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ABSTRACT

angle-resolved photoemission spectra were measured using
synchrotron radiation of two kinds of eriented model compounds of
polyethylene with their molecular axes gerpendicular to the
substrate surface, i.e. evapcrated f£ilms of hexatriacontane
CH;(CH7)34CHy and Langmuir-3lodgett £ilms of Cd arachidate
{CH5(CH4) 1 7C00),Cd. Both films show similar photoelectron
eﬁe:qy distribution curves determined by the long-alkyl chain.
The intramolecular energy~band dispersion of polyethylene was
determined frem the photon~energy depsndence of the normal-
emission spectra. This is the first direct cbservation of an
energy-band dispersions in organic sclids. The upper bands
formed by C 2p and H ls elsctrens extend f£rom 8.8 to 15.5 eV
below the vacuum level, and the deeper-lying bands originating
from C 25 electrens lie from 17.5 eV ko 24.7 eV. The band
structure obrtained is compared to results from XPS and ESR
studies. Furthermore, the experimentally determined band
structure is discussed in detail in view of theoretical
Ab initioc and extended Hickel

calculations for polyethylene.

calculations give a good description of the experimental results.



1. Introduction

The electronic structure of polyethylene {CH,4, has been

 studied extensively, since (i) it is one of the prototype
polymers and also a typical guasi-one-dimensional compound, (ii)
the elucidation of its electronic strucuture is the basis for
understanding the electronic structure of many derivative
polymers {e.g. vinyl pelymers), and (iii) such studies may be
helpful for clarifying the breakdown mechanism of polyethylene as
a widely-used insulating material [1]. ©On the thecretical side,
McCubbin and Gurney (2] first discussed the electronic structure
of polyethylene, and virtually all existing versions of band
calculations for the valence bands of a polymer chain have been
applied to polvethylene as a test peclymer to examine their
validity [3-41].

On the experimental side, ultraviclet photoeleciren
spectroscopy (UPS) and X-ray photoelectran spectrcscopy (XPS)
nave been used fc elucidate the valsnce electronis structurs.
Fujibira and Inokuchi [42] first determined the photcemission
threshold of polysthylene by UPS. Wood et al, [16] arnd
Delhalle et al. (22] studied the whole valence band structure by
a combination of XPS with theoretical calculaticons, snd assessad
that the valence bands consist of vupper CZp + H) g wands and
deeper-lying Cy. bands. Further, the formation of an intrachain
tand from C,g orbitals and its insemsitivity te thr leng-range
order were clearly demonstratad by the XPS studiez of linear
alkanes (43,44). Information ¢n conduction bands snd disordered

states have alsc been cbtainad oy UPS (45-47), seccndary electron

emission spectroscopy [46,48-50], absorption spectra ([51,52], and
phetoconduction {53,54].

There are, however, still challenging questions related to
the valence electronic structure of an isolated planar-zigzag
extended chain. Firstly, the photoionization cross section of
Czp derived bands at XPS energies is small, and the decreased
sensitivity hampered a detailed study of the upper C2p + Hyig
bands, which are more important than the deeper-lying Cog bands
in discussing the electronic conduction and fundamental
photoabscrpticn. Since UPS is more sensitive to CZP derived
orbitals and generally yields higher resolution than XPS, a
precise study of the valence bands by UPS is highly desirable.

Secondly, UPS and XPS experiments on organic polymers gave
so far only information on the density of states (DOS), while
thecretical calculations offsr mcre detailed inférmation, €.g, the
wavevector, k, dependence of the elecren energy, the intrachain
energy band dispersion relazicn E = E(k). Such energy-bkand
dispersions are now routinely determined for metals,
semiconductcrs, or adsorbed layers by angle-resolved UPS (ARUPS)
technigues [55]. 1In organic solids, the weak van der Waals
intermclecular interaction causes only a small intermelecular
energy band dispersion cf tne order of 6.1 eV [56]. This is
negligihle ccmpared with th2 largs intramoclecular dispersion of
the order of S eV, due to th: strong interatemic covalent bond
within the chain. So, the 3stzrminaticn of an intrachain £ =
Z(k) dispersicn sheuld be possible for an oriented sample. Up te

now, howsver, this technigu=s nas not yet been successZully



applied to orgaric polymers, because of the difficulty in
preparing well-prisnted samples suitable for ARUPS measursments.

Fortunately, such oriented samples can be obtained for
polyethylene by using model compounds with sufficiently long
alkyl chains. WNormal alkanes constitute one group of such
compounds. XPS results [43] and our recent ab-initio MO
calculations [57] indicate that a normal alkane n—CHBlCHZ)n_zcﬁz
with n 2 12 is sufficiently long to simulate the whole valence
electronic structure of polyethylene. Alkaneé are also largely
free from difficulties encountered with a real pelyethyiene
solid, namely the coexistence of crystalline and amorphous
regions, chain folding, branching, and incomplete purity [58].
Such factors hamper a meaningful comparison with theoretical
caleculations. Alkanes can be evaporated to form orientasd
pelycrystalline films, in which fully extended planar zig-zag
chains are packed with their molecular axes perpendicular to the
substrate surface [45]. A significant angular-depsndence of
photoemission spectra was actually observed in our previcus UPS
study of an evaporated film of n-CH5(CHy)34CH;y with a rare-gas
resonance line, and the possibility of studying intermolecular
band using such an oriented film was suggested [47]. The
elucidation of the E = E(k) relation was hampersd, hcwaver, since
no tunable light source was availabdble.

Ancther class of excellent modz=l systems of crienzed
pelyethylene are Langmuir-Blodgett films (LB Zilms) consisting of
fatty acids and their metal salts. They carn be assembled lLayer
oy layer to form planar two-dimensional shests, with the

mclecular axes perpendicular to the substrate. Since the

Ui

compounds forming LB films consist of a hydrophobic leng-alkyl
chain and a hydrephillic group, they ¢an be regarded as a model
of pclyethylene when the contribution of the hydrophyllic part
can be naglected. An almost complete molecular orientation is
realized in such films, which is ideal for angle-resolved
studies. Furthermore, the elucidaticn of the electreonic
structure of such films is interssting in itself, since they have
recently attracted interest for developing new types of
electrenic devices [59,60], twe-dimensional magnets {61], and as
gccd models of biological membranes.

In this paper we report on ARUPS studies of (i) oriented
films of hexatriacontane n-CH5(CH,)3,CHy prepared by in-situ
vacyum evaporation, and of (ii) LB films of a simple carboxylic
acid salt Cd arachidate (n-CH3(CH,)q4CE,CO0)3Cd, using
synchrotren radiation as a tunable light source., Both sawmples
showed remarkable spectral changes depending cn the photon
energy, the incidence angle of the photon beam (E-field vector
dependence), and the emission angle of the electrons. In particular
from the photon ensrgy dependence we are able to determine the
intramclecular E = 2(k) dispersion. Thsse ars the first
experimental observation 2f an energy band dispersion in an
crganic solid, which we have already reported briefly slsewhere
[62,63]. In the present paper we will present a mcre
comprehensive study, including more detailed results and a
complete comparison with pravious ¥PS spectra and available

theoratical band-structure calculaticns.

[ 3%



2. Experimental Procedurs
2.1, Samples and Measursments

The sample of n-CygHy,4 was supplied by Tokyo Kaseil Co. Ltd.,
and was purified in 3Jcycles ©of recrystallization from benzene
soluticn. The specimen was prepared as a film of ~7 nm thickness
on a polished Cu substrate by in-situ evaporaticn in ap ultrahigh-
vacuum (UHV} preparation chamber (base pressure 5 x 1o-1t0 Torx)
and subsequently transferred to the photoelectron spectrometer
under UHV. Previous data from (i) X-ray diffraction of thicker
evaporated films on Cu (45] and (ii) vacuum-uv. absorption spectra
from films of comparable thickness on LiF {52] showed that
oriented polycrystalline films are formed by evaporation with the
molecular axis perpendicular to the substrate surface, as shown
in Fig. l(a}.

Three and two monomolecular cadmium salt layers of arachidic
acid of Y-Eype were prepared on aluminium- and gold-cocvered glass
plates, respectively, as shown in Fig. l(b). The method for film
preparation is described in Ref. [64]. For both cases, the
sample surface was covered by the criented hydrocarben chains.
The supphase (Millipore water pH 3.3) conctained 4 x 1074 u Cdacl,.
Thus the Cd salt is deposited on the suppert giving the fiima
good stabilizy. These samples wers prepared and kindly given to
us by H. MOhwaid. We note that the conformaticn of the alkyl
chain in both hexatriacon:tane and Cd arachidate is ess=sntially
the same as that of polyethylene crvstals (65] shown in Fig. lic).

Photoelectron spectra were measured for various angles of

incidence a of the photon beam, polar emission angles & of the electrons

and azimutal emission angles § of the electrons (see Fig. 2(a)) with an

apparatus at the storage~ring DORIS II in the Synchrectren
Radiation Laboratory HASYLAB at DESY [66]. The setup consists of
a l mSeya-Namioka type moncchromater and 2 modified VG ADES 400
angle-resclving photoelectron spectrometer. The light intensity
impinging on the sample was monitored by measuring the
pnotoemission from an Au-coated diode placed betwsen the exit
slit of the monochromator and the sample. Prolonged illumination
with intense light caused a change of the spectra for both
compounds, which is probably due to radiation damage. In order
to avoid this, the intensity was kept low with narrvow slit wid:th.
Furthermor=s, the spectra were recorded with freguent changes of
the sampling position on the séecimen. The absence of damage was
confirmed By remeasaring spectra for a fixed combinaticn of hv,
o &, and ¢ afrer several runs. By such a careful procedure,

speckra amenable for subsequent analvsis were obtained.
2.2. Band Structure Mapping by hY-dependent Normal Emissicn

In this secticn we will briefly describe the method of
energy-band mapping by ARUPS used in the analysis of cur data.
For a dstailed descriprtion, see Ref. [53].

Usually the photoemission process 1s treated in a three-step
{photcexcitation, transpert, and emissicn through the surfacs)
model [67]. Further, we make the following two basic

assumpsions:



PHOTOEXCITATION {energy and momentum conservation):
Ef=Ei+h‘y', |kf=|ki+G (1}

EMISSION (energy and momentum conservation for escape

process}:

I

= .t ¥
Ekin = Bf’ K —rkf + G

(2}

where E;, Ef, k; and kg, are the energy and the wave vector of
the electron before and after photcexcitation in the solid, Exin
and K are the energy and wavevector of the emitted fres slectron,
and 6 is the reciprocal lattice vector. The component parallel to
the surface is denoted by /. 211 the energies are measured
from the vacuum level.

Equation (1) shows that the transition is direct, i.e. beth
the energy and momentum of the excited electron must be conserved
for the transition {see Fig. 2{(b)}). The conservation cf k results
from the negligible momentum of the exciting photen. Equation
{2) indicates that the parallel component of the wavevector
should be conserved on crossing a smcoth surface, because of the
absence of any abrupt change in the potential along the surface.

lsing these eguations and assuming a known final state
dispersion Egf = Eg(k) (see Fig. 2b and below), one can obtain the
initial state dispersicn E; = Ej (k) by turing hV. Assuming a
rather crude but successful approximation [55], we use a free-
electron-like parabola as the final-state disperion curve at
higher energies.

The relation between the kinetic energy and the wavevector
of a free electron in the vacuum is expressed as

E .o =B2k2/2m = k"% + &5 2y om0 (3)

On the other hand, the corresponding relation in the sclid is

different due to the potential in the solid. For the f£inal
state, we assume the fcllowing relation for a nearly-free
electron in a constant inner potential in the solid Vg
t
Ee = A%g2/2m + Vg = b2k, 2 + k%) /2m 14D

s
=%/= 0.

FTor normal emission, LK/'I = 0, hence k¢
accordingly, the follcowing relaticns can be derived:
L -~ e TS 3
kT = kg =y 2m ( By - Vg) /K, (3)
B, = Eyy, - bV. (6)
These reiations indicate that the values of E; and kiL can
be determined from the measured Ekin and hy/, provided VO is known.
Since k; changes with the change of hy tc fulfill EZg. (1), we can
prcbe the energy band dispersion Ej = E;lk;) »¥ the hv-
dependence of normal-emission spectra. In the present case, this
direction is parallel to the mclecular axis aleng which
intrameclecular interaction is expected to be strongest. Since

the interaction between different chains is weak, the dispersion

shoulé be dominated by this intramolecular interaction.

3. Experimental Results, Wide Scan Spectra

In Fig. 3, examples of the photcelectren spectra cf rn-
CE4(CHy)3,CHy for nermal emission (£= 0%and hy = 22 tc 45 ev
are shown on the kinetic energy (Ey4,.J) scaie. Similar spesctra
wers cbtained for LB films, indicating that the spectra are
dcminated by the contribution from the alkyl chains. Electrons
emitted without irelastic scattering (primary electrons) form the
peaks at large Xinetic energies. They reflect the structure of

the valence bands. The 2p electronscof Cand ls electrons o7 E



form the upper bands, and the C,  crbitals form deeper-lying cbeserved by varying & and &. For both compounds no ¢-dependence

bands [16,22), as shown ir the figure. They will be discussed in of the spectra was fcund. The insensitivity to ¢ is reasonable
the following sections. The intense features observed in the when we consider that the sample films consist of microdomains
photoelectron spectra at Eyy, < 8 eV are due to secondary electrons with random azimutal orientation (for LB films, see Ref. [70]).
preduced by inelastic scattering. In Fig. 4(a), the AA-dependence of the normal-emiscion

The intensity ratic ¢f the primary electrons prJ to spectra piotted on a binding energy scale for hexatriacontane
seccndaries (IS) increases rapidly with hV. {Spectra at hvy < 20 atr hy = 38 eV, is shown., 1In the Czp
eV show smaller Is/Ip ratios [45]). This change is due to strong +B), bands, two peaks A and C appear. In the Cpg range, a peak
inelastic scattering of primary electrons via electren-electron labelled D is observed. Assuming a fixed vertical crientation of
scattering. The threshold kinetic energy of this process can be r_lthe mclecnles with respect to the surface, a change of X = 15° to
estimated as Ep;, = E; - Ep, where E, and E, are the lowest tﬁ= 70° corresponds to changing the angle between the electric
electronic excitation energy and electon affinity, respectively. fvector of the polarized synchrectron radiation and the molecular
With reported values E, = 7.5 eV {52] and Ej ~v 0 eV [68], we axis. (see the insert in Fig. 4{(a}). A drastic change of the
obtain a threshold of Epy;, = 7.5 eV, This means that the relative emission intensity with & can be seen. The #-dependence
primaries just start to be attenuated at hy = 22 eV, and the for hy = 38 eV and & = 70° is shown in Fig. 4(b). The small shift of the

peak positions cang

growing effect cf scattering increases the IS/Ip ratio rapidly. e gualitatively understood by E = E(k) dispersion. Similar -

In the regicn Ekin}is 2V, the photoelectron spectra have and {-deperncences were also observed for the LB films.
structures at energies independent cof ki, as already cbserved in Such large &- and £-dependences reflect the good orientaticn
angle-integrated UPS measurements [45,46] and secondary-electron of the molecules. Further support for high degree of orientation
emission measurements [46,50]. These features reflect the comes from thermally induced disorder. The heat-treated sample did not
density of unoccupied states [45,46], and will be discussed in show such a clear = and f-dependsnce of the spectra as observed
detail elsewhere [(69]. In the following we will concentrate on for crdered films (see Figs. 4(a) and (k)). Fcr example, Fig. S
discussing the primary electron emission reflecting the clearly demonstrates the iloss of angular dependence of the
valence band structure. photoemission signal from heat-treated LB films, e.g. for 4= 0°

the relatively intense peak D looses its intensity, and the
4. Angular Dependence of Photeoemission from the Valence-Bands
intensity does not recover after ccoling.a simiiar disappearance
and Molecular Orientaticn
of anisotropy was also observed in the ®-dependence of the

Drastic changes in the energy distribution curves are
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spectra. These observations concur with the resvits from X-ray
diffraction which show that the molecular orientztion in the LB film
f Cd arachidate is destroyed by hWeating above 100 ©C and that the
mclecular orientation does not recover after cooling [71]. Thus

we conciude that the large angle (both & and ) dependence of the
spectrum 1s the result ¢l the good orientation of the molecules,

We note here in passing that one can check the molecular orientation of sen-
sitive samples by in-situ ARUPS measurements as described abovc even for com-
pounds for which electron diffraction measurements produce severe radiaticn da-

mage followed by destruction of the molecular orientation,

From the above observation, we note that the intensity ratio of

peak D to peak A in normal emission can be used as an index of the degree

of orientation. Thus a 3~layer LB film showed better corientation
than a 2-layer LB film or even evapcrated n-CsgH;, as shown in
Fic. 4(c}. 7This can be understood as follows: (1) an imperfec:
surface of the substrate perturbs the crientation at the first
layer, (2) the second layer shows a better orientation since it
is deposited cn the already oriented first laver, and (2) the
third layer shows a still better crientation owing to the well-
oriented 2nd layer, and so cn. Our observation is supported by
recent results frem Penning ionization electron spectroscopy on

LB films of anthraguinone derivatives [72].

For the moment we cannct analyze the intensity variaticn with x

[t]

nd € in detail, but these experimenta! data will serve as a3 ¢ood
test for future thecries of angular-dependent photoemissicn from

criented molecules. For such thecretical studies, the Cyg

a4 N

Wi be particularly suitable because of its simgple character

discussed in section 7.

—
[we)

5. hV-Dependence of Normal EZmission

The hv-dependence of the spectra of hexatriacontane for
photcelectrons emitted normal to the surfaceat 26 eV < ny ¢ 54
eV is shown in Fig. 6. The spectra show changes both in peak
positions and peak intensities of the main features. In the Czp
- E,g bands, twc peaks A and C appear for v 40 ev, as
described above. Fer hY > 4C eV, a new peak labelled B appears.
Peak B shifts towaré higher tinding enercies with increasing
photon energy. Peak C merges into it. 1In the C,  range, a3 sharp
peak ladelled 2, which was also mentioned above, is observed. Its
position changes slowly to higher binding energies with
ircreasing hV.

In Fig. 7, we show the corresponding data for a twe-
mecnolayer C& arachidate film. The results ars essentially
similar to those in Fig. 7. This again indicates that the
spectra are dominated by the contributicn from the alkyl chain
and not affected appreciably by the COO™ or ca?+ parts. This jg most

probably due to the short electron mean free path (10
a) [73) in the present enercy rand8®2 % 3¢ 1ength of the alkyl
part [~ 23 ) in a Cd arachidate molecule and alsc due to the 214 to 42
ratic of valence s2lectrons involved in the alkyl and the rest
parts of the molecule, respectively.
Furthermere, Fig. 7 clearly shows the hv-dependence of the

whole o pand. In additiorn tc peak D, wwo features are visible

s

r—

zbeled 0" and E. The pezk erergy of peax € irn Fig. 7 shifts

towards lower binding energy by ircreasing hv. The weak shoulder

14



2% remains at an &lmest constant energy positicn indegendesnt ©

-+
-
Q
b
O
rh
er
o
[

hy. The intensity ¢f feature g depends on the posi
sample mcnitcred and oan the history of the sample. After intense
VUV light irradiaticn it increases, while the intensity of

. 7
feature D decreases. We thus assume that the fesature D

originates from the photcemissicn cof defects created in the film. This

could be emission from misaligned chains resulting from a
destruction of the polar head groups, which was observed in XPS
experiments [74]. This idea is also suppcrted by the absence of
a corresponding feature in the spectra of irradiated

hexatriacontane.

In addition to peak positions also the intensities of spectral features
in Figs. € and 7 depend significantly on hv. This will be discussed in the

next section.

5. Intramolecular Energy-Band Mapping

For abdet:ermination cf £ = E(x) energy band from the spectra
in Figs. 6 and 7, we follow the procedure as described in section
2.2, The value ¢f V; can be determined from the hi'-dependerce of
the phcotoemission intensity of the upper Cyg band D shown in Fig.
8. The intensity shows a maximum when the energy matches the
energy separation between the C,, valence band and the nearly-free
elecron parabola at the I' point. In the lower part of Fig. 2, we
show the E; = E;(k;) relation by an ab-initic calculation [38],

which is a little modified as described below. We can easily

.

ascribe the peak D to the flat band arcund E; = -18 eV. As shown

12
wn

in Fig, 9, we 2ssign the maximoum at hY = 36 eV to a large joint
p0S for the transiticn at the I point {75)] due to the flatness of
the nearly-free electron final-state bands at the I point {76].
From this, Vg, can be determined tc be -5.5 eV, and we obtain an
Ef = Bglkg) relation shown in the upper part of Fig. 9. ©Note
that ths bottom part {(indicated with broken lines) of the final
band cannot be approximated Dy a nearly-free-electron parabola
due to the effect of the potential in the seclid. Thus only the
region akove Eg ~10 eV was used for the subsequent analysis.

The experimental band structure obtained in this way is
shown in FPig. 10. As a guide for the eye, results of an ab-~
initio calulation for a polyethylene chain by Karpfen [3B] are
also shown., For a better fit with the experimental data, the
original calculatesd band structure was 0.8 times contracted and
shifted in energy scale. This dispersion relation of the occupied
states was also used for Fig. 2, ————————The symmetries of the
bands are taken from Ref [1Baj. We note that the corresponding
figure for n-CH3iCH;)34CE; in the rapid communication [62] was in
error for the width cf the Brillouin zone by 7 %, but the main features of
the diagram and conclusions are not affected by this. The energy

experimental
band structure shown in Fig. 10 is the most detailedYinformation
on the valence electronic structure of a pelymethylene chain.
Therefore, in the following sections we will compare the results
with other available from XPS, ESR, and with thecretical
calculations.

In passing we note that the hV-dependence cof the
peak internsities in Figs. 6 and 7 can alsc be understood gquantitatively

with the help of the electron band structure. For example, the

16



decrease of the intensity of peakx D between 46 and 54 eV

is predicted by calculating the joint density ¢f states using
values read from the figures in Karpfen's paper for the initial
Bowever, £0r a more detailed comparison, the joint density of

states has to be calculated guantitatively.

7. Comparison with XPS results

Several XPS studies of the valence band of polyethylene and
its model compounds have been performed [22,42-44,77]. 1In these
studies, the C,, band has been investigated in quite detail,
because of its large photoionization cross section. On the cther
hand, the study of the C,  + EHy;, band was much more difficult due
to the small cross section in XPS. Nom theless, a detailed XPS
study of the whole valence band for highly crystalline
polyethylene [22] has served for the comparison with theoretical
calculations (18-24,28-31,33,35,38]. In Fig. 11 this spectrum
{selid line in (¢)) is compared with the present UPS results ({a)

and (b)), Since the XPS spectrum reflects largely the density of

initial states, we have chosen several ARUPS spectra at different hy/

for which the peak energies correspond to flat portions of the energy
bands giving large DOS. In (b), we alsc show an angle-

. cbtained with a

integrated spectrum of 2-layer LB film ~y He II light source
[78]. The XPS spectrum was shifced to align the upper C,pg Ppezk
(D), since the original energy scale is relative to the Fermi
level. This corresponds to a work function c¢f 4.8 eV, which is

close to the value of 4.5 eV datermined in the previcus UPS

experiments [42]. The peak positions are listed in Table 1, with

17

other relevant data.

There is a rough correspondence betweer the UPS and XPS
spectra. The large difference in relative peak intensities of
the Cap * Hig and Cyg bands is due to the different hy-
dependences of the photoicnization cross sectioms. As for the
Cog band, the agreement ¢f the peak energies is good.

Hoewever, we alse note that there are several significant
differences: (i) binding energies for peak B and C do not agree.
{ii) The minimum between the C2p + Hyg and Cp; bands is far more
pronounced in our UPS data, furthermore its energetic separation
from the C,, maximum is quite different. (iii) The shoulder
labelled X in the XPS specirum is not observed in our UPS
spectra. BAs already mentioned, the difference in the carbon
number should not cause such significant differences [43,57].

For (i} ané (ii}, we believe that our results are more reliable.
Firstly, the signal-to-noise ratio in the present UPS study is
better than that in the XPS spectrum. Secondly, the present UPS
results agree with the XPS spectrum of n-CygH-, by Pireaux et al.

{43,77] (brecken line in Fig. 1ll{(c)), which was reported without
discussing the CZp * Hyg band. Peint{iii), will be discussed in
secticn B.1l.

Finally we ncte that the simple nature of the Cy . band
allows us tc cempare the E = E{k) relaticn in Fig. 10 with the
previous XPS studies of the C,  band formation by Pireaux et al.
(43,44}. The latter acthcrs clearly demonstrated that the C25

level of methane is split into> many levels in longer alkanes, a

result which agresd well with ab-initio calculations. By

18



assuming @ tight-binding wodel forel-dimensional arrey with
nearest-neighbor interaction, we can assign a value of k to each
of such split levels as [79]

k = {(2/alm/{n+l), (7)
where n is the number of carbon atoms, and esach m corresponds to
a pair in the upper and lower branch of split levels (mruns from
1 to the maximum integer nct exceeding (n + 1}/2). Such a
treatment was successfully applied to a detailed analysis of the
valence electronic structure of poly-p-phenylene [80!. 1In Fig.
12 the results of Pireaux et al. for {(a) n =1 to 5 {gas) and (b)
n=5 to 9 (solid) are plotted in this way. The absolute energy
scale was adjusted togive the best fit with our present UPS
data. We see a close agreement between the data from cligomers
with the present directly-measured results. This agreemént
indicates that the simple assumption c¢f the nearest-neighbor

interaction works reasonably well in the case of the Cy, band.

8. Comparison with thecretical calculatiens.

Most methods for band structure calculations have been
applied to polyethylene as a standard polymer system. Sc it wili
be useful to make an extensive comparison of the present results
with varicus calculations to examine their validity. &
comprehensive comparison of the numerical results is presented in
Table 2. In addition, in Fig. 13, representative caiculated E =
E(k) diagrams are compared with the present experimental results
(points in Fig. 13(a) and(e}). Note that the energy scale cf

the experimental data is shifted to show a better agreement with
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calculations, as shown in the right ordinate of Fig. 13(a) and
{e). Firally the density of states cbtained from these
calculations are compared with the TFS and XPS spectra in Fig.
4.

Before we make ' detailed comparison of the cbserved and
theoretical results, twe remarks are in order. Firstly, there is
a difference due to the state of aggregation, between the
observed solid state photoelectron spectra and theoretical
calculations on an isolated chain. However, it is known that the
photoelectron spectrum of a molecular van der Waals sclid agrees
well with that of the constituent molecule when we allow for a
rigid shift in the energy scale [(solid state relaxation energy)
[81-84], which mainly arises from the electronic polarization of
the surrounding molecules in the sclid (see =.g. Ref.

[56,84,85]). Fortunately, 2 detailed comparison with the
dhetoelectron spectra of n-CygHy, in the gas phase, which will be
repecrted separately [57], indicates that such a shift is of the
order of 0.5 eV or so in the present case, which is not
sicnificant for our comparison. Hence we can directly conpare
the observed and calculated results by adjusting the energy
scales.

Secondiy, many early calculations used a wrong molecular
geonetry or failed in taking properly into account symmetry
recuirements, such as the repulsion ¢f the bands of the same

symmetry cr the pairing ¢f bands at the boundary of the

-

Brillouin-zone (X-point}). We nave indicated such problems in the

calculation in Table 2.
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8. 1. 2b initio calculations

at first we will compare the cbserved results with the ab
initio calculation by Karpfen [38), since (i) it was claimed to
reach almost the Hartree-Fock limit, {(ii} the correct expriments
geometry wae used, (iii} the effects of cheesing the cptimum
basis set was carefully assessed, and (iv) the degree of nearest
neighber—secend nearest neighbor——etc.——interactions ameng
-~CH,CHo- units is extrapola__red to infinity. Figs. 10 and
13{a) are convenient for this cecmparison.

The calculated ionization potential (top of the valence
band) 10.0 eV is in a fair agreement with the vertical ionization
potential of 9.8 eV for the gas phase estimated from the
experimental data [57}. The remaining difference may be ascribed
to the assumption of Koopmans'theorem. We note, however, that
the uppermost By band at k = 0, which forms the top of the
valence bands according to the calcuiation, was not observed
separately from peak &, as already stated in section 6. Even
around hy = 27 eV, where hy is expected to match the excitation
energy from this band to the free-electron-like firal state at
the [ point (see Fig. %), we could not observe a separtate peak.
Thus we are unable to confirm the observation of a weak shculder
lapelled X in Ref. [22] (see Fig. 1l(cl). One might speculate
that the By band actually dees not form the top of the valence
band. However, detailed ESR studies cf lcng-alkane catiorn by
Toriyama =t. al. [86] clearly demonstrate that the ground state

cf a long-alkane cation is the B; stare. Sc, we tentatively
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ascribe this disappearance tc the combination of three facters:
(i} The solid-state breoadening of each energy level (/V0.6 eV
FWEM) [84,87,88], (ii) the calculated energy separation betwesrn
By and Ay/A,; bands at the D pcint is toe large, and (iii]
plurring cf the peak in the DOS by electron-phonon coupling upon
ionization, which is expected to be significant in guasi-l-
dimensicnal systems [89]. Such a broadening will make it
difficult to distinguish a weak feature at the top ©f the valence
band from the clesely-located intense feature A. In passing, we
note that the highest occupied states cof n-alkanes (except for
methane) are not degensrate, in contradiction to the argument in
Ref. [33] that a Jahn-Teller splitting of this degeneracy is a
possible origin of the broadening of photoelectron spectra.

Fcr deeper levels, the contracted-and-shifted ab initio
resuits describe the experimental data very well. 1In particular,
the dispersion of the upper By band and the lower A band around
the middle of the Brillouin-zone is clearly observed in the
experiment.

Karpfen pointed out that (i) the discrepancy due to
Koopmans ~ thecrem should become progressively larger when one

goes to higher ionization energies and that (ii) the Hartree-Fock

[

nergy bané will be too broad as a consequence of this eifect.
The present results clearly show that Karpfen’s idea was correc
The &pparent contradicticn between this theorstical expsctaticn
[38] and previous bandwidth derived Zrom XPS can be ascribed te
an ambiguous determination of the bcttom of the C; . bands from
experimental data.

hs se=n in Table 2, other ab-ipitio calculations also cive

™y
[



reasonakle results. We note that the introduction of the

1]

eguivalent-core-potential (ECP) approximatieon does not change th

dispersion reiation significantly [40]).

8, 2, Semiempirical SCF-LCAC MD calculations

As seer in Fig. 13, original versions of semiempirical MO
calculations such as CNDO (Complete Neglect of Differenéial
Overlap), CNDCO/2, INDO {(Intermediate Negliect of Differential
Overlap), MNDQO {Modified Neglect ¢f Diatcomic Overlap), MINDO
{Modified INDO)/2, and MINDO/3 give too large total band
widths due tc the neglect of {differential overlap of electrons.
MNDO (Fig. 13(dj}) {33] gives a reasonable description of the C,g
+ Hls band, except that the ionization potential is a littie too
large .

On the other hand, Fig. 13(b) and (c) indicate that the CNDO
method can be medified to give a moderately good overall
agreement with experiment concerning band widths (beth C2p + H)g
and C,. bands) and the absolute energy scale. Based on this
observation, we question the argument of Dewar et al. [232] that
thetoo1argéc25bandwidthofMNDOcalculationisduetcthe

neglect of ls-2t interactions.

8. 2. Extended Auckel Msthod

It is noteworthy that this cldest band calculation on
polyethylene (3], which is alsc guite simple, gives gocd results,

as seen in Fig. 13(e), except that the binding energies are toc

8]
L

large. 1Its calculated band widths and the E = E(k) dispersion
are almost the same as those by ab initio calculation. These
facts show the usefulness of this simple method for guantitative
band calculations of saturated-hydrocarbon compcunds and

polymers.
B. 4. OQther metheds

The SAMO (Simulated Ab-initio Molecular Orbital), LCLO
{Linear Comdination of Lecalized Orbitals) and FSGC (Floating
Spherical Gaussian Orbitals) methods are ronempirical methods,
which were developed to simulate ab initio calculations and to
save computer time, by using the transferability of the matrix
elements cf HF eguations cr leocalized orbitals from simple model
moclecules. As we can see from Fig. 13, the results ¢f these
methods indsed simulate the ab initio results and experimental
results. The LCLO result is a little better in reproducing the
dispersion in the Cop * Hisg band. The FSGO method (Fig. 13(f))
gives too large binding energies, but the contraction of the
energy scale by 0.7 time offers reasonable results [35].

In contrast to these, the technigues using local exchancge,
such as LCAQO-MT (Muffin Tin}, EMTO (Extended Muffin Tin Orbitals)
arnd DV-Xy methods give rather pocr agreement with experimental

observations. The width of the C + B4 bands given by the

2p
LCAD-MT method (Fig. 13(g)) is too ilarge. The EMTO and DV-X,
methods fail in placing the By band at the top ¢f the valence
band at ¥ = 0. Further, the bands in the reported EMTO

caiculation de net lie horizontally at k = 0.

These poor resclts are not surprising when we consider that
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these calculations are still not vet well developed for dealing
with crganic mclecular systems. Clearly scme bzsic improvements

are necessary for applyling these technigues to organic solids.

o, Concluding Remarks

In this paper we have reperted on a detailed study of angle-
resolved photoelectron emissicn from oriented samples of
hexatriacontane and Cd arachidate, which ars good medels of
pclyethylene in an extended-chain conformation. It was possible
to decermine intramolecular guasi-cne-dimensicnal E = E{k) energy
band dispersion feor the valence bands Ircom the phcton eneragy
dependence of normal emission spsctra. 1In fact, this is the
first experimental observaticn of an E = E(k) energy band
dispersion in an crganic solid. In particular, inlormation
concerning ;he upper CZp + Hyg valence band is much more precise
than that from the previous XPS data. This allowed us a detailed
comparison with theoretical bangd structure calculations.

Qur experimental results in comparison with the many partly
cenflicting theoretical calculations stress the importance of
pclyethvlene as a test material for the different metheds of
polymer-band calculetions. It is enccuragirg that the most
scphisticated ab-initio calculation [38] gives the best
agreemant, S emiempirical methods, some with proper

also
modifications, giveVreascnably good agreement. Amcng them we
nete the success of the simple extepded-HGckel me thod.

The present s:udy establiished the technique of

intramolecular-band-mapping by angle-ressclved photoelectron

LS}
W

spectroscopy viz hy-dependence of normal emissicn. Furthermore,
it clarified the electroric vaience band structure of
polyethylene. 5 determination of the intramclecular E = E(k)
dispersicn is also possible by angle-resolved UPS from samples
with the axes uniaxially criented parallel to the surface [90],
or by measuring the D0S of cligemers [BD], a technigue which wes
also applied here to the polyethylene Coe band. Generally,
angie-resolved UPS technigues can be applied to all polymers
previded adequately coriented samples are available.
Unfortunately this is not always the case, and we must stress the
importance of cbtaining such specimens. The "oligomer DOS"
technigue can be applied only to compounds with simple bands, but
we can use non-oriented samples and a scphisticated angle-
resclved instrument is not even necessary. We anticipate that
the application of these complementary techniques will clarify

the electronic structures of other organic compounds.
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Table 2. Comparison of the observed and calculated valence energy structure of polyethylene (in eV). A
Al] calculations are for an isclated extended planar-zigzag chain.

Total
Upper band {C + H..) Lower Band (C_ ) valence !
e 1s 2s Band
Authors Ref. Top Peaks Bottom Width Gap Top Peaks Bottom Width Width Remark !
Experiment This Work 8.8 10.4 15.5% 6.7 2.0 17.5 18.1 24.7 7.2 16.2 So0lid state Jxﬂur—“_nwov :
14.0 24.1
l4.8 [
Ab initilo André, Leroy (4} Hm.mmz —_ 20.43 3.53 6.531 26.94 — 33.47 6.5 — wrong gemetry
André, Kapsomenos, Leroy f[B) 13.31 —_— Rnad — — —_— e 33.47 _ 20.16
Clementi (1D} J12.84 - (2001 {7.3) (6.1)(26.2) —_— {32.3) (6.1} 19.5 wrong geometry
André, Delhalle, Delhalle, 119]) —  13.46 -~ — -_— — 26.81 —_ - —_
Caudano, Plreaux, Verbist 15.53 33.37
17.61 same calculation
20.19 L
Delhalle, Pbmﬂm. Delhalle, (22] 13.2 — {20.2] 7.0 6.0 {26.2) — [33.7] 7.5 [20.5}
Pireaux, Cavdano, Verbist .
Delhalle, Delhalle, Andre §23) _— o —— ——— — -— —_— —_— —_ —_ same as Ref.[4] )
Armstrong, Jamiegon, Perkins [31) 10.45 - {17.3) (6.9) {4.9)(22.2) —_ {30.2) {8.0) m——
Karpfen [38] 1lo.0 (1D-1) (17.6] 7.6 3.0 120.6}{20.9) [29.3) @&.7 19.3
(12.0) {29.3)
(15.1)
17.4)
Weidman, Bedford, Kunz (39) (14.2) — {19:6) (5.4) (3.3)(22.9) -—— {25.3) (2,.4) (11.1} .n_._n-m {not an
infinite chain)
Teramae, Yamabe, ILmamura 140) 9.91 — {18.9} G.cvnunm.mu (21.7} — (30.3) {8.6) (20.4)
Ab initie Teramae, Yamabe, Imamura {40) 11.05 — {12.7) Am.dﬂvnu.uu:N.ov - (30.2) (8.2) {19.1) _
ECFP
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Table 2 (continued)

CNDO Andra, Kapsomenos, Lercy te] 11.720 -— — - _— —  {48.5) —_— 36.84
CNDO/2 Morokuma (5) (11.5) — (29.0) {(17.5) — — — {47.7) - (36.2) ctosuinng
Fujita, Imamura (71 (1.7) —  (29.3)(17.6) — — -~ (48.0) —  (36.2) crossing’}
Morokuma 91 (11.8) -—~ (29.2) (17.5) — -_— — (48.0) o (36.4) crcssingd}
André, Delhalle, Kapsomenos, [14] (11.1) — (29.3)(18.2} © (25.6) — (48.5) (22.9) (37.4)
Leroy
Delhalle, Andr‘. belhalle, {221 1.7 — {30.0)(18.3) © [26.2) —_ (48.8) 22.6 31.1
Pireaux, Caudano, Verbist
Modified Morosi, Simonetta 1] (13.1)y — {26.4)(23.2) - ~—— {40.8) - (27.7) crossingd, e)
CNDO split at X point
McAloonh, Perkins (15) (4.9} — (40.0) (35.1) © (29.7) — {(84.7) (55.0) ({79.8) split at X pointel
Wood, Barber, Hillier, [16) {(11.0) — {20.2) (9.2) {1.3){21.5) — {33.7) {12.2) (22.7)
Thomas
Delhalle, Andrg, Delhalle, [22) (9.6) — (20.1) (10.5) {1.0){21.1) —  {32.6} ({11.5) (23.0}
Pireaux, Caudano, Verbist
Perkins, Marwaha, Stewart (34) 9.07 ~— (16.4) (7.3) {2.9)(19.3) - {29.3) (10.0) ({20.2)
INDO Beveridge, Jano, Ladik {13} (9.6) — (29.2)}(1%.6) (6.2)(25.8) — {48.8) (23.0) ({39.2) split at X pointe)
MINDO/2 Beveridge, Jano, Ladik 13} —_ _— — m— —-— — —_ _— —_— —_—
Beveridge, Wun (20) (7.0} — {18.4) {11.4) {0.8B)(15.2) — (41.0) (21.8) (34.0) split at X pointE}
MINDO/3 Dewar, Suck, Weiner (18) {8.3) — {16.0) (7.7} {3.3)(19.3) == (36,8) (17.3) 1{28.5) peak energies are
from Refs. [30] anr
{33)
MNDO Dewar, Yamaguchi, Suck fao} (11.00 10.9 (17.2) 6.2 5.2 (22.4) 22.3 (41.4) 19.0 40.4
12.3 41.4
14.7
17.1
continued
37
Table 2 {continued)
Dewar, Yamaguchi, Suck [33]) (11.0) 11.0 {17.2) 6.2 5.5 (22.7) 22,7 (41.5) 18.8 30.5
12.1 41.5
12.4
17.2
Extended McCubbin, Manne {3) (12.4) -~ {17.0) {4.6) (2.9) (19.9) — {29.7} (8.8) (16.3)
Hickal
Imamura (6] 12.0% —_— 16.94 (4.89)(2.93)1(19.87] — [28.8S] [B.98] [16.8}
André, Kapsomenos, Larcy (ay 1z2.05 — — — _— = — 28.85 _ 16.82
pelhalle, Andr#, Delhalle, f22) 11.9 -_— [17.4]1 5.5 2.5 {19.9) —_ (29.4) 9.5 (17.5}
Pirsaux, Caudano, Verbist
Delhalle, Delhalle, Damanet, [24] 12.05 —_— 16.94 {4.89)(3.0] (19.94) — {28.85] [B.91] (16.8]
Andre
SAMO Duke, O'Leary [171 12.76 —_— (39.7} (6.9) (7.0} (26.7) —_— 33.28 (6.6) 20.52
FSGO Bredas, André, Delhalle {35} (8.7) -—— (15.1) {(6.4) (6.4) (17.1) —  {23.7) (6.6} {15.0)
wLo pyachkov, Levin [26} 10.2 — - —_— - - —  (25.7) -— (15.5) split at X point®
byachkov, Iosolovich, Levin ({271 {10.6) —  (16.9) {6.3) (2.1} (19.0}) —  (25.8) (6.8) (25.2)
Armstrong, Jamiesen, Perkins {36] 7.B1 — [14.37} 6.56 (7.5} (21.9} ~— (3).8) (9.9) (24.0)
Leroy, Peaters, [28} 3.03 —_— 20.32 7.29 [1.84] 22.186 —_ 32.16 3.48 19.13
Resoux-Clarisse
Delhalle, Andz:. Dalhalle, f29} 13.17 —_— {19.95) 6.7B [2.67) (22.62] — [32.05] 9.44 18.688
Pivont~Malherbe, Clarisse,
Leroy, Peetaers
LCAQ-MT Falk, Fleming 18] 11.3 —_— (22.8) 11.3 1.0 {23.6) —_ (28.2) (5.8} 17.9
EMTO Kasowskil, Hsu, Caruthers (371 12.8 _— 18.4 5.6 (2.2} 20.6 —_— 27.86 7.0 14.8 PBands are not flat
at T' Point
DV-Xo Satocko (411 12.73 —_ 17.55 4.81 [2.56] 20.11 —_ 29.26 9.14 16.51

Rotes are in the following page.
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e

Eemarks to Table 2. Ti

W

ure Captions

7 Fig. 1. Schematic structure of the evaporated film of
{ 1: derived from numerical values in the leterature.
hexatriaceontane (a), the Langemuilr-Blodget: films of Cd

[

{ )1 read from figures.

arachidate for two layers and three layers (b}, and the
a} For compariscn with calculaticns, a solid-state shift of ~- 0.5

crystzl of polyethylene [65]{c). For both cases of (b},
eV should be added. For details, see text.

o
the upper 20 & layer consists of oriented hydrocarbon
bj) This value listed by the authors is inconsistent with the

chains. Due to the hydrophobic nature of Au and
figure in the same paper. A value of 13.31 eV in Ref, [B]

hydrophiliic character of Al, even or odd numbers of
seems more reasonable.

monolayers can be deposited, respectiv_ely.

—

c) The value listed by the authors is inccnsistent with the

Fig. 2. (a) Parameters cf ancle-resolved UPS measurements: L
figures in the same paper.

incidence angle of photon, £ , polar emission angle of
d) There is a crossing of bands of the same symmetry, which

electrons, and ¢, azimutal emission angle of electrons.
should be split to avoid the crossing [12,25].

(o) Schematic E = E(k) bands. A direct tramnsition

~—

The rule of pairing at the edge of the Brillcuin zone {X-
between an initizl band Ey and a final band E¢

point) is not fulfilled [18al.

is depicted.

Fig. 3. Photoelectron energy distribution curves at ncrmal
emission te the surface ( #= 0°) of hexatriacontane
for phcton energies ranging from 22 eV to 45 eV. 1In
this plot the same initial states follow inclined lines.

Fig. 4. la) Normal-emission spectra cf hexatriacontane for
hy = 38 eV for different angles of incidence cf photons
of.
(v) Dependence of the hexatriacontane photcelectron
spectra for hY = 38 eV and &« = 70° on the emissicn
angle of electrons £.
(c) Comparison of the photoelectron energy distribution
curves of an evaporated filmof n-Cyg Hyy and 2- and

3-1ayer LB films of Cd arachidate for X = 709, £ = 0°,



Fig.

Fig.

Fig.

Fig.

Fig.

5.

10.

and hy = 3% eV. The ratio of the peak intensities A to
D is given Ior each spectrum.

Change of the photoelectron spectra of Cd arachidate

for hy= 38 eVand two different emission angles 4 (0°
and 60°) by heat treatment at 100 °C. Lower panel:
before heat treatment; upper panel: after heat treatment.
Note the disappearance c¢f the -dependence after heat
treatment.

Photon-energy dependence ¢f the normal-emiscion spectra
of hexatriacontane for = 70°. Arrows indicate

the location of the spectral features.

Photon-energy dependence of the normal-emission spectra
of 2 layers LB film of Cd arachdate for of = 709,

Arrows indicate the location of the spectral features.
Photon-energy dependence of the intensity of the upper
Crg derived band (D) for Cd arachidate.
Illustration of the nearly-free-electron like final-state

energy dispersion (I - III) used for the analysis

and the transition corresponding to the intensity maximum

of peak D in Fig. 8. The dispersion of the initial states

is taken from Karpfen [38] with modifications described
in the text.
Summary of the intramclecular energy band dispersiorn
data for the valence bands of hexatriacontane and Cd
arachidate.

e: from o= 70° measurements using evaporated n—C36H74

film.

41 -

o: from o = 7(F measurements uing 2layers LB filmof Cd

arachidate.

0: from «= 70° measurements using 3 layers LB film.

a: from = 80° measurements using 3 layers LB film.
The calculated band structure for idealized
polyethylene (broken line) is a modification of the
results by Karpfen [38] (see text). The lack of the
experimental points near the X point (k = 7I/a) is only
due to the limitation of available photon enexrgy by the

Seya-Namicka monochromator.

11. Comparison of the UPS spectra of hexatriacontane (a) and

Cd arachidate (b) with the XPS spectra of polyethylene
{22] and hexatriacontane [43,77] (c). For details, see

text.

Fig. 12. Energy band dispersion of the C,, band of pclyethylene

derived from XPS results of alkane oligomers for (o)
from methane to pentane in the gas phase [43], and (e)
from pentane to nonane in the sclid state [44], using
Eq. (7). Bars indicate the direction of possible
errcr in separating multiple compeonments in a single
observed spectral feature. The calculated energy-band
dispersion 1s the same as in Fig. 10.

Comparison of the experimentally observed E = E(k)
relation { e in (a) and (e), this work) with theoretical
calculations.

{a) ab-initio method [38], (b) CNDO/2 method [22], {c)
Modified CNDO/2 methed [34], (d) MNDO method (33}, (e)

Extended Huckel method {Wolfsberc~Helmholtz parameter F

- 42 -



= 1.75) [2], {(f) FEGC mechod {35], and (g) LCAC-MT HSC

HaC CH5
method [18]. The energy axis of (a) is not medified as HoC (é):lg
in Figs. ¢ and 10. " The energy scale of the experimental §§§§§ :ggi CH3
data in the right ordinates of (a) and (e) are shifted {a) %%gg% Hch o
to show a cood agreement with calculations. :2% CH%

Fig. 14. Compariscn of the calculated density of states for Cu \ HSC g:g
polyethylene ((a) - (g)}} with UPS and XPS spectra of

CH3 {CHpl3, CH3
hexatriaconzane and Cd arachidate. For XPS, we

preferred the spectrum of hexatriacontane [77] to that 2 LAYERS 3 LAYERS 'H3C
' CH
of polyethylene due to the reascn described in the text. H2C§CH

$3338 3322k
o i L

CHZ
HoC
GLASS ; § § § § HoC ;”2
Al Y
GLASS

¢~} @ —Q O CARBON
°» HMYDROGEN

(c)

- 43 - Fig. 1
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