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of a well-ordered ultrathin film of tetratetracontane „n-C44H90… on Cu„100…:
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The electronic structure and molecular orientation of a tetratetracontane (n-C44H90; TTC! ultrathin film on
a Cu~100! surface were studied by angle-resolved ultraviolet photoelectron spectroscopy~ARUPS! using
synchrotron radiation. A well-oriented thin film of TTC was successfully prepared by vacuum evaporation in
ultrahigh vacuum at room temperature. We observed a (231)-like low-energy electron-diffraction~LEED!
pattern for the deposited TTC film. This result indicates that the TTC molecules lie on the Cu~100! surface in

two types of domains, rectangular to each other, in which the alkyl-chain axes are along the@110# and@11̄0#
directions of the Cu~100! surface. The application of the dipole selection rules to the normal-emission ARUPS
spectrum revealed that the C—C—C plane of TTC is parallel to the Cu~100! surface plane~flat-on orientation!.
The intramolecular energy-band dispersion of TTC was examined by changing the take-off angle of emitted
electron along the@110# direction of the Cu~100! surface. The observed results support the conclusion about the
direction of alkyl-chain axes by LEED observation. In order to analyze the molecular orientation more quan-
titatively, we also performed theoretical simulations of the angle-resolved photoemission spectra using the
independent-atomic-center~IAC! approximation combined withab initio molecular-orbital~MO! calculations
for various molecular orientations. The simulated spectra for flat-on orientation are in excellent agreement with
the observed spectra. These results once again verify the deduced molecular orientation, and also demonstrate
the reliability of theoretical simulation with the IAC/MO approximation for compounds without ap-electron
system. Furthermore, we observed a work function change of about20.3 eV by adsorption of TTC. Such a
decrease of the work function indicates the formation of a dipole layer at the interface, in contrast to the
traditional picture of energy-level alignment assuming a common vacuum level at the organic/metal interface.
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I. INTRODUCTION

Polyethylene is one of the prototype polymers and als
typical quasi-one-dimensional compound. Its electro
structure has been studied extensively, since the elucida
of its electronic structure is important not only because i
of fundamental interest but also because it forms the basis
understanding the electronic structure of many deriva
polymers. For polymers which consist of regularly repeat
units, we can expect the formation of intrachain on
dimensional bands with an energy-band dispersion rela
PRB 600163-1829/99/60~12!/9046~15!/$15.00
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E5E(k) between the energyE and wave numberk of an
electron. Studies of such relations can be performed us
oriented polymer samples by angle-resolved ultraviolet p
toelectron spectroscopy~ARUPS!.1 For practical studies of
the intrachain one-dimensional band structure of polyeth
ene by ARUPS, long-chainn-alkanes have been used
good model compounds, since very well-oriented samp
can be prepared by vacuum deposition.2

In Fig. 1 we schematically show the three typical orien
tions for n-alkanes. For these orientations, there are t
modes of ARUPS measurements for observing such ene
9046 ©1999 The American Physical Society
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band dispersion.3,4 One ~a! is a normal-emission measure
ment with changing incident photon energy for the end
oriented sample, where the alkyl-chain axes are along
surface normal direction. The other~b! is measurements
scanning the take-off angle, with a fixed incident photon
ergy for the parallel-oriented sample, where the alkyl-ch
axes are parallel to the surface, as realized in the flat-on
edge-on orientations. The principle of band mapping in th
two modes will be described later in Sec. III.

The measurements of end-on oriented samples@mode~a!#
have been reported for various systems: hexatriacon
@n-CH3~CH2!34CH3; HTC# on an oxidized Cu plate,5–8,10 a
Langmuir Blodgett film of Ca-arachidate,8 pentatriacontane
18-one@CH3~CH2!16CO~CH2!16CH3#,

9 and a self-assemble
monolayer~SAM! film of docosanethiol@CH3~CH2!21SH#.10

As shown in Sec. III, however, in mode~a! we have to
make some assumption about the final state of the exc
electron. A free-electron-like parabolic relation is often a
sumed with a constant inner potentialV0

1,3,4 as an adjustable
parameter of the energy position of this parabola. The va
of V0 was experimentally estimated by thehn dependence o
the photoemission intensity of the C 2s band,8 but there still
remains some ambiguity. In Ref. 8, the effective mass of
excited electronm* was assumed by the free-electron ma
m0 (m* /m051), but the results of low-energy electro
transmission~LEET! experiments on long-chain alkanes11,12

at low-energy region (,15 eV) did not support this assump
tion. Therefore, we need further discussion on this point.

On the other hand, in mode~b!, there is no ambiguity as
in mode ~a!. Therefore, the measurement with mode~b! is
more ideal for the investigation of energy-band dispersi
Unfortunately, however, its application to polymers has be
limited to the topmost valence band of polydiacetylene fi
grown,13 and the preliminary results for (SN)x ~Ref. 14! us-
ing a single crystal. This limitation is due to the difficulty o
preparing a highly oriented thin film for avoiding sampl
charging problem in ultraviolet photoemission spectrosco
measurements. If we can prepare parallel-oriented film o
n-alkane molecule with its axis azimuthally aligned along
particular direction, it enables us to determine the band st
ture more precisely with mode~b! than mode~a!. In addition,
in order to examine the complete energy-band structur

FIG. 1. Schematic view of the three typical orientation mod
for n-alkane:~a! flat-on orientation,~b! edge-on orientation, and~c!
end-on orientation. In the end-on orientation the alkyl-chain a
are perpendicular to the substrate surface. In the case of flat-on
edge-on orientations, the alkyl-chain axes are parallel to the
strate surface, and their C—C—C planes are parallel and perpe
dicular to the substrate surface, respectively.
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measurement with both modes is desired from the viewp
of the selection rules: the bands forbidden in mode~a! are
often allowed in mode~b!, and vice versa.

In order to perform the experiment with mode~b!, the
preparation of a parallel-oriented~e.g., flat-on and edge-on in
Fig. 1! film is required. Such orientations, were found
some reports for severaln-alkanes by the techniques such
low-energy electron diffraction~LEED!,15,16 near-edgex-ray
absorption fine structure,17 Penning ionization electron
spectroscopy,18,19 scanning tunneling microscopy,20–22 and
infrared reflection absorption spectroscopy~IR-RAS!.23–26In
these studies, clean surfaces of highly oriented pyrol
graphite~HOPG! or a~111! surface of transition-metal singl
crystals with sixfold symmetry were used as the substra
The conclusions for molecular orientation in these stud
were flat-on in Refs. 15, 16, 18–20, and 23–26, and edge
in Refs. 17, 21, and 22.

For ARUPS, Dudde and Reihl reported a study of t
system of hexatriacontane (n-C36H74; HTC!/Cu(111).27 Be-
tween the two types of parallel orientation, they conclud
edge-on orientation by applying the selection rules to
observed ARUPS spectrum. However, Weckesseret al.28

pointed out that these selection rules were in error, and
application of the corrected selection rules to the same d
for HTC/Cu(111) gave a flat-on orientation.

In spite of the success in preparing the HTC film wi
parallel orientation on Cu~111!, the energy-band dispersio
along the molecular axis of HTC had not been reported. T
was probably because of the complicated domain structur
the HTC film expected from the sixfold symmetry of th
Cu~111! substrate. By using substrates with fourfold symm
try such as the~100! surface, and taking account of the two
fold symmetry of then-alkane molecule, we can expect th
possibility of realizing a two-domain structure, which mak
the measurements and analysis in mode~b! easier. In addi-
tion, the comparison of molecular orientations between~111!
and ~100! surfaces is also interesting.

In order to observe energy-band dispersion along
alkyl-chain direction, a precise estimation of the molecu
orientation is necessary, and especially the direction of
alkyl chain should be known. Although the application of t
selection rules is simple and convenient, it leads to onl
qualitative conclusion among possible geometries like th
in Fig. 1, and we cannot exclude the possibility of the tiltin
of alkyl-chain axis or C—C—C plane from the substrat
surface in the real systems. There are some trials to estim
the tilting angle of the alkyl chain for an end-on oriente
sample.10,29,30 However, no quantitative examination of th
tilt of the alkyl chain or the C—C—C plane for a parallel-
oriented sample has been performed.

The quantitative simulation of the emission intensity
ARUPS spectra is expected to offer the possibility of obta
ing further detailed information for molecular orientatio
First, the comparison of the observed ARUPS spectra w
reliable simulation allows detailed assignments of spec
features based on their intensity for samples with known
random geometry. Second, it becomes possible to ana
the spectra for any geometry and emission angle quan
tively. Thus we can predict how the spectra depend on
emission angles for a given molecular geometry, includ
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the simulation of the spectra taken for determining
energy-band dispersion relation. Further, we can now e
mate the molecular orientation with full freedom of the m
lecular geometry by the comparison with simulations w
various geometries.

Until recently, no simple and effective theoretical mod
was available for the analysis of photoelectron angular
tribution of such large functional organic films. We ha
developed such a theoretical method of calculating
ARUPS intensity from large molecules based on
independent-atomic-center~IAC! approximation.31,32 In this
approximation, the photoelectron wave function is appro
mated by a coherent sum of the electron waves emitted f
atomic orbitals which build up the molecular orbital, whe
the contribution of the waves scattered by surrounding ato
is neglected. This model has been successfully applie
analyze the take-off angle~u! and azimuthal angle~f! de-
pendencies of photoelectron intensities from oriented ul
thin films of various organic compounds, i.e., phthalocy
nines on MoS2,33,34 bis~1,2,5-thiadiazolo!-
p-quinobis~1,3-ditiole! on MoS2,35–37 tetracene on highly
oriented pyrolitic graphite ~HOPG!,38 perylenetetracar-
boxylicdianhydride on MoS2,39 and p-sexiphenyl~6P! on
evaporated Ag.40 The studies of randomly orientated system
such as the energy dependence of emission intensity
from the highest occupied molecular orbital of C60,41 the
radiation damage of poly~methylmethacrylate!,42

poly~1,10-phenanthroline-3,8-diyl!,43 and polystyrene44 have
also been reported. Especially in Refs. 34, 37–39, 41,
44, better correspondence between the calculation and m
sured spectra was achieved by considering the single sca
ing of photoelectrons by surrounding atoms. These stu
indicated that the IAC/molecular-orbital~MO! approxima-
tion is useful in analyzing the ARUPS of oriented large o
ganic molecules despite its simplicity. So far these stud
have been limited to the planar molecules with largep con-
jugation, and IAC/MO calculation has not yet been appl
to the materials that consist of onlys electrons. Further, the
substrates used in these studies were layered compoun
evaporated metal, and the ordered organic layer prep
onto well-defined metal surface has not yet been inve
gated.

In this work, we studied the electronic structure and m
lecular orientation of a tetratetracontane (n-C44H90;TTC) ul-
trathin film on Cu~100! by ARUPS measurements and LEE
observation. An oriented thin film of TTC was successfu
prepared by vacuum evaporation in ultrahigh vacuum.
analyzing the LEED pattern and applying the dipole sel
tion rules to the normal-emission spectra, we could de
mine the surface structure of TTC film on the clean Cu~100!
substrate. Our conclusion for the orientation of alkyl chain
that the C—C—C plane of TTC is parallel to the Cu~100!
surface plane~flat-on orientation! in two types of domains,
rectangular to each other, in which the alkyl-chain axes
along the@110# and @11̄0# directions of Cu~100! surface.
The intramolecular band dispersion of TTC was also exa
ined along the@110# direction and other equivalent direction
of Cu~100! surface by measuring the take-off angle dep
dence of the ARUPS spectra. The experimentally obser
band structure showed excellent correspondence to the
sults of previous band calculations.
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We also simulated the angular dependence of photoe
sion intensity and peak shifts with the theoretical calcu
tions based on IAC approximation combined withab initio
MO calculations. Obtained results showed excellent agr
ment with the observed spectra, supporting our conclusi
for the orientation of a TTC thin film. This allowed a de
tailed analysis of the energy dispersion relation. Compar
the energy-band dispersions calculated and measured
flat-on orientation in this study with that in Ref. 8 for end-o
orientation, a very good correspondence could be obtain
These results indicate that the assumption of a free-elect
like final state was reasonable, and the estimated value o
inner potentialV0 in these reports was also good. An explic
examination of the possible tilting of the chain axis and
the C—C—C plane from the substrate surface was also c
ried out by comparing the observed data with theoreti
simulation for various tilt angles, indicating that the mo
ecules are in an almost perfect flat-on orientation. Furth
more, we observed a work-function change of about20.3
eV at the TTC/Cu~100! interface. Such a work-function
change has been reported for several organic/m
systems,45–49and indicates the formation of a dipole layer
the interfaces in contrast to the traditional picture of ener
level alignment assuming a common vacuum level at
organic/metal interface.

II. EXPERIMENT

ARUPS measurements were carried out at the beam
8B2 of the UVSOR facility at Institute for Molecular Sci
ence. The synchrotron radiation from the storage ring w
monochromatized by a plane grating monochromato50

which can be used in the photon energy region of 2–150
The ARUPS system consists of a measurement cham
sample-cleaning chamber, and two preparation chambe51

The sample-cleaning chamber is equipped with a LEE
Auger optics~ULVAC-PHI RVL-120!, an infrared heating
system ~Thermo Riko, GVH198!, and an ion sputter gun
~ULVAC-PHI USG-3!. The base pressures of these cha
bers are 5310210, 2310210, and 131029 Torr, respec-
tively. The energy of the photoelectron was analyzed b
concentric electrostatic hemispherical analyzer with an an
lar resolution of about 3° and an overall energy resolution
about 0.2 eV athn540 eV, as estimated from the Ferm
edge of gold. The experimental parameters such as ph
incidence anglea, electron take-off angleu, and sample azi-
muthal anglef are defined in Fig. 2.

The Cu~100! crystal ~purity of 5N! was purchased from
Material-Technologie & Kristalle GmbH~MaTecK! and
cleaned by repeated cycle of annealing up to about 87
and Ar1 ion sputtering~a primary electron-beam energy of
keV, a current density of 10– 15mA/cm2, and an argon pres
sure of 531025 Torr!. Carbon and sulfur were main con
taminants, and their concentrations at the surface were
than 5% after cleaning treatment, as judged from the m
sured Auger electron spectra. The LEED pattern after cle
ing treatment was also characteristic of a clean, well-orde
Cu~100! surface.

The sample of TTC was purchased from Tokyo Ka
Kogyo Co. Ltd., and purified by recrystallization from be
zene solution. Sample thin film was prepared by vacu
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evaporation on a clean Cu~100! substrate at room tempera
ture. The evaporation was performed using a newly desig
quartz cell in order to reduce the outgas from hea
element.52 The pressure during the evaporation was less t
231029 Torr. The amount of deposited TTC was monitor
by a quartz oscillator. Assuming that the molecular stick
coefficient on the substrate was similar to that of the qua
oscillator monitor and the density of TTC was 0.96 g/cm3,53

the thickness of the TTC film was estimated to be about 0
nm. The deposition rate was about 0.1 nm/min.

The incident photon energyhn was 40 eV for all the
ARUPS measurements. The origin of the azimuthal an
f50° was defined so that the electric-field vectorE of the
incident photon is in the plane containing the@110# direction
and the surface normal~see Fig. 2!. Prolonged illumination
of TTC with intense light caused a change of the spec
which is probably due to radiation damage.54,55 In order to
avoid this, the sample current was kept less th
1.2310210A. Furthermore, the spectra were recorded w
frequent changes of the sampling position on the specim
surface. The absence of damage in these cases were
firmed by remeasuring spectra for fixed combination ofhn,
a, u, andf after several runs.

The LEED measurements on the TTC film were p
formed at an incident electron energy of 130 eV, and
incident electron beam current was carefully reduced
about 231027 A to avoid radiation damage. The LEED pa
terns were recorded by a conventional camera using a film
high sensitivity ~ASA800!. Since serious changes in th
LEED pattern were observed owing to the radiation dam
of the films even with such reduced current~the pattern dis-
appeared within a few tens of seconds!, the LEED measure-
ments were carried out only after the ARUPS measureme

III. ANALYZING METHODS OF ARUPS DATA
FOR DETERMINING ENERGY-BAND DISPERSION

E5E„k…

In this section, we briefly describe the method of ener
band mapping by using ARUPS data in photon energyhn
scanning mode@mode ~a!# and take-off angleu scanning
mode@mode~b!#. For detailed descriptions, see, e.g., Refs

FIG. 2. Definition of the experimental parameters: the pho
incidence angle, electron take-off angle, and sample azimu
angle are denoted bya, u, and f, respectively. Incident photon
beam and energy analyzer are in the same shadowed plane.
plane is perpendicular to the substrate surface and contains@110#
direction of Cu~100!.
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and 4. The photoemission process is usually expressed
three-step~photoexcitation, transport, and emission throu
the surface! model, and we make some assumptions in b
modes. In Fig. 3, we show the scheme of photoemiss
process based on these assumptions. First, both the en
and momentum are conserved at the optical transitions
electrons, and the following relations hold:

Ef5hn1Ei , kf5k i1G, ~1!

where Ei , Ef , k i, and kf are the electron energy and th
wave vector of electron before and after the photoexcitat
in the solid, andG is a reciprocal-lattice vector. WhenEi and
Ef are defined relative to the vacuum level,Ef corresponds to
the kinetic energy of the emitted electron (Ekin). Second, the
momentum component of the emitted photoelectron para
to the sample surface is conserved at the propagation thro
the surface, because of translational symmetry along the
face,

Ekin5Ef , K i5kf
i
1Gi, ~2!

whereEkin andK are the kinetic energy and the wave vect
of the emitted free electron. The component parallel to
surface is denoted byi.

In mode ~a!, we additionally assume the following rela
tion for a free-electron-like final state of an excited electr
with a constant inner potential in the solidV0 ;

Ekin5
\2kf

2

2m*
1V05

\2~kf
i21kf

'2!

2m*
1V0 , ~3!

where the component of wave vector vertical to the surfac
denoted by'. m* is the effective mass of excited electro
In this case,K i50, and hencekf

i
5k i

i
50. Accordingly, we

obtain

k i
'5kf

'5
A2m* ~Ef2V0!

\
, Ei5Ekin2hn. ~4!

These relations indicate that the values ofEi andk i
' can be

determined from the measuredEkin and hn, provided m*

n
al

his

FIG. 3. Conservation of wave vector at photoemission proce
~a! Photoexcitation: the wave vector of initial statek i is conserved
for photoexcitation, i.e.,kf5k i . ~b! Escape from the surface: th
component ofkf parallel to the substrate is conserved at the so
vacuum interface, while the vertical componentkf

' is not con-
served.



e
of

-

e
e

te

ns

ai
w
ss

ll
e
th

ar
s
ui
y

of

s

.6
-
e

g
o
o

t

a

ber

th
-

u-
n

the
ch
he
This

The
r-
us
l.

ve

e

nal

d

-

9050 PRB 60DAISUKE YOSHIMURA et al.
andV0 are known. Sincek i changes with the change ofhn to
fulfill Eq. ~1!, we can probe the energy-band dispersionEi
5Ei(k i) along the alkyl chain. The effective mass of th
excited electronm* is often approximated by the mass
free electronm0 (m* /m051).

In Ref. 8, using mode~a!, the value of inner potentialV0
was decided by examining thehn dependence of the photo
emission intensity of the upper C 2s band. The intensity
shows a maximum when the photon energy matches the
ergy separation between the C 2s valence band and th
nearly free-electron parabola at theG point. By assuming
that the C 2s band and that the free-electron-like final sta
band is nearly flat around theG point, the intensity maximum
was assigned to a large joint density of states for the tra
tion at theG point. From the value ofhn at this maximum,
the value of inner potential was determined as25.5 eV.
However, the results of LEET experiments on long-ch
alkanes11,12 show that this assumption does not hold at lo
energy region (Ekin,15 eV). Therefore, we need to discu
the validity of this assumption.

On the other hand, in the case of mode~B!, K i andkf
i are

expressed as

K i5kf
i
5

A2m0Ekin

\
sinu. ~5!

When the sample molecules are oriented uniaxially para
to the substrate surface, theu scan in a plane containing th
molecular axis and the surface normal corresponds to
scan ofK i. Such a scan directly gives the wave vector p
allel to the sample and the binding energies of the peak
the spectra, reflecting the band dispersion in the Brillo
zone. In this case, measurements at fixed photon energ
sufficient.

Next, we will estimate the experimental resolution
wave numberDK i. The value ofDK i can be obtained by
differentiating Eq.~5! as

DK i5DSA2m0Ekin

\
sinu D

5
Am0

\ S DEkin

A2Ekin

sinu1A2Ekin cosuDu D . ~6!

For the present experiment, the valuesDu andDEkin are 3.2°
and 0.2 eV, respectively, as described in Sec. II. Con
quently, DK i is largest at theG point of the topmost band
~Ekin530 eV andu50°!, and estimated to be less than 1
nm21. This value is equivalent to about 7% of the Brillouin
zone ~BZ! width. In addition, we have to consider som
initial-state broadening of k ~or relaxation of the
k-conservation rule! due to the small number of repeatin
units as reported for the system of end-on-oriented 6P
Ag.40 Following the method in Ref. 40, the estimated size
this broadening is 0.5 nm21 for the topmost band of TTC a
the G point. It is a fair amount smaller thanDK i, and corre-
sponds to only 2% of the BZ width. We also consider th
the lower limit of Dk, given by the uncertainty principle
~DxDp;\, i.e., Dk;1/Dx!, is 0.2 nm21 for TTC (Dx
55.8 nm), and the obtainedDk is very similar to this limit.
n-
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n
-
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e
-
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n
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n
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This indicates that the TTC molecule has a sufficient num
of repeating units for investigating the band structure.

IV. THEORETICAL SIMULATION OF ARUPS
SPECTRA BASED ON THE IAC/MO APPROXIMATION

Here we explain the IAC approximation combined wi
ab initio linear combination of atomic orbitals MO calcula
tion ~IAC/MO! for the simulation of the photoelectron ang
lar distribution. In this approximation, the photoelectro
wave function is approximated by a coherent sum of
waves emitted independently from atomic orbitals whi
build up the molecular orbital, where the contribution of t
waves scattered by the surrounding atoms is neglected.
approximation was originally proposed by Grobman,31 and
we have recently extended it to large organic molecules.
theoretical formulas of IAC/MO approximation for an o
ganic molecule were described in the previo
papers,31–41,43,44 and we will not repeat them in detai
Briefly, the photoelectron intensityI n(R) from the nth MO
at the detector positionR, which is far from the sample, is
represented by

I n~R!}uAtot
n ~R!u2, ~7!

whereAtot
n is the total amplitude of the photoelectron wa

emitted from thenth MO. It is expressed as

Atot
n ~R!5(

a
(
Xa

DaCXa
n e2 iknRa(

L
YL* ~R̂!MLXa , ~8!

MLXa~kn!52~2 i ! leid l
a
r l

a~kn!E YL~ r̂ !ê• r̂YXa~ r̂ !dr̂ ,

~9!

r l
a~kn!5E Rl~knr ! f la~r !r 3 dr, ~10!

YXa~ r̂ !5(
ma

n~ma!YLa~ r̂ !, ~11!

where Da is the phenomenological damping factor for th
photoelectron wave alongR from atoma to the surface cor-
responding to inelastic process.CXa

n is the nth molecular
orbital coefficient of the Slater-type atomic orbitalXa
(5s,px ,py ,pz), and Ra is the position of the atoma. kn

(5knR̂) is the photoelectron wave vector,R̂ is the direction
of detector, and the origin ofr (5r r̂ ) is put on the center of
each atom. The angular momenta of the initial and fi
states are denoted byLa5( l a ,ma) and L5( l ,m), respec-
tively. The transition matrix elementMLXa which includes
the phase shiftd l

a and the radial integralr l
a(kn) can be de-

scribed as Eq.~9!. The value ofd l
a and the radial part of the

final wave functionRl(knr ) were calculated in muffin-tin
potentials56 with use of the atomic wave functions calculate
by Harman and Skillman.57 f la(r ) is the radial part of the
initial atomic wave function.YXa( r̂ ) is the spherical part of
the atomic orbitalXa, which is described as the linear com
bination of spherical harmonicsYla( r̂ ). Thus Eq.~8! repre-
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sents the self-scattering wave emanating from each ato
site, where the summation witha is carried out over all at-
oms in a molecule.

In the present calculation, we employed theab initio MO
calculations with the Hartree-Fock method in order to obt
the values ofCXa

n and eigenvalue for each MO. The calcul
tions were performed with minimal basis set using the p
gram generalized self-consistent field calculation 3~GSCF3!
coded by Kosugi.58 The atomic coordinates were calculat
with parameters of 0.154 nm~C—C bond!, and 0.109 nm
~C—H bond! for the bond lengths, and a tetrahedral an
109.28° for the bond angle, respectively. The axes w
taken so that thex and y axes in the C—C—C plane, with
thex-axis parallel to the alkyl-chain axis. Due to the capac
limitation of the program for IAC calculation, we performe
this calculation for a dotriacontane~n-C32H66; DTC! mol-
ecule. This choice does not cause a problem in interpre
the observed data of TTC, because the electronic structu
long-chain alkane is known to be almost independent of
carbon numbern at aboutn>10,59,60and the size of blurring
effect in Dk mentioned in Sec. III is estimated to b
0.6 nm21 for DTC, which is almost the same with that fo
TTC (0.5 nm21). The values of the phase shift and rad
integral for C 2p, C 2s, and H 1s were calculated by assum
ing a muffin-tin radius of 0.1 nm in order to avoid the defo
mation of the potential at low kinetic-energy region of em
ted photoelectrons.

V. RESULTS AND DISCUSSION

A. Analysis of LEED pattern

In Fig. 4~a! we show a typical LEED pattern of a TTC
thin film ~0.33 nm thick! on the Cu~100! substrate, where the
LEED patterns from the substrate and the TTC film coex
Figure 4~b! shows the schematic view of the LEED patte
of TTC/Cu(100) and the assignments of the spots. The
fraction spots from the Cu~100! substrate and from the TTC
film correspond to the circles and crosses, respectively. C
sidering the symmetry of the substrate lattice, the obtai
LEED pattern can be interpreted as the overlapping con
butions from the two domain structures with a 231 lattice of
TTC film against the~100! lattice of the Cu substrate.

The geometrical parameters and the definition of the a
of a TTC molecule are shown in Fig. 5. The bond leng
and bond angles of the TTC molecule are taken to be 0.
nm ~C—C bond!, 0.113 nm ~C—H bond!, 114.6°
(/C—C—C), and 110.4° (/H—C—H), respectively, fol-
lowing the data of gas-phase electron diffraction
n-hexadecane.62 Using these parameters, the length of t
repeating C2H4 unit along the alkyl-chain direction was ca
culated to be 0.259 nm, and this value is very close to
bond length of Cu atoms~0.256 nm!. Assuming that the van
der Waals radius of hydrogen is 0.12 nm,63 the widths of a
TTC molecule along they andz axes in Fig. 5 are 0.45 an
0.43 nm, respectively. These values are close to twice the
bond length~0.512 nm!. Thus we can consider that the o
tained LEED pattern reflects a structure with a periodic
twice the Cu-Cu distance along the axis orthogonal to
alkyl-chain direction, and parallel to the substrate in the r
space. The observation of only half-order extra spots ma
ic
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first sight seem to be inconsistent with the possible large
cell of a TTC overlayer. This can be explained by the fa
that the observed LEED pattern does not reflect the inter
lecular periodicity along the alkyl-chain direction, but r
flects the periodicity of the C2H4 units in the molecule, since
the chain length of TTC~5.8 nm! is comparable to the co

FIG. 4. ~a! Observed LEED pattern of a TTC thin film~0.33 nm
thick! on the Cu~100! substrate. The primary beam energy and t
current are 130 eV and about 231027 A, respectively.~b! Sche-
matic view of the LEED pattern of TTC/Cu(100). The diffractio
spots from the Cu~100! substrate and from the TTC film are ind
cated by circles and crosses, respectively. The dark area at the
ter of the view port is the electron gun, and the~0,0! spot is hidden
in this region.

FIG. 5. Geometrical parameters and the molecular coordin
system ofn-alkane. The values are taken from Ref. 62. The alk
chain axis is along thex axis, and the C—C—C plane ofn-alkane
is on thexy plane. The repeating unit length of the alkyl chain
0.259 nm.
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herence width of the incident beam, which is typically 5–
nm.61 This interpretation indicates either the flat-on
edge-on orientation of TTC molecules with their axis of t
alkyl chain~thex axis! along the@110# and@11̄0# directions
of the Cu substrate. However, from the results of LEED m
surements only, we cannot determine which of the flat-on
edge-on orientations is realized, because the size of the
mesh is almost the same for these orientations.

Figure 6 shows the proposed arrangement of TTC m
ecule with the unit meshes of TTC~5.8930.512 nm2

separated by 85°! and Cu~100! square lattice (0.256
30.256 nm2) in real space. In this scheme, we assume
flat-on orientation and an all-transstructure of the TTC mol-
ecule. The assumption of an all-trans structure is based on
the coverage dependence of IR-RAS experiments for T
on Ag(111), Au~111!, and Cu~100!.23–25According to these
works, the structure of first layer of TTC is flat-on and co
tains no gauche structure. In the present work, the LE
pattern and the observed intramolecular energy-band dis
sion mentioned below~Sec. V B 2! also support an all-trans
structure. We could not deduce the detailed adsorption
ometries because of the lack of information about the ads
tion site. As mentioned in Sec. I, a similar parallel orien
tion has also been observed for shortn-alkanes
(n-C3H8-n-C8H18) on Ag(111)15 and Pt(111)16 by Firment
and Somorjai, and for hexatriacontane (n-C36H74;HTC) on
Cu~111!27 by Dudde and Reihl. Furthermore, this orientati
was deduced by Itoet al.18 for a TTC monolayer film evapo
rated on polycrystalline metal~Au, Ag, and Pb! substrates.

As for the thickness of the TTC film, the area occupied
a TTC molecule is about 3.0 nm2 based on the above
mentioned unit mesh of the TTC film. Therefore, the weig
of TTC monolayer per unit area is estimated to
3.431028 g/cm2. On the other hand, the weight of TT
molecules deposited on the quartz oscillator of the thickn
monitor was 3.231028 g/cm2. Consequently, the thicknes
of the TTC film used in this study was deduced to be equi
lent to about 0.9 ML.

FIG. 6. A possible arrangement of TTC molecules with the u
mesh of TTC and the Cu~100! lattice in the space. In this schem
we assume a flat-on orientation and an all-trans structure of the
TTC molecule. The shape of the TTC molecule is indicated by s
lines corresponding to the C—C and C—H bonds, and the a
representing the van der Waals radius~0.12 nm! of hydrogen atoms.
The unit lattice is calculated to be 5.8930.512 nm2 separated by
85°.
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B. Electronic structure and molecular orientation
of TTC measured by ARUPS

1. Normal-emission spectra and molecular orientation

Figure 7~a! depicts the ARUPS spectrum of a TTC th
film on Cu~100! for normal emission (u50°) at a photon
incidence anglea of 70°. Since the alkyl chain of TTC is
parallel to the substrate, the shape of the normal-emis
spectrum reflects the electronic structure of TTC at theG
point in the Brillouin zone, where the parallel component
the wave vector along the chain is zero. The abscissa is
binding energy relative to the Fermi level (EF) of the sub-
strate, and the spectra, are normalized to the incident ph
flux. As a reference, in Fig. 7~b! we show the ARUPS spec
tra of the end-on orientedn-C36H74 ~HTC! film8 on a con-
taminated polycrystalline Cu substrate in the same exp
mental setup fora andu.

As mentioned in Sec. I, long-chainn-alkanes are good
model compounds of polyethylene, and many detailed th
retical studies of their electronic structures have already b
reported.8 In Fig. 8, the orbital assignments and shapes of
corresponding molecular orbital patterns and symmetrie
theG point are shown.64 Because of the thickness of the TT
film ~0.33 nm! is smaller than the electron escape dep
@.2.5 nm athn540 eV ~Ref. 65!#, the 3d band structure of
the Cu substrate is also observed in the binding energy
gion of 2–4.5 eV in Fig. 7~a!. The uppermost state of TTC~
b2g symmetry atG! in this energy region cannot be clear
seen due to the overlap with this Cu 3d peak. So this peak
was denoted by Cu 3d1A. Peak B ~9.8 eV! consists of
C 2pz1H 1s bands~b1g symmetry atG! and C 2py1H 1s
bands~ag symmetry atG!. PeakC ~15.2 eV! is derived from
the C 2pz1H 1s bands~b2u symmetry atG!. The 1b1g and
1b2u molecular orbitals, derived mainly from the C 2pz or-
bitals, are so-called pseudo-p orbitals. PeaksD ~18.0 eV!

t

d
s FIG. 7. ~a! Normal-emission (u50°) ARUPS spectrum of a
TTC thin film on Cu~100! at a570°. The incident photon energy i
40 eV. ~b! Normal emission spectrum of an end-on-orient
hexatriacontane~HTC! film on contaminated Cu polycrystalline
plate taken from Ref. 8 under the same experimental setup as in
present study. The labels of the peaks correspond to those in F
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and E ~24.1 eV! are derived from C 2s1H 1s bands, with
1b3u and 1ag orbitals atG, respectively.

By comparing the spectra in Figs. 7~a! and 7~b!, we find
drastic differences in the peak intensities owing to the diff
ent molecular orientations. Since we can exclude the po
bility of end-on orientation, the application of the selecti
rules3 to flat-on or edge-on geometries will be discuss
Selection rules for long-chainn-alkane adsorbed on th
metal substrate was reported for a HTC film on Cu~111! at
an experimental geometry (a560° andu50°! similar to
ours. They concluded upon edge-on orientation, but th
was some error in the arguments of the selection rules.
error in Ref. 27 was already pointed out in Ref. 28, and
orientation of HTC/Cu(111) was corrected to be flat-o
Therefore, we will briefly consider the orientation of a TT
molecule on Cu~100! by following the arguments in Ref. 28

The symmetry elements for free all-trans polyethylene at
the G point is isomorphous with the factor groupD2h .66–68

But this symmetry is reduced when the molecule adsorbs
the substrate owing to the existence of substrate. In Fig
we show the symmetry operation for systems with para
orientations~flat-on and edge-on!. The intramolecular coor-

FIG. 8. Schematic representation of molecular orbitals for po
ethylene and the corresponding symmetries at theG point.
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dinate is defined as shown in Fig. 5. In the case of flat
~edge-on! orientation, there are three symmetry operatio
$C2(z)ua/2% ($C2(y)u0%), $s(xz)ua/2% ($s(xy)ua/2%), and
$s(yz)u0%, wherea is the C2H4 unit cell length. In Table I,
we summarize the reduced symmetry of orbitals of
parallel-oriented alkyl chain at theG point by considering the
existence of a substrate.

In the experimental setup of the present study, the elec
vector of the light can be regarded as almost polarized al
the surface normal. Thus the representation of the elec
vector belongs toA1 . In order to detect photoelectrons
normal emission, the final state should be symmetric w
respect to the all-symmetry operations along the surface
mal. Therefore, the transition-allowed initial states are
orbitals witha1 symmetry in Table I. Consequently, the 1b2u
orbital ~peakC!, which appears as a strong peak in Fig. 7~a!,
can be allowed only for the flat-on orientation. When w
look at other peaks in Fig. 7~a!, peaksB and E are clearly
seen, while peakD is very weak. These are also consiste
with the expected trends in Table I for flat-on orientatio
We can also observe the weak emission of peakD in Fig.
7~a!, which is forbidden state for flat-on orientation. This
probably because of the disorder of the film and the imp
fect polarization of the incident light. In this way, we cou
determine the surface orientation of TTC on Cu~100! by se-
lection rules, and conclude that the orientation of TTC
Cu~100! is flat-on, as in the case of othern-alkanes deposited
on Cu~111! surface.

2. Take-off angle dependence of the ARUPS spectra

In Fig. 10, we show the dependence of the ARUPS sp
tra on the take-off angleu for a thin film of TTC on Cu~100!

-

FIG. 9. Symmetry operations for parallel orientations. The c
ordinate is defined as shown in Fig. 5, and fixed to the molec
We assumed the perfect polarization of the electric vector of in
dent light along the surface normal.
, and
TABLE I. Summary of the reduced orbital symmetry for parallel orientations, peak assignments
orbital charactors at theG point. The allowed and forbidden transition states are denoted bys and 3,
respectively.

Orbital Reduced symmetry (C2v) Peak assignments Orbital

symmetry inD2h flat-on edge-on in Fig. 7~a! charactors

1b2g a2(3) b1(3) A ~hidden! C 2px1H 1s
1b1g b2(3) b2(3) (B) C 2pz1H 1s(pseudo-p)
2ag a1(s) a1(s) B C 2py1H 1s
1b2u a1(s) b2(3) C C 2pz1H 1s (pseudo-p)
1b3u b2(3) a1(s) D C 2s1H 1s
1ag a1(s) a1(s) E C 2s1H 1s
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normalized by the photon intensity. The abscissa is the b
ing energy relative to the vacuum level (Evac). The photon
incidence anglea is 70°, andu is varied from 0°~normal
emission! to 65°, with a steps of 2.5°. Variations in both th
position and intensity of the spectral features can be cle
observed. As mentioned in Sec. V B 1, peaksB and C are
derived from the C 2p1H 1s bands. When we start fromu
50° at the bottom, the position of peakB is fixed, but its
intensity changes withu, with a maximum at 40°<u<50°.
PeakC also has a fixed peak position, and its intensity d
creases with increasingu. With the increase ofu, two new
features labeledB8 and C8 appear in the region betwee
peaksB andC. PeakB8 appears atu527.5°, and shifts in
the range between 5.5 and 8.5 eV. PeakC8 appears nea
peakC at u512.5°, and merges into peakB after a gradual
shift. PeaksD andE, which originate from the C 2s1H 1s
bands, have a weaker intensity than the peaks origina
from the C 2p1H 1s bands. PeakD shows no shift in the
peak position, but its intensity increases with increasingu.
PeakE shows a large shift towards lower binding ener
with increasingu, and merges into peakD at u550°. Since
the LEED patterns and the results of normal-emission sp
tra indicate the parallel orientation to the surface, we c
expect that parallel component of wave vector is a go
quantum number in the off-normal spectra, and that the
served behaviors reflect the intramolecular energy-band
persion in a TTC molecule. In Sec. V B 3, we deduce
dispersion and compare the results with the reported b
calculations for polyethylene.

FIG. 10. Take-off angleu dependence of the ARUPS spectra f
an ultrathin film of TTC on Cu~100!. The abscissa is the bindin
energy relative to the vacuum level (Evac). The photon incidence
anglea is 70°, andu is varied from 0°~normal emission! to 68°.
The labels of the peaks correspond to those in Figs. 7 and 8.
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3. Intramolecular one-dimensional energy-band
dispersion of TTC

The experimentally obtained one-dimensional intram
lecular energy-band structures is plotted in a reduced z
scheme in Fig. 11~a!. The abscissa is the parallel compone
of the wave vectork i

i
5K i along the@110# direction of the

Cu~100! substrate. The value ofk i
i is calculated by using Eq

~5!. We used lengths of repeating units of alkyl chainsa of
0.259 nm. This leads to a width of the BZ boundary (k i

i

5p/a) of 0.121 nm21. By scanningu in the range of
0° – 68°, we can cover the whole BZ. In Fig. 11~a!, the circle
and triangle indicate the data points in the first and sec
BZ’s, respectively. Figure 11~b! shows the result of a
Hartree-Fock-typeab initio band-structure calculation b
Karpfen for an all-trans polyethylene chain.69 Comparing
Figs. 11~a! and Fig. 11~b!, there are large discrepancies
the energy scale; in particular, the discrepancies beco
larger at high binding energy. Figure 11~c! is the band struc-
ture in Fig. 11~b!, which is contracted 0.8 times and shifte
in the energy scale for better correspondence with the exp
mentally obtained one. This modification was also applied
compare the calculation with the experimental result in Re
5–10.

The discrepancy in energy scale is an essential problem
a Hartree-Fock-type theoretical calculation. By assum
Koopmans’ theorem with a frozen orbital approximation, t
ionization potentials are obtained by inverting the sign of
eigenvalues of the Hartree-Fock ground-state orbital. But
effects of the relaxation of the orbital and the electron c
relation are neglected. Consequently, the reliability of t
type of calculation on the energy scale is rather low. R
cently, some theoretical trials for improving this proble
have been reported. Deleuze and Cederbaum made sim
tions of the x-ray photoemission spectroscopy~XPS! spectra

FIG. 11. ~a! Experimentally obtained one-dimensional intram
lecular energy-band structure plotted in the reduced zone sch
The abscissa is the parallel component of the wave vectork i

i along
the @110# direction of the Cu~100! substrate. The Brillouin-zone
~BZ! boundary (k i

i
5p/a) is at 0.121 nm21. ~b! and~c! Calculated

band structure for all-transpolyethylene from Ref. 69. The band i
the original energy scale and in a modified scale~contracted 0.8
times and shifted! are shown in~b! and ~c!, respectively.~d! Cal-
culated band structure for all-trans polyethylene from Ref. 71 in
which the value ofk was modified from the original one~see text!.
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of saturated hydrocarbons by means of a one-part
Green’s-function calculation,70 and Sun and Bartlett calcu
lated the band structures of all-trans polyethylene, in addi-
tion to the simulation of XPS spectrum based on the ma
body perturbation theory for finite system.71 In both these
studies, better correspondence in the energy scale
achieved. Figure 11~d! shows the calculated band structur
of Ref. 71 in the reduced zone scheme. There might be s
mistake in calculatingk in Ref. 71, so we regarded the fu
scale ofk in the calculation as the first and second BZ’s w
the assumption of a repeating unit of the polyethylene ta
to be C2H4. The band structures in Fig. 11~d! show excellent
correspondence with the one of Fig. 11~a!, without any con-
traction factor or energy shift. But there are still some diffe
ences from the experimentally obtained features in the ran
of 12.5–14 and 24–25 eV. There is also some discrepa
between the calculations in~c! and ~d! about the top part of
the occupied state.

The correspondence between the observed and calcu
band structure indicates that well-oriented TTC films w
their long chain axes parallel to the surface were actu
prepared. However, we also see additional features with c
stant energies indicated by hatched arrows in Fig. 11~a!. We
attribute this to the two-domain structure of the TTC film
That is, the measured spectra consist of components of
50° and 90°, with the alkyl-chain axes parallel and vertic
to the plane which contains the electric-field vector and
ergy analyzer~see Fig. 2!, owing to the symmetry of the
substrate. The energy positions of the features in the spe
for f590° exhibit no dispersion, because the componen
wave vector along the alkyl chain is always zero.

Next we compare the experimentally obtained band str
tures with those of Ref. 8. The general features of these b
structures are very similar. But in the band structure of R
8 which is obtained with mode~a!, the data points for the
bottom of pseudo-p band~around 15 eV in binding energ
and mainly consisting of C 2pz and H 1s orbitals; see Fig. 8!
are much scattered than for other bands. Considering
selection rules of mode~a! with the electric vector polarized
along the surface normal, the pseudo-p band should be for-
bidden because this band is always antisymmetric with
spect to the C—C—C plane. Actually, the emission intensit
of this state in Fig. 7~b! is much weaker than the transition
allowed peaks. Such a small intensity will cause the ambi
ity of the energy of the lower part of the pseudo-p band.

On the other hand, in this work, the lower part of t
pseudo-p band is allowed in all areas of the BZ, and we c
map the lower part of the pseudo-p band more precisely with
mode~b!. However, the upper part of the pseudo-p and C 2s
bands should be forbidden in mode~b!. These results indi-
cate that these complementary measurements with mode~a!
and ~b! are important for investigating the complete ba
structure of long-chain alkanes.

To end this section, we mention the validity of the a
sumption of a free-electron-like final state, and the estim
tion of the inner potentialV0 in Refs. 5–10. As mentioned in
Sec. III, the estimation of the inner potential was based
the emission intensity of the C 2s band, which is allowed
transition in mode~a!. Judging from the similarity of the
obtained band diagram with the present one, we can cons
that the final state can actually be assumed to have f
le
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electron-like parabola with the approximation ofm* /m0
51, and the estimated value ofV0 in these reports was a
good estimation for the band mapping.

C. Simulation of ARUPS spectra with IAC/MO approximation

1. Comparison of simulated and observed spectra
for normal emission

We start the simulation with the IAC/MO approximatio
from those for typical flat-on and edge-on orientations. W
can omit the possibility of end-on orientation as described
the previous sections. The simulated spectra are show
Figs. 12~a! and 12~b!. In this work, the effect of the molecu
lar vibration is neglected, and the simulated UPS spe
were obtained simply by the convolution ofd functions at
orbital energies with a Gaussian function@the full width at
half maximum~FWHM! is 0.5 eV#. The calculation was per
formed for a DTC molecule under the same condition w
the experimental setup~a570°,u50°, andhn540 eV! as-
suming a perfect polarization of synchrotron radiation in t
horizontal plane. The abscissa is the calculated binding
ergy relative to the vacuum level (Evac). As mentioned in
Sec. V B, experimentally observed spectra of TTC/Cu(10
are the sum of the emission from TTC molecules orien
with their long-chain axes along the@110# direction (f
50°) and the@11̄0# direction (f590°), reflecting the four-
fold symmetry of the substrate. Thus we calculated the em
sion intensity from these two orientations and added th
with equivalent weights. The shapes in the 13–20 and 23
eV regions in binding energy correspond to the emiss
from the states derived from the C 2p1H 1s and C 2s

FIG. 12. ~a! and~b! Simulated spectra by the IAC/MO approx
mation for the flat-on and edge-on orientations, respectively.
calculations were performed under the conditions ofa570°, u
50°, andhn540 eV. These spectra were obtained by the con
lution with a Gaussian function~the FWHM is 0.5 eV!, and are
normalized by the maximum height of the peak. The emission fr
two types of orientations with alkyl-chain axes along the@110# (f

50°) and@11̄0# (f590°) directions are summed up.~c! The ob-
served spectrum for normal emission shown in Fig. 7~a!.
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9056 PRB 60DAISUKE YOSHIMURA et al.
1H 1s, respectively. Figure 12~c! shows the observed spe
tra for normal emission, which was already shown in F
7~a!, and this curve is shifted toward higher binding ener
to fit the position of peaksB andC with the simulated spec
tra. At higher binding energy, there is a large discrepancy
peak position. This is because we performed the MO ca
lation with the Hartree-Fock level, as mentioned in S
V B 3. The relative intensity of the simulated spectra for t
flat-on orientation shows good agreement with the obser
spectra. This confirms our results of the selection rules.

2. Take-off angle dependence of the simulated spectra
for parallel orientations

In Fig. 13, we show the take-off angleu dependence o
the simulated spectra for a DTC molecule with a flat-on o
entation. The photon incidence angle is 70°, and the take
angleu is varied from 0° to 67.5° with steps of 2.5°. Th
abscissa is the binding energy relative toEvac. The emission
intensities for azimuthal angles off50° and 90° are
summed up. Behaviors of the peak positions and intens
in the simulated spectra for flat-on orientation are in exc
lent agreement with the observed spectra. For example
behavior of the peak intensities ofC and D, and the peak
shifts of B8, C8, andE in Fig. 10 are well reproduced. Th
simulated spectra, assuming an edge-on orientation, are
shown in Fig. 14. Comparing these spectra with the obser
ones, we can see clear differences among them. In partic
the intensities of peaksC and D of the observed spectr
show behavior that is completely reversed compared to
calculated one.

FIG. 13. Take-off angleu dependence of the simulated spec
for the flat-on orientated dotriacontane~DTC! molecule calculated
by the IAC/MO approximation. The calculation is performed und
the condition of hn540 eV, a570°, and u50° – 67.5°. Each
simulated spectrum is the sum of the spectra forf50° and 90°.
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Figure 15 shows the energy-band dispersion obtai
from the simulated spectra for flat-on orientation. The d
points derived from the spectra forf50° and 90° are rep-
resented by open and filled circles, respectively. This ba
diagram confirms our assignment of the additional featu
indicated by the arrow in Fig. 11~a! to the contribution from
the molecules withf590°.

r

FIG. 14. Take-off angleu dependence of the simulated spec
for the edge-on orientation. The calculation is performed under
same condition as those for Fig. 13.

FIG. 15. Energy-band structure obtained from the simula
spectra for the flat-on orientation. The data points derived from
spectra forf50° and 90° are represented by filled and op
circles, respectively.
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Thus the results obtained by simulated spectra confirm
flat-on orientation of TTC films on a Cu~100! surface, and
also demonstrate the validity of the IAC/MO calculation f
saturated compounds. Therefore, the reliability and use
ness of a theoretical simulation with the IAC/MO approx
mation was confirmed not only in the case ofp-conjugated
systems but in the case of as-electron system.

3. Analysis of the tilt angle of the C—C—C plane
and the alkyl-chain axes of TTC

So far we have examined the molecular orientation o
in terms of a choice among the three typical orientatio
shown in Fig. 1. Now we will examine whether the mo
ecules are exactly in the flat-on orientation by comparing
observed spectrum at normal emission with calculations
various tilt angles of the C—C—C plane and the chain axe
of TTC. Such a quantitative examination was not possible
a discussion based on the selection rules.

We focus our attention on the intensity ratio of peakB to
peakC at theG point since~i! peak Cu 3d1A obviously can
not be compared with calculated spectra, and~ii ! the inten-
sities of peaksD and E are difficult to estimate due to th
weak contrast in the background. In Fig. 16, the calcula
ratio of peakB to C is plotted against the tilt angle o
C—C—C planebp . The calculation was performed fora
570° andu50°, by changingbp in the region of 0° – 90°
with steps of 2°. The peak height at the fixed energy posit
of 14.5 and 19.7 eV were used as the intensity of peakB
andC, respectively. The contributions from the orientatio
with f50° and 90° were summed up for the calculation
the peak intensities. The obtained results show a very la
change, as seen in the use of logarithmic scale in the o
nate. The observedB/C ratio is 0.2–0.3, corresponding to
bp of 0° – 7°. This result indicates that the C—C—C plane
is almost perfectly parallel to the substrate surface.

As for the tilt angle of alkyl-chain axis, we also pe
formed simulation for normal-emission spectra. Figure 17~a!
shows the simulated spectra for various values of the
angleba of the chain axis in the region of 0° – 18° with ste
of 2°. These spectra are obtained by the convolution o
Gaussian function with a FWHM of 0.5 eV. Different from
the case of the tilting of the C—C—C plane, the dispersion

FIG. 16. The ratio between the intensities at the fixed ene
position of 14.5 eV~peakB! and 19.7 eV~peakC! against the tilt
angle of the C—C—C plane at theG point for a570°, andu
50°. The tilt angle of the C—C—C plane is varied 0° to 90°, with
a step of 2°.
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of peaksB andC occurs as the tilt angleba changes. This is
because the change ofba causes the change of wave vect
along the chain direction. Therefore, the bottom of t
pseudo-p band can be probed for normal emission on
whenba50°. Figure 17~b! shows the calculated ratio of th
intensity between peaksB and C in the region of 0° – 18°.
The contributions from orientations withf50° and 90°
were summed up for the calculation of the peak intensit
In this figure, the experimentally obtainedB/C ratio of 0.2–
0.3 corresponds to a tilt angle less than 8°. Since the va
tion of theB/C ratio with ba is rather small, one may sup
pose that this estimation ofba is not definite. However, in
additional measurements~not shown! we observed that the
position of the pseudo-p band is shifted back toward th
low-binding-energy side asu is changed to the negative sid
This implies that the bottom of the pseudo-p band at theG
point is actually reached around normal emission (u50°),
indicating thatba.0°. Thus it is reasonable to conclude
parallel orientation of the alkyl chain to the substrate surfa
with a tilt angle of<10°.

We should admit that the accuracy of this estimation
not very high, since the overlap of the emission from t
substrate and the calculated intensities may also con
some errors due to the ambiguity in parameters such as

y

FIG. 17. ~a! Simulated spectra for various values of the tilt ang
of chain axis in the region of 0° – 18° with a steps of 2°. T
FWHM of these spectra is 0.5 eV.~b! Calculated ratio of the inten-
sity between peaksB andC in the region of 0° – 18°.
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molecular geometry, the neglect of the scattering effect,
the assumption of a perfect polarization of the incident lig
However, we can still say that the calculation reproduced
experimental data reasonably well. This indicates that
molecular orientation of TTC on Cu~100! can be regarded a
nearly exact flat-on orientation.

D. Work-function change at TTC/Cu„100… interface

Finally, we wish to report additional information abo
interfacial electronic structure. Recently, the applications
functional organic compounds to the electric devices suc
photovoltaic cell and electroluminescent devices have
tracted much interest.72 The study of the electronic structur
of the organic/metal interface is indispensable for an und
standing of the mechanisms of such devices. In most stu
on organic devices, the interfacial electronic structure
been estimated with the traditional model of energy-le
alignment, assuming a common vacuum level at the orga
metal interface. We have indicated in previous reports18,45–49

that the traditional model is not valid, and the work-functi
changeD exists at the interface. This means that the inter
cial dipole layer is formed at the interface. In order to obta
more detailed information about the origin ofD, an investi-
gation of a well-ordered organic thin film on a well-define
metal surface is needed. Therefore, the TTC/Cu(100) sys
in this study has an important meaning as the model of s
an organic/metal interface.

We measured the work-function change at the deposi
of TTC on a Cu~100! surface from the low-energy cutoff o
the spectra. Figures 18~a! and 18~b! show the low-energy
cutoff of the Cu~100! substrate before and after evaporatio
The incident phtoton energy was 40 eV, and the incid
angle was 50°. Photoelectrons emitted normal to the sur
were detected. During the measurement of low-energy
off, the sample was biased25 eV for ensuring that the cut
off is not determined by the work function of the ener
analyzer. The abcissa is the binding energy from the vacu

FIG. 18. Low-kinetic-energy region of spectra before~a! and
after ~b! the deposition of TTC. The incident photon energy is
eV, with an incident angle of lighta550°, and photoelectrons
emitted to the surface normal (u50°) were detected. Inset: energ
diagram for the TTC/Cu(100) interface.
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level. From these data, the work function of the Cu~100!
surface is calculated to be 4.6 eV based on Eqs.~1! and~2!.
The energy position difference of the cutoff, that is, t
work-function changeD by the adsorption of TTC, is esti
mated to be about20.3 eV.

A similar work-function change has been observed
TTC/evaporated metals18 and TTC/Au(111)49 systems. As
for the origin ofD, we discussed several models in Refs.
and 75. In the present case, the adsorption of TTC
Cu~100! can be regarded as physisorption, because the
of adsorption for short alkanes on Cu~100! and Pt(111) re-
ported by Sexton and Hughes73 is very small. Therefore, the
origin of D is owing to some physical effects. We can poi
out the following two effects as the possible origin. One
the image effect74 which is the explanation for the Xe/meta
system. The other one is the surface rearrangement o
electron cloud of metal spilled out to the vaccum induced
the adsorption of a molecule. For a complete understand
of the origin ofD, we require further discussion with the a
of some theoretical treatment.

VI. SUMMARY

The electronic structure and molecular orientation o
tetratetracontane~TTC! ultrathin film on Cu~100! were stud-
ied by ARUPS measurements using synchrotron radia
with the aid of theoretical calculations in an IAC/MO fram
work. By analyzing the LEED pattern and applying dipo
selection rules to normal-emission ARUPS spectrum,
found that TTC molecules lie on the Cu~100! substrate with
their C—C—C planes and alkyl-chain axes parallel to t
Cu@110# direction. We also measured the take-off angleu
dependence of the ARUPS spectra with a fixed incident p
ton energy for this sample@mode ~b!#, and found that the
observed spectra show a one-dimensional intramolec
energy-band dispersion for the wave vector parallel to
surface. The experimentally observed band structure sho
excellent correspondence with the results of reported ca
lation. The reported band structures derived from an end
oriented sample also show good correspondence with
data, indicating that the assumption of free-electron-like fi
state was reasonable, and the estimated value of the i
potentialV0 in this report was a good estimation.

We also simulated the angular dependence of the ph
emission intensity and peak shifts with theoretical calcu
tions based on the IAC approximation combined withab
initio MO calculations. The obtained results showed exc
lent agreement with the observed spectra, supporting
conclusions for the orientation of the TTC film from LEE
and selection rules, and allowed a detailed analysis of
energy dispersion relation. These results also verified the
liability of theoretical simulation with the IAC/MO approxi
mation. This type of measurement combined with t
IAC/MO approximation will extend the possibility to inves
tigate the energy-band dispersion relation of various po
mers by using a parallel-oriented oligomer film.
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