11). Indeed experimental peak
well-known bulk dielectric constard,=0.63+i0.74 of Cu

o _ or ¢ positions observed from Q10 are almost the same as
at 21.2 eV;>'®we obtain the dashed curve shown in Fig. 2.from Cu(111), and for this particular energy they have been

This fit results ing=(1.5+3.0)°, which is in good agree- made identical“energy coincidence method,” see Refs. 2

ment with Py=0 as expected. Thus we essentially measureind 3. Since the matrix element only depends on the wave
the angular dependence 8f(y), becausd «|A(#)|? in

functions of the participating states in the bulk, the direction
this case. Since the intensity distributibfy) is completely

of P;; must not depend on the particular surface orientation.
determined by the dielectric constant entering Fresnel'$srom the Ciy111) normal emission results we already know

equation, we have to changein order to improve the fit. that P;; is parallel to thel'L direction. According to the
This results ineg=1.03+10.22(solid line in Fig. 3, which is

geometry of thel'LUX plane we expectB=35.3° on

clearly off the bulk dielectric constant: Typical error b&$  Cu(110. The measured intensities from @a0 at E;=

this and further results discussed belowre ss= (g4 —3.70eV andf=52.5° are reproduced in Fig. 3, top panel.

+0.10)+i(e,*+0.10). Variation ofe within its error bars is A fit with Eq. (7) using e, results in the solid line, which

still consistent with the aforementioned value ®f does not describe the measured intensities adequately at
As a second example on (iil) we have studied the large light incidence angles. Again a more convincing fit is

photoemission peak &;=—3.70eV in Fig. 1, which shows

achieved with a different dielectric constant, see the lower
a similar intensity dependence as the surface state. A detailgghnel of Fig. 3. The bottom panel also shows a set of results

analysis, also checking for differently defined backgroundobtained with a different sampl@pen squargsdemonstrat-

subtractions, results iB=(—1.1+3.0)° if we uses,.!”  ing the typical reproducibility. Figure 3 shows three fits giv-

Again this fit(not shown herecannot describe the measured ing results for8. As an average from the lower panel we take
intensities. Much better agreement is obtained withas

B=(33£3)°, in perfect agreement with the expected value.
given above. In the latter case we calcul@te (1.4=3.0)°  Thus we only need to vary; ande,, i.e., the parameters
in perfect agreement with the value obtained with It is

describing the dielectric response, in a fit of Ed@) with
our general experience with many data sets at diffefetd

A,=0. Our result from several fits igzs=(1.02+0.10)
E; that the direction oPy; does not depend sensitively on the +i(0.20+0.10), which is definitely far off the bulk value.
particular choice ofe. In all cases investigated at Q10

and Cyl111) surfaces we observe thai+ ¢y,

P,=|Pyi|cosp. ©)

One may ask why this discrepancy was not resolved in

earlier studies of our grodp™® and other author®:*! This
Furthermore we have studied photoemission intensitiesan be traced back to some improvements of our experimen-

from Cu110) atAw=21.2 eV and withd and ¢ confined to  tal arrangement. In the earlier stude¥ the rotatable polar-
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izer could be turned between 30° and 180° with respect to
the electron lens axis. For the remaining light incidence
angles the sample had to be rotated azimuthally. Therefore
the range of accessible light incidence angles contained an P
interval of 60° where no data could be taken. This made all
fits much less reliable compared to the present measure-
ments. Furthermore and even more important, we improved
our lens system in front of the energy analyzer. First, the
distance between sample and lens entrance was increased 05,
and the polarizer can now be rotated by 360° around the
manipulator axis. Second the blocked interval could be re-
duced to 30° in total. Third, the transfer lens now accepts
electrons from a larger light spot on the sample surface. In
consequence practicalBll photoelectrons are collected for
=<80°, contrary to the earlier arrangemetftst3Indeed the
new experimental data show clear intensity enhancement at
large light incidence angles compared to the old data. An
earlier study® of Cu(110) at §=52°(hw=21.2 eV), which
could vary ¢ between zero and-76° had already detected 0 30 60 90
deviations ofl(y) taken for ¢>0. From the best fit of
Fresnel's equations these authors derived the numbers
=0.89 ands,= 0.48, which are intermediate betwegnand
our results okg. The authors, however, concluded that their
modified optical constants “deviate appreciably from the
known values” and therefore believed them to be
insignificant!®

Figure 4 shows the consequence of the different dielectric
constants on the components of the transmitted vector field
A' assuming that is isotropic. With respect td\,, the real

A/ IA

part is enhanced drastically &t>60° by e (solid line), Light incidence angle 1[deg.]
while the imaginary component is reducedyat 70° com-
pared to the calculated bulk fiel(Hotted ling. Also the FIG. 4. Calculated Cartesian components of the transmitted vec-

imaginary part OfA;, gets smaller using:s especia”y atl/, tor potentiaIA‘ related to the incident fle'@l and the |Ight inci-

<45°, but this effect is obviously less dramatic than with dence angles. The two curves represent real péRe) and imagi-

Atz. The calculation reproduced in Fig. 4 also predicts Sig_nary part(Im). All curves are calculated with Fresnel's equations

nificant changes i, , which cannot be checked with our ande,=0.63+10.74 (dotted lineg or e,=1.02+i0.10(solid lines.
present experimental arrangement. The increasedmpo- W hat the el d | ¢
nent at large light incidence angles and the only small modi-,_ V& aSSUme that the electron system needs a layer o
fication of they component bye. indicates a dominant sur- thlckneissd fc:r screening and that the vector potential varies

face related change of the electromagnetic field. SucffOM A’ to A”on this length according to

behavior is consistent with a contribution of the second term 0 ) ]

appearing in Eq(2). Therefore we have tried to model this A(r,t)=A%(z)expl(iky T —iwt), (10

term using plausible assumptions and to include it into our )
analysis. This will be the subject of Sec. Il B. wherek, is the photon wave vector and E4.0) represents

A entering the second term of E). Calculating divA
yields

B. Analysis including surface emission o

No general method to calculate the second term in(Bg.  diyA=AC.j kpexplik, r—iwt)+ (9_A2exp(i kp r—iwt).
is available. In order to develope an at least reasonable ap- 0z
proximation for the integral containing div, we exploit the (11)

symmetry at the surface. On the scale of Angstroms the fielﬁjn Coulomb the first term is zero evervwhere. b
polarized parallel to the surface is spatially a constant. There- oulomb gauge the Tirst term 1S zero everywhere, because

fore no surface charge can be induced and any microscopf@.e wave is transversal. Due to the translational symmetry

effect can be safely ignored. The incident long-wavelengt ithin the p_lane O.f the gurface, mome_ntum cons_erva_t|0n n
field, however, may induce a short-wavelength response i ese directions still applies to the matrix elemtliv Ali)

the electric field contains components polarized perpendicufimd we get
lar to the surface. In consequence exclusively Zlg@mpo- L
nent of A may contribute to the surface photoeffect. Ei=Ei+fiow and ki=kj+kj (12)
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FIG. 5. Angular dependence of divwithin the linear approxi-
mation according to Eq14) using the bulk optical constants of Cu FIG. 6. Experimental intensities taken from Fig. 3. The solid

athiw=21.2eV. We have plottefAA,|?<|dA% dz|?. The contri-  lines represent a fit according to the square of @&), using the
bution of surface emission increases with the light incidence angléulk optical constants,, of Cu atZiw=21.2 eV. Due to the inclu-
¢ and can be neglected #t=0. sion of surface emission the enhanced intensities at larger light

incidence angles are reproduced.
with E the electron energies ahd the wave vectors parallel

to the surface of the initial state, final state, and photon, aA‘Z’ A‘Z— AiZ AA,

respectively. Therefore the measured intensities kéree- 2z - d 4 (13
solved, regardless if di enters the complete matrix ele-

ment.

The field componend, is expressed via Fresnel's equation,
Whereas the incident light is simpl,=|A'|siny. Combin-
ing this with Egs.(5) and(13) results in

While the surface preserves momentum in two directions
the conservation in thedirection is broken. Here both terms
appearing in Eq(2) have to be considered separately. Con-
servation ofk, in direct transitions requires the contribution

of a reciprocal lattice vector, because the momentum of the AAZ_ |Al| 2 cosysiny .
photon is almost negligible compared to the momentum d d & COSY+ \J&—SI i sing ). (14

change in the photoemission procéssn case of surface

emission the rapid variation in the normal component of ther,, angular dependence pXA,|2 is shown in Fig. 5. As
2 . 5.

electric field acts as a source of momentum via the Unceray nected we gedA,=0 aty=0. Remarkably, it reaches its
tainty principle, enabling an electron to absorb a photon. In

di - intv kf is introduced via th aximum amplitude agy=90°. The reason is that at grazing
_|re_ct transition some uncertamty I_'S Introduce v_|at € incidence no light is transmitted into the sample, and the
lifetime of the final stat& and it is given by 2r/1 with a

mean-free-path of the excited electron. For surface emis—J.ump betweer®, andA, gttalns_ its maximum. Such a b(_ahay-
sion the additional uncertainty is due to diy which is non- ior seems to be compatible with our data reproduced in Figs.

Zero onlv in the surface laver of widith The resulting un- 2 and 3: The strongest deviation of the experimental intensi-
only X Y 9 ties from the fit using bulk optical constants occurs at latge
certainty is then given by 2/d.

o ., values. In contrast, good agreement was found arogind
The consequences for surface photoemission are evident.

If dis comparable with the lattice constamthe uncertainty
of k, is given by the size of the Brillouin zone. In the gen-
eral casea<<d</| one must consider carefully that the widths
of direct emission features induced by the first or the second M. Al P, + ﬂ E (15)
: ; fi fi '

term in Eq.(2) may be actually different. As also seen from d 2
Eq. (2) the amplitudes of direct and surface emission may
interfere. If there is a rapid change of relative phases acrosshere we have combined all unknown factors in the complex
the width of the direct emission peak, also the peak shapeumberC/2. A fit of [My;|?, now treating the first term in
may be drastically affectet® However, no dependence on Eq. (2) as before with the use of Fresnel's equations but
k, is relevant for photoemission from two-dimensioK2D) using the bulk optical constants;=0.63 ande,=0.74, is
surface bands. In this case the same peak shape can be skown in Fig. 6 for the data set shown already in Fig. 3. As
pected for contributions from the direct and surface emissioiis obvious the agreement with Ed.5) is excellent. Similarly
intensities, respectively. we may use Eq(15) to fit the I () points treated before in

For further data analysis we must model the second terrfrig. 2. The result is reproduced in Fig. 7, which shows two
in Eq. (11). Following Ref. 7 we introduce a linear approxi- fits using exclusively the bulk dielectric function: The solid
mation line includes the second term shown in Ef5), while the

éollecting everything we may express Hf) as
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Cu(111) considerably from the bulk valug,. Analyzing transjtions
of bulk and surface states on @d1) and Cy110 with a
photon energy ofiw=21.2 eV, the modified surface dielec-
tric constant was found to be;=(1.0=0.1)+i(0.1+0.1).
This is clearly different from the bulk value,=0.63
+i0.74. The ordinary theory of refraction, i.e., Fresnel’s
equations combined with,, ,, treats copper as an opti-
cally homogeneous medium and averages over scales given
by the light wavelengthiA=580A at 21.2 eV and/or the
mean-free-path of the phototys A/ (47k) (t=120A at 21.2
eV) wherek is the absorption constant of copgérn con-
trast the electron mean-free-path relevant for our photoemis-
sion results is approximately 10°2and we cannot expect to
measure the optical constants of the bulk in photoemission
% 60 -3 0 30 60 %0 experiments. Within a microscopic description of the dielec-
Light incidence angle 1/[deg ] tric response at the surfaeds treated as a tensor. Therefore
] _ . _ the high photoemission intensity at large light incidence
FIG. 7. Experimental intensities taken from Fig. 2. The dashedyngles may indicate the anisotropic dielectric response in the
line shows the intensity variation with,=0.63+i0.74 whereas the 5 termost layers of the solid. This is supported by experi-
solid line represents a fit with surface emission using the samenental evidence from reflectance anisotropy spectroscopy
values fors,. (RAS) from Cu110) atfiw=1.4—4.0eV: The amplitude for
o ) ) surface reflection of light incident normally and polarized
dashed line is calculated with the second tesarface emis-  |inearly is anisotropic with respect to the bulk crystal direc-
sion) neglected. Again, consideration of the &erm im- j,157001] and[110], see e.g., Refs. 18-20. This is a clear
proves the fit considerably. L _indication that even in this case the surface optics cannot be
With regard to the various fit parameters, it is interestinggescribed properly by isotropic optical constants. Especially
to compare the results obtained with either bulk or surfacej, the direction perpendicular to the surface there should be
modified Optical constants. In all cases the ar}@,leNthh severe modifications of the Optica| constants.
indicates the orientation oy within the light incidence Second, we used Fresnel's equations in combination with
plane, is essentially unchanged within the error bars. This ig, to calculate|A-P|?, but included the matrix element
an important result. It indicates that earlier studies that de¢f|divAl|i) responsible for surface emission in the data
termined the direction oPy; exclusively from the assump- analysis. Again an almost perfect agreement with experiment
tion thatM¢;<A!- Py;, i.e., with surface emission neglected, could be obtained. This approach is problematic, too in that
are basically correct with respect 8 The reason is obvious: no microscopic theory is available to calculate the surface
First, B is dominated by the symmetryor asymmetry electric field componenf,. Therefore divA=0JA,/dz was
around=0, whereas the surface term entéfg) only at  modeled by a comparatively simple linear interpolation be-
the largest angles of incidence. Second, the fit parametef@een A, in vacuum and inside the sample. On the other
|C/2d| are of the same order of magnitude |&;|. This  hand the same rapidly varying,(z) field will also modify,
means that at intermediate angles between 0 and 90° both th@ some extent, the direct transition contributidn Py,
direct-transition term and the surface-emission term contribwhere it enters vigf|A,(z)p,|i). Due to lack of knowledge,
ute almost equally to the experimental intensitgiy), we neglected this contribution. Such neglect was shown to
whereas the intensity fap— *+ 90° results exclusively from be justified for A[100) by a jellium calculatior® but we do

Surface state at T’

Intensity [arb. units]

the matrix element containing div. not know if this result can be simply transferred to copper.
In conclusion our results clearly demonstrate that any de-
IV. DISCUSSION AND SUMMARY scription of I () based on an analysis considering exclu-

sively the bulk optics is inadequate. We have presented

We have collected photoelectron spectra at various incistrong evidence that surface electromagnetic fields and the
dence angleg of p-polarized light with all other kinematical related surface emission must be carefully considered in any
parameters fixed. The intensity distributio(g/) cannot be interpretation of peak intensities of angle-resolved photo-
described satisfactorily using the “standard” matrix elementelectron spectra, especially in case of large light incidence

in dipole approximation angles. Today, where the understanding of photoemission
) spectra is pushed past traditional limits, reliable data analysis

L) |(FIA-pli)|>=|A- Py|? requires to take all possible contributions into account. We

hope that our results will also stimulate further theoretical

if the transmitted vector potentidl is calculated on the basis
of bulk optical constants and Fresnel’'s equations. There a
two possible refinements that result in much better agree-
ment with experiment.

First, thel () dependence is in accord with E) and Our work was continuously supported by the Deutsche
with A' calculated by Fresnel's equation, if and only if, we Forschungsgemeinscha®FG). We thank G. MeistefKas-
use empirical surface dielectric constamts which differ  se) und W. Pfeiffer (Wurzburg for helpful discussions.
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