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Polarization-dependent angular photoelectron distribution of solid G
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We present angle- and polarization-dependent photoelectron spectra of galet@ded over a large range
of emission angles. The bands derived from the three highest molecular orbitals are very similar in their
angular distribution and show a strong dependence on both light polarization direction and sample orientation.
We show that a molecular emission pattern modified by solid-state effects accounts for the observations.
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I. INTRODUCTION preserved in the condensed phase.
We report ARPES of solid £, and detect molecular
Angle-resolved photoemissigARPES has served as the photoemission angle- and light polarization-dependent cross
primary tool to investigate the electronic structure of novelsection variations. We find that the solid-state cross section
materials for several decadk©f particular current interest can, to first order, be described by a molecy8aparameter,
are correlated systems like the high-temperature supercopthich is the primary result of this work. At the same time, it
ducting oxides and molecular solids. It is the question ofiS @pparent that scattering in the solid significantly modifies
intensity with which photoemission experiments have thethe_ angular dlst_rlbutlon. We analyze Fhe role (_)f_lnelz_istlc scat-
most difficulty in establishing absolute values. However, thel€ng in & continuum model and taking the finite size of the

spectral intensity constitutes one of the more interesting outMolecules into account. We tentatively suggest that the mo-
puts in the study of, e.g., strongly correlated mateRdke-  'ecular dimension could cause elastic scattering to be effec-

cently a reexamination of the role of the light pOIarizationtiveW nonisc_)tropicfor_mo_lecular solids: Finally, we point out
clarified fundamental differences between theory and experih€ role of light polarization for metallic molecular systems
ment for high-temperature superconductbrs. in determmmg the proportion of inelastically scattered pho-
It is therefore clear that a detailed knowledge of the roletoelectrons in PES.
of light polarization in solid-state photoemission is funda-
mental for a_systematlc |mprovemeqt of our under§tand|ng of Il EXPERIMENT
novel materials. Our present focus is the electronic structure
of solid Gy, which is one of the most well-studied molecu-  The experiments were carried out at Beamline 33 at
lar materials. It has been a topic of immense interest in itdlaxLab?® The end station is equipped with a goniometer-
own right*~® as well as being the starting point for under- mounted electron energy analyzer. The emission could be
standing the fulleride superconductdrs® The difficulty in ~ varied over 2r radians, with tighter constraints for certain
detecting solid-state effects in the line shapes of suclsample orientations. By scanning the polar angle with 6°
spectrd ™3 could be taken as tacit confirmation of the pro- step-size spectra were taken in the plane defined by the light
posal that, due to orientational disorder and the large unipolarization and incidence directions. The plane of incidence
cell, such effects should be sméii*® and emission was always perpendicular to the sample sur-
At the same time, the molecular nature of the photonface. The analyzer acceptance angle was set 25. The
energy?® and final-state-dependéht® cross sections for spot size of the synchrotron light on the sample was approx
solid Gy photoelectron spectrdPES was appreciated early 2(h)x 1(v) mn? in normal incidence. The effective aperture
on. When the same photon-energy dependencies were meai- the analyzer has a diameter of 1.5 mm at the sample
sured for the gas phaséjt became clear that the observed surface. The photon energy was 110.07 eV, calibrated by
variations were almost unaltered between free and sglid C measuring the highest occupied molecular orbiEE®OMO)
Another important expression of this symmetry emerges irstructure excited by first- and second-order light. The
the angular PES cross sections of gas phage'C°These kinetic-energy scale was calibrated with the ionization
results suggest that the molecular symmetry is of great impotentiaf* of the HOMO of 6.9 eV. The overall energy reso-
portance for the electronic states up to kinetic energies of dtition is 80 meV. The spectra are normalized to the light flux,
least 100 eV?°-22and one can ask if this property is also which was measured as photocurrent on a gold mesh placed
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in the beamline in front of the analysis chamber. The sample Angular Distribution of
was prepared in a standard UHV preparation chamber with a Photoelectrons for Solid Cgq
base pressure of%410 19 mbar, the pressure of the analysis

chamber was &10 ! mbar. G, was sublimed from a (a) A58 Plarkzsii
Knudsen cell onto an atomically clean(A10) surface, held olarization

at room temperature during deposition. The diameter of the

substrate was 10 mm. Subsequent to deposition the ‘4

multilayer G, film was annealed for 4 min at 200° C. Dur-
ing measurements the sample was at room temperature.

Ill. RESULTS

Angle-dependent spectra of the bands derived from the
occupied molecular orbitaléMO’s) of Cg, were taken at
light polarization angles of 5° and 45° from surface normal.
The spectra were normalized to the intensity of the synchro-
tron light and acquisition time. One set of ARPES data taken
with light polarization angle of 45° is shown in Fig. 1. The
overall impression from the data is that the maximum inten-
sity is found close to the angle of light polarization. In order "
to quantify the angular distributiofAD), the individual ’oyrek 103 <F «(\gé@
spectra are modeled with Gaussians, as illustrated in Fig. 7 v

Ip!ensiiy (arb. units)

1(b). The intensity distributions of the PES peaks from the (b)
HOMO, HOMO-1, and PealkC for the respective light po-
larizations are plotted in Fig. 2. The three highest spectral 0
features have nearly identical angular distributions. Typi- 5 '
cally, molecular AD’s are displayed as polar plots. Since it is £
difficult to analyze line shapes in a polar plot, we display the >
AD in a cartesian plot and a polar plot in Fig. 2. Clearly, the [
ADs are largely determined by the light polarization angle. ﬁ
prever, the AD in _Flg. 22)] is ap_prOX|mater symm_etrlc_ a5 & 160 100 1@ 968 g
with .respect to the light polarization, whereas that in Fig. Kinetic Energy(eV)
2(b) is not.
For the free molecule, the AD of an emitted particle after FIG. 1. (a) Angle-dependent valence PES from the three highest
dipole absorption is described By° MO’s taken with the light polarized at 45°. Spectra were taken at
q 6° intervals, and each is shown directly as a grid line along kinetic
g O energy. The photoemission intensity is normalized to the photon
a0 - E[1+BP2(COS‘9)]' (1) flux gr{d corr(fcted for acquisition tirr):eb) The 6° emission sppec-

trum with a fit using a series of Gaussians as shown, illustrating the
whereo is the total photoelectric cross sectighdenotes the  method used to extract the intensity information for each peak dis-
angle between light polarization and photoelectron emissiorplayed in later figures. The peak notations are in accordance with
and P, represents the Legendre polynomial of second ordemRef. 40.
B reflects the MO symmetry, and can be in the range of

—1<pB=<2. For a kinetic energy of 103 eV, the anisotro . : ) 0
valuel[lfor the HOMO of G is cef?c):/ulate@ to bef=1.1. We Py ential cross sectiond/d()) describes the initial molecular
. hotoemission AD. According to geometric considerations

expect this value to be accurate, based on the good agre& ¢ Ale) i a th f1h
ment achieved in the same calculation at lower energies wit € surlace are () mtersectmg't € acceptance cone 0 the
analyzer increases with the emission angle as Xcasis

experimental dat&’~° : _ o >
p the inelastic mean-free patimfp) which is the characteristic

In a homogeneous and isotropic medigoontinuum ap- di i th id th h | b .
proximation, the number of photoelectrons will be atteny- @iStance in the solid that photoelectrons travel between In-
lastic collision€® This expression includes the assumption

ated proportionally to the path taken by the photoelectron off

its way to the sample surface, and the number of photoeleé-hat inelastic scattering removes the photoelectron from the
tronsdN emerging from depth in directiona can be written spectral region of '”teT?SP a_nd that elastic s_cattenng can be
a® neglected. For a semi-infinite sample the integral over all

depthz gives [5dze Z* €°s@=) cosa. Hence, the AD from a
o continuous solid-state sample is proportional to the initial
A(a)e ?0cosadz, (2)  photoemission intensity

factors, density of the sample, and the x-ray flux. The differ-

do

dQ

Here, « is the angle between sample normal and the direc- | = fde (z)=C(d—U))\. &)
tion of analysis, the constai@ comprises the instrumental o dQ

dNa(z)zc(
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Comparison of Observation TIABLE |, lluminated sample dimension and detection cutoff
to Molecular Theory angle.
T T T T T T T | :
(a) 5° Polarization & 2 mm/sing .
45° 2.8 mm 57.6°
S5° >10 mm 81.4°

be constant, as summarized in the following conditions

Ag/cosa a<a,
Ala)= ,
(a) Ag/cosag a>a.

where A, is the illuminated sample area measured by the
analyzer in normal emission. It is clear that for=45° this
cutoff suggests an explanation of the major deviation be-
tween theg distributions of Fig. 2b) and experiment. We
have also considered the effects of refraction of the
photoelectron® on the AD. We find that refraction does not
qualitatively alter the AD in the angular range of the mea-
sured distributions shown here, although there are minor
quantitative changes for the largest positive angles for 45°
polarization. This effect will therefore be neglected in what
follows.

(2) Since the effects ot on A(a) cannot explain the
narrowed AD for 5° polarization, we are led to consider
other aspects of solid-state scattering. Above we have con-
sidered the solid as a continuum of emitters and scatterers.

FIG. 2. Intensity derived from the spectra excited by light po- Slr]ce .Céo Is a large molequle we will investigate the effects
larized at the indicated angle. The intensity of the HOMO'of its size on the_attenuatlon of the photoelectr.ons. T_hus, we
HOMO-1, and PealC lines are derived from fits as illustrated in d€velop a very simple model of the effects of inelastic scat-
Fig. 1(b), with scaling factors applied to enable an assessment of€fing on the AD including the “granularity” of the sample,
differences among them, which are seen to be small. The experftarting with a single layer. In principle, valence electrons
mental results are compared to distributions corresponding to théan be emitted from every point of the shell of the molecules
indicated moleculapg values. The insets reproduce the ADs as po-With an initial AD determined by the molecular photoemis-
lar plots. sion described by Eq(l). We approximate the molecules

with spheres of the £ van der Waals radidSR=5 A and

In Fig. 2 we compare the present results with the molecuplace the molecules at the nearest-neighbor distarafeb
lar AD for different anisotropy valueg. Overall the data are =10 A. The trajectories of photoelectrons from the point of
in accordance with the calculations. However, the AD’semission towards the photoelectron analyzer are partly
found are somewhat narrower than the calculgBeel1.1.  blocked by neighboring molecules, as shown in Fig).3
Furthermore, for 45° light polarization at positive emission The number of electrons reaching the analyzer therefore de-
angles there is an apparent cutoff in the AD. Below we try topends on the degree of blocking, here modeled as an overlap
explain these differences in terms of the followir(@) the  of the projection of the neighboring molecule onto the source
cutoff as a geometrical limitation ar{@) possible scattering molecule. The length(«,m) which characterizes the degree
effects due the finite size of the molecules. of blocking can be obtained from the geometry shown in Fig.

(1) We find that the functior\(«) plays an important role  3(a)
for the 45° data. It is clear that the horizontal light spot

Intensity (arb. units)

80 60 40 20 0 -20 -40 -60
Emission Angle (°)

dimension of 2 mm given in Sec. Il will be spread out over 2R
the sample surface by a factor of 1/sh)( where ¢ is the 0 |a|$5\r(3005rmJ
polarization angle. Likewise, the analyzer will accept elec- [(a,m)= D (4
trons from the sample surface according to 1/apsCertain 2R—mbcosa |a|>arccosz—R
limits on both of these factors occur for particular geom- mb

etries. For example, when the light spot has a finite size, the

acceptance function of the analyzer has an upper limit. Thevith m=1,2, ... theneighbor index.

sample size also places upper limits on both of these factors. Figure 3b) is the view perpendicular to the plane shown
The results can be described in the present case as the cutoffFig. 3(@). The fractionF of the source molecule which is
anglesa, given in Table I, above whicA(«) is assumed to blocked is seen to be
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Photoelectron Blocking by |

Neighboring Molecules h=R-3,
(a) |<L>| S= \/Rz—hz.
% lo,1) h
X | | | y=2m—25=2m—2arccog,
% |’(a,|2) | |

I=1(a,m), defined in Eq.(4).

Still considering a given source molecule, we define the
transmission function of the given layer as

©

Tintra<a>=1—n§l[pm*1F<a,m>—me<a,m>], (6)

where we have introduced an average blocking probalglity
for an electron traversing a molecule.

Equation(6) merely reflects the following summation: the
transmission of the unblocked molecule MO is 1, and the
influence of a neighbor is described by the two parts of the
sum. The first part subtracts the fractional overlap of M1
with MO from the initial intensity. In the second part the
reduced intensity of the blocked area is added by multiplying
the fractional overlap wittp.! The subsequent terms in the
sum are obtained similarly. Whditm,«)=0 as defined in
Eq. (4), the series ends. This derivation is valid for a particu-
lar geometry, i.e., for emission along rows of molecules. For
other azimuthal orientations less blocking, and a more com-

(b) = plicated expression would be obtained.
LT A "’-/-\;p To estimate the transmission probabilfiywe assume an
'm ’{{ L \ average path length of the photoelectron through an adjacent
é:g{j -7 molecule of /=7 A and obtain a transmission probability

|
A

p=exp(—7 A/N). Overlayer core-level specffa of Cg
show that photoelectrons with a kinetic energy of 115 eV
have a contribution from the first layer of 38%. Assuming an
exponential decay an escape depth can be calculated. We
assume that the core-level photoelectrons are emitted on av-
erage from the center of the molecufég his gives an emis-
sion length 6 5 A for the first layer photoelectrons and

5 A+8A=13 A for the second layer, with a layer
separatioft of 8 A. Thus,

FIG. 3. Schematic of a & layer and the influence of the finite | 16/l sur=0.38/0.62= 713 M jg=5 AMh—g=8 AN
size on the photoemission intensity. The molecules are displayed as_ | .
dashed circles, with a radilR=5 A and neighbor distance df and it fOHO\,NS thath =16.32 A.
=10 A. (a) Side view in the figure. Molecule MO is the emitter. For In7 the literature values betwe¥n4 A (escape depih
emission anglea>0 the nearest-neighbor molecule M1 blocks MO a_n& 8 A (electron mean-free patlare reported for 100 eV
to a degree characterized by the lenith,1). At an emission angle Klnetlc-energy electrons: We will therefore employ_a selec-
|| =arccos(R/2b) the next-nearest-neighbor M2 starts to block tion of values when testing the “granularity” model in what
trajectories from MO. See the text for further discussidn.Over- ~ follows. It is clear without a calculation that the higher
lapping of molecules as seen by the photoelectron analyzer. Thangles in a monolayer AD will be suppressed by this mecha-
fractional areaF(a,1) which is taken to be blocked in E¢) is  nism, as they would in the continuum model of a finite-
shaded. See the text for more details. thickness slab. Recall that the AD of the semi-infinite con-

tinuum model is independent of the imfp.
To obtain the solid-state AD the photoemission intensity
2 Y from all layers in the sample has to be added, givin
F(a,m)z? WRZ—R2§+hS (5 y P » giving
o

do

— T —(n)d/(\ cosa)
with () C(dQ)Tmtra(a)A(a’)nzoe » ) (7)
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Angular Effects in the Model shown that inelastic scattering does not appear to explain the
observed deviations from the expected valueBofor even
(Ia) " 5°Polarization from the extreme valug=2 in the case of 45° polarization.

It therefore seems likely that finite-size effects on the elastic
scattering could play an important role. In particular, a kind
of intralayer channeling effect due to the fact that a given
source molecule is surrounded by a hexagon of nearest
neighbors seems plausible.

Since the normal direction corresponds to the direction of

-‘2‘ least scattering, we speculate that electrons scattered into tra-
_: jectories close to this direction will be favored to avoid being
& : . . . . . . . removed from the spectrum by inelastic scattering. A com-
% (b)  45° Polarization putatipnal study of this possipility wou!d be helpful in decid-
£ T A=2A ing this matter more conclusively, but is beyond the scope of
E I I Iy - %:16& the present work. We note in closing that for the 5° polar-
5 I §  -- A=20A ization data, the intensity is enhanced relative to the molecu-
/ . — continuum, $=1.1 L. . .
; I II — continuum, f=2 lar AD close to the expected peak emission direction,

whereas for the 45° polarization data, the enhancement is
between normal and the polarization direction, which would
seem to allow the mechanism tentatively proposed here.

-

=1 1 1 1 1 1 —"1
80 60 40 20 O0 -20 -40 -60 IV. CONCLUSIONS
Emission Angle (°)

We observe a photoelectron intensity AD of soligh@r

FIG. 4. Comparison of Eq(7) for a set of imfp with the con- Nv=110 eV qualitatively quite close to the expectations for
tinuum approximation Eq(3) and the experimental AD of the free molecules. In addition to inelastic-scattering effects, an-
HOMO: (a) polarization direction 5°(b) polarization 45°. The gular cutoff effects due to the sample illumination and pho-
bars display the statistical error of the experimental data. The caltoelectron collection geometries are shown to be important.
culated AD’s are normalized to match the experimental data at thd he difference between the observed and molecularly mod-
high emission angles and are corrected for the analyzer spot cutoféled AD’s suggests that solid-state effects are significant.
The continuum AD is shown for the predicted asymmetry parameteHowever, the observation is not in accordance with expecta-
B=1.1, and the maximal value g§=2. The intralayer transmis- tions of a continuum model of isotropic incoherent scatter-

sion probability in Eq. 6 is connected to the imfp wa=e "A*.  ing. We tentatively suggest that elastic scattering in the

The calculated AD is only mildly sensitive to the imfp. sample brings about a channeling of the photoelectrons to-
wards normal emission.

whered=8 A is the layer spacing* The resultant photo- The present result points out important considerations

emission intensity distribution is displayed in Fig. 4 for a when measuring photoelectron spectra of fullerenes and
range of\ values. Since the model above describes the inether molecular materials. The symmetry effects in the AD
elastic losses, it reflects the maximum intensity; thus the calmust be considered when determining the mean-free path in
culated AD’s are scaled in the figure to be constrained by théulk systems®3” Adsorbing G, on a metal surface, and
experimental values. It turns out that the choicexohas  monitoring the substrate valence-band intensity, implicitly
little influence on the modification of the AD in the finite- assumes that the AD is unaltered after adsorption of the mo-
size model, just as in the continuum mod&Even the ex- lecular overlayer, which is trivially true only for core levels.
treme valugB =2 is not sufficient to explain the AD; see Fig. For metallic fullerene samples such agd§,, the effects
4(b). This suggests that inelastic scattering alone is not sufelucidated here could become enhanced, since inelastic scat-
ficient to explain the observations. About 28% of the areaering with a low first plasmon frequentydoes not neces-
below the experimental AD is not covered by the discussedarily remove the photoelectron from the spectrum. Thus it
models. becomes increasingly important to make use of the molecu-

Elastic scattering has been shown to be important in dar distribution when acquiring such data. In particular, mea-
continuum model, easily accounting for redistributions of thesuring close to normal emission, and especially, close to the
AD (Ref. 39 of the order of 20%, and is an effect which direction of polarization, will minimize the effects of inelas-
tends to smear it out. However, this would not explain thetic scattering on the spectral shapes at low binding energies.
deviation observed here, which tends to emphasize the higiwe show elsewhere that this is indeed the case fK *?
intensity region of the expected molecular AD. Hence, weThis aspect holds also for monolayers, since the intralayer
postulate that a continuum model of elastic photoelectrorinelastic scatteringin the simple model developed hegre
scattering is not adequate to account for our observationglamps the high-angle portions of the angular distribution. We
Our primary assumption is that the value gfalready in-  anticipate that studies of other molecular materials will ben-
cludes all intramolecular effects on the AD, and we haveefit from such considerations.
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