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AB STRAGT

Angle-resoLvsd photoemission spectra were measured using

Synchrotron radiation af twa kinds of oriented raodel compounds of

polyethylene with their molscalar axes cerper.dicular to t he

substrata surfacs , i.e. evaporated £ilras of hexatriacontane

CH3 (CH 2 J i d C H - i and Langmuir-31odgett f ilms of Cd arachidata

( C H i t C H T h 7COO) 2Cd. Both f i l m s show similar photoelectron

energy dis t r ibut ion curves determined by t he long-aLkyl chain.

The intramolec'jl ar energy-band dispersion of polyethylene was

detsrmined f r o m the phoccn-energy depsndencs oc the norrnal -

emission spectra. This is the f i rs t dirsct observation Q£ an

energy-band dispersions in organic solids. The upper bands

£ormed by C 2p and H Is electrons extand £rom 8.3 to 15.5 eV

below the vacuum l e v e l , and the deeper-lying bands originating

£rom G 2s electrons L i e f rom 17.5 eV ta 24 .7 eV. The band

structure obcained is compared to resul ts f r o m XPS and ESR

studies. Furthermore, the experimental ly detsrtnined band

structure is discussed in detail in view of theoretical

calculations for poLye thy l ene . Ab initio and extended Buckel

calculat ions give a good descript ion of the exper imental resul ts .



1. Introduction

The electronic s t ructure of po lye thy lene -^CH2-Jn has been

studied extensively, since ( i ) it is one cf the prototype

polymers and a l so a typical quasi-one-dimensional compound, ( i i )

the elucidation cf. its electronic s trucuture is the basis fo r

understanding the electronic structure af many de r iva t i ve

polymers (e.g. v iny l polyraers) , ar.d ( i i i ) such studies raay be

h e l p f u l for c l a r i fy ing the breakdown mechanism of polyethylene äs

a widely-used insula t ing material [ l ] , On the thecretical side,

McCubbin and G^rney 1 2 ] f i rs t discussed the e lec t ronic s t ruc ture

of po lye thylene , and v i r t u a l l y all existing versicns of band

calculat ions for the va lence bands of a polymer cha in h a v e been

applied to po lye thy lene äs a test polymer to examine r'neir

v a l i d i t y [3-41].

On the exper imenta l side, u l t r a v i c l e t photoel ^ctron

spectroscopy ( U P S ) and X- ray photoe lec t ron spectrcscopy ( X P S )

haue been used CG elucidate the v a l e n c s e lec t roni^ structurs.

Fujihira and Inokuchi [42] first detsrmined the photoemission

thresholä of p o l y a t h y l e n e by UPS. Wood et a l . [ 1 6 l at:d

D e l h a l l e e t a l . [ 2 2 ] studied the w h o l e valer.ce band structiire by

a combination o£ XPS wi rh theore t ica l c a l c u l a t i o n s , and assessed

t h a t the v a l e n c e bands c o n s i s t of uppe r C ^ n + %is - J ä n ä s and

deeper - ly ing C2S bands. Fu r the r , the fo rma t ion of a n in t racha in

band f rom C2S O r b i t a l s and i ts i n s e n s i t i v i t y to th: I c n g - r a n q e

Order were c l e a r l y demons t r a t ed by the XFS studier- ot l inear

a lkanes [ 4 3 , 4 4 ] . I n f o r m a t i o n cn conduc-ion bands Tina disordered

States have a lso been cbtained by UPS [ 4 5 - 4 7 ] , se'.--.:ndary e l ec t ron

emission spectroscopy [ 4 6 , 4 8 - 5 0 ] , absorption spectra [ 5 1 , 5 2 ] , and

phctoconduction [ 5 3 , 5 4 ] .

There are, however, s t i l l cha l lenging questions re la ted to

the valence electronic structure o-f BTI isolated planar-zigzag

extended chain. First ly, the photoionization cross section of

CT.-, derived bands at XPS energies is s m a l l , and the decreased

gensi t iv icy hampered a detai led stuäy of the upper C2D + Hj_ s

bands, which are more irtlportant than the deeper-Lying C2g bands

in discussing the electronic conduction and f u n d a m e n t a l

phatoabsorpticn. Since UPS is more sensitive to CT.-, derived

orbitals and gene ra l l y yields higher resolution than XPS, a

precise st'.idy of the vaience bands by UPS is h igh ly desirable.

Secondly, UPS and XPS experiments on organic polymers gave

so far o n l y information on the densi ty of states ( D O S ) , wh i l e

theoretical ca l cu l a t ions o f f s r mcre detai led informat ion , e.g. the

w a v e u e c t o r , k, deper.dence of the e l ecron energy, the int rachain

energy band dispersion re la t icn E = E ( k ) . Such energy-band

dispersions are now rou t ine ly determined for m e t a l s ,

ssmiconducrcrs, or adsorbed layers by angle-resol ved UPS (ARUPS1

techniques [ 5 5 ] . In organic sol ids , the weak van der Maa l s

in termclecu lar interact ion causes on ly a s m a l l in te rmolecu lar

energy band dispersion cf t-12 order of 0.1 eV [ 5 6 ] , This i =

nsg l ig ib le ccmpared wi th tn^ largs intrarr.ol ecu l ar dispers ion of

the O r d e r of 5 e V , due to th : s t r o n g i n t e r a t c m i c c o v a l e n t band

w i t h i n the cha in . So, the da t e rmina t i on of an in t r acna in E =

2 [ j k ) dispersicn s heu l d be pcs s ib l» fcr an oriented sample . 0? t o

now, hcweve r , this techniq-^e nas not yet been g c c c e s s f u l ly



appl ied to orgar.ic polymers, because of the d i f f i c u l t y in

pre-paring wall-oriantsd samples su i tab le for ARUPS measurements .

For tuna te ly , such oriented samples can be obtained for

po lye thyLene by using model compounds wi th s u f f i c i e n t l y long

a l k y l chains. Normal a lkanes const i tute one group of such

compounds. XPS resul ts [ 4 3 ] and our recent ab-init io MO

c a l c u l a t i o n s [ 5 7 ] indicate that a normal a lkane n-CH, !CH2) n _2" H "<

wi th n ]t 12 is su f f i c i en t l y long to s imula te the who le valence

electronic s t ructure of polyethylene. Alkanes are a lso l a rge ly

free from d i f f i cu l t i e s encountered wi th a real po lye thyl ene

solid, namely the coexistence of crystall ine and amorphous

regions, chain fo ld ing , branching, and incomplene pu r i t y [58 ] .

Such fac tors hamper a mean ingfu l cctnparison with theoret ical

ca lcula t ions . Alkanes can be evaporated to form oriented

polycrystal l ine E i l m s , in which f u l l y extended p lanar z ig-zag

chains are packed wi th their molecu la r axes perpendicular to the

Substrate surface [45 ]. A s ignif icant angular-depsndence of

photoemission spectra was a c t u a l l y observed in our previcus UPS

study of an evapora ted f i l m oE n-CH-^ ( C H 2 ) 34 C H 3 with. a rare-gas

resonance l ine, and the possibi l i ty of s tudying intercr .olecular

band using such an oriented f i l m was suggested [ 4 7 ] , The

elucidat ion of the E = E ( k ) re la t ion was hamcersd, hcwever , s ince

no tunab le l ighc source was a v a i l a b l e .

Ancther c lass of excsl lect model Sys tems cf cr iented

D o l y e t h y l e n e a re Langrnuir -Blodget t f i l m s (LB f i l i r . s ) consis t ing of

f a t t y acids and thsir tr.etal sa l t s . They car. be a s sembled layer

by l ayer to fo rm p l a n a r two-diT.ensiona l sheets , w i t h the

mclecular axes perpendicular to the Substrate. Since the

compounds forming LB f i l m s consist of a hydrophobic I c n g - a l k y l

cha in and a hyd rcph i 11 ic g roup , they can be regaräed äs a model

of po lye thy lene when the contribution of the hydrophy l l i c part

can be ceglected. An alraost complete ma lecu l a r orientation is

rea l i zed in such f i l m s , which is ideal for ang le - reso lved

studies. Fur thermore, the e lucidat icn of the electronic

structure of such f i l m s is interast ing in i t s e l f , since they h a v ü

recen t ly attracted interest for deve lop ing new types of

electrcnic de^ices [ 5 9 , 6 0 ] , two-dimensional magnets [ 6 1 ] , and äs

gccd models of biological membranes .

In this paper we report on ARUPS studies of f i ) orientsd

f i l m s cf hexatriacontane n - C H ^ f C E ^ ) 3 4 ^ ^ ^ preoared by in-situ

vacuum evapora t ion , and of ( i i l LB f i l m s of a s imple carboxylic

acid sal t Cd arachidate < n - C H 3 ( C H 2 ) 1 7 C E 2 C O O ) 2 C a , using

Synchrotron rad ia t ion äs a tunable l ight source. Both samples

shcwed remarkable spectra l changss depending on the photon

energy, the incidence a n g l e of the photcn beam ( E - f i e l d vector

dependence) , and the emission a n g l e of the electrons. In particular

f r c m the ohoton energy dependence we are ab le to determine the

in t r amo lecu l a r E = 3 ( k ) dispersion. These are the f i r s t

experitr.enta l observa t ion of an energy band dispersion in an

crganic s o l i d , which we h a v e a l r s a d y reported b r i e f l y e lsewhere

[ 6 2 , 6 3 ] , In the present paper we w i l l present a mcre

comprehens ive s tudy, inclucir .g more d e t a i l e d r s su l t s and a

cotr.plete compar ison wich p r e v i o u s XPS spectra and a v a i l a b l e

theoretica l band-s t ruc ture c a l c u l a t i o n s .



2. Experiment a l Procedure

2.1. Samples and Measurements

The sample of n -C 3 gH 7 4 was suppl ied by Tokyo Kase i Co. Ltd. ,

and was purif ied in 3 Cycles of recrysta l l iza t ion from benzene

solut icn. The specimen was prepared äs a f i l m o f - ^ - 7 r.m thickness

on a polished Cu Substrate by in-situ evaporat ion in an u l t r a h i g h -

vacuum ( Ü H V } preparation chamber ibase pressure 5 x 10 - J-U Torr)

and subsequently t ransferred to the photoelectron spectrometer

under U H V . Pre vious da t a f rom (i) X-ray d i f f r a c t i o n of t h. icke r

evaporated f i l m s on Cu [ 4 5 ] and !ii) v a c u u m - u v absorption spectra

from films of comparable thickness on LiF [ 5 2 ] showed that

oriented po lycrys ta l l ine f i l m s are formed by evaporat ion wi th the

molecu l a r axis perpendicular to the Subst ra te su r f ace , äs shown

in Fig. l (a ).

Three and two monomolecu l a r cadmium sa l t layers of arachidic

acid of Y-type were prepared on a l u m i n i a m - and gold-ccvered glass

p l ates, respecti v e l y , äs shown in Fig. l (b l . The method f. or f i l m

preparation Ls described in Ref . [ 6 4 ] . Per both cases, the

sample su r face was covered by the criented hydrccarbcn chains.

The subphase I M i l l i p o r e water pH 5 .5 ) conta ined 4 x 10"4 M C d C l 2 -

T h u s the Cd s a l t is deposi ted or. the s u p p a r t g i u i n g the f i L :n a

good s tab i l icy . These samples were prepared and k ind ly g i v e n to

äs by H. MÖ'hwalc . We note that the conformat icn of the a l k y l

chain in both hexa t r i aconrane and Cd arachidate is e s s sn t i a l l y

the same äs thac of po lys thy lene c r y s t a l s [ 6 5 ] shown in Fig. l ( c ) .

Pho toe lec r ron spectra were measursd for va r ious a n g l e s of

inctdence a. of the photon heam, polar Emission angLes 9 of the electrons

and azimutal emission angles 0 of the electrons (sse Fig. 2 ( a ) ) with an

appara tus at the storage-ring DORIS II in the Synchrotron

Radiat ion Laboratory HASYLA3 at DESY [ 6 6 ] , The setup ccnsists of

a l m S e y a - N a ^ i i o k a type m o n c c h r o m a to r and a m o d i f ied V G A D E S 400

a n g l e - r e s o l v i n g phctoelectron spectrometer. The l ight intensi ty

impinging on the sample was moni tored by measuring the

photoemission f r o m an Au-coated diode placed between the exit

s l i t of the monochromator and the s ample . Prolonged I l l u m i n a t i o n

w i t h i n t e n s e l i g h t caused a change of the s p e c t r a for both

compounds, which is p r o b a b l y due to rad ia t ion damage. In order

to avoid t h iS r ~ne intensity was kept low with na r row sl i t width .

Fur thermore, the spectra were recorded w i t h f requent changes of

the s a m p l i n g position on T;he specimen. The absence o£ damage was

conf i rmed by remeasoring spectra for a f i x e d combina t icn of h1^,

3, ci and <fi a f t e r severa l runs. By such a ca r e fu l procedure,

spectra aaenable fo r subsequent a n a l y s i s were ob ta ined .

2.2. Band Structure Maoping by hi^-dependent Normal Emission

In th is secticn we w i l l b r i e f l y describe the nethod of

energy-band mapping by A R U P S used in the a n a l y s i s of our da ta .

For a d e t a i l e d descr ipcion, see R e f . [ 5 5 ] .

U s u a l l y the photoemiss ion process is t reated in a t h r ee - s t ep

(photoexc i ta t ioa , t r an spo r t , and emission th rough the s u r f a c e )

model [ 6 7 ] . F u r t h e r , we make the f o l i o w i n g two bas ic

a s s u m c s i o n s :



PHOTOEXCITATION ienergy and momentum conservation ) :

E = + hV, !kf = lk| + <£ (l )

EMISSION (energy and momentum conservation for escape

process):

T — U1 TV — TV _i_ T ̂  l ^ \kin ~ Ef m -«f + c t 2 1

wbere E ̂  r Ef, Ikj_ and Ikf, are the energy and the wave vector of

the electron before and after photcexcitation in the solid, S^ir.

and IK are the energy and wavevector of the emitted frse electron,

and G is the reciprocal lattice vector. The component parallel to

the surface is denoted by //. All the energies are measured

from the vacuum level.

Equation (1) shows that the transition is direct, i.e. both

the energy and momentum of the exciteä electron must be conserved

for the transition (see Fig. 2(b)l. The conservation cf ik results

from the negligible momentum of the exciting photcn. Equation

(2) indicates that the parallel component of the wavevector

should be conserved on crossing a smooth surface, because of the

absence of any abrupt change in the potential along the surface.

üsing these equations and assuming a known final state

dispersion Er = Ee (k ) (see Fig. 2b and below), one can obtain the

initial state dispersion E- = E. [k) by tur.ing h v1. As s um i ng a

rather crude but successful approximation [55], we use a free-

electron-1ike parabola äs the final-state disperion curve at

higher energies.

The relation between the kinetio energy and the wavevector

o£ a free electron in the vaccum is expressed äs

iC i. n

On the other band, the corresponding reiation in the solid is

d i f f e r e n t due t o t he p o t e n t i a l i n t he s o l i d . Tor t he f i n a l

s ta te , we assuir.e the f c l l o w i n g r e l a t i o n f o r a n e a r l y - f r e e

e lec t ron in a constant inner p o t e n t i a l in the sol id V Q :

E f = ^ 2 l k f 2 / 2 m T V 0 = h 2 ( ik f " 2 + fc fJ"2)/2m. 1 4 !

Accord ing ly , the f o l l c w i n g re la t ior . s can be de r ived :

|ki"" = l kf"= / 2m ( Ek - V 0 ) /-n". (5

E, = Ekin (6)

These relations indicate that the values of E. and k^ can

be deterrained from the measured E^^ and h\j, provided Vg is known.

Since D\ changes with the change of f\\J to fulfili Sq. (1), we can

probe the energy band dispersion E^ = E - ( i k - ) by the hw1-

dependence of normal-emission spectra. In the prssent case, this

direction is parallel to the rr.olec-jlar axis along which

intramolecular interaction is expected to be strengest. Since

the interaction betwesn different chains is weak, the dispersion

should be dominated bv this intramolecular interacticn.

3. Exper imenta l R e s u l t s , W i d e Scan Spectra

In Fig. j, examples of the phctoe lectrcn spectra of n-

C H 3 [ C H 2 ) 3 i ; C H 3 f c r n o r m a l emiss ion ( ? = 0 ° ) a n d hy = 22 t c 45 eV

are shown on the k ine t ic ener v ^ -

were cbtained for LB films, indicating that the spectra are

dcrrinateä by the contribution fron the alkyl chains. Electrcns

emitted witno'jt inelastic scattering (prirr.ary electrons) form t

oesks a t l arge k ine t i c energies. They ref l ect t'ne structure of

r he v a l e n c e bands. The 2p elecrrons cf C and 1s electrons o: K



f o r m the jpper bands, and the C2s crbi tals forir, deeper-lying

bands [ 1 6 , 2 2 ] , äs shown in the f igcre. They w i l l be discussed in

rhe f o l l o w i n g seciions. The ir.tense f ea tu r s s observed in the

photoelectron spectra at E ^ J ^ <_ 8 eV are due to secondary electro^s

produced by inelast ic scattering.

The in tens i ty ratio of the primary electrons (I ] to

seccndaries (I ) increases r ap id ly wi th h V- (Spectra at hV < 20

eV show sma l l e r I,-/ID rat ios [ 4 5 ] ) - This change is due to strong

inelast ic scat ter ing of pr imary e lec t rons via e lec t ron-e lec t ron

scattering. The threshold kinetic energy of this process can be

estimated äs E^^ n = EX - EA , where EX and ER are the lowest

electronic exci tat ion energy and electon a f f i n i t y , respect ively .

W i t h reocr ted v a l u e s E v = 7.5 e V [ 5 2 ] a n d E . / v O eV [ 6 8 ] , w e
" A H.

obtain a threshold of E^ in = 7.5 eV, This means that the

primaries jus t Start to be at tenuated at hv' = 22 eV, and the

growing e f f e c t cf scat ter ing increases the I /I ratio r ap id ly .

In the region E^^ < B eV, the p h o t o e l e c t r o n spec t ra h a v e

s t ructures at energies independent cf hi-*, äs a l r e a d y observed in

angl e-ifitecrated UPS measurements [ 4 5 , 4 6 ] and secondary-electron

eiriission measuremer. ts 1 4 6 , 5 0 ] . These f e a t u r e s r e f l e c t the

density of unoccupied states [ 4 5 , 4 6 ] , and w i l l be discussed in

detsil e lsewhers [ 6 9 ] . In the f o l l o w i n g we w i l l concen t r a t e on

discussing ths p i r imary electron emission r e f l e c t i n g the

v a lence band s t ructure .

4. A n g u l a r Depenäence of Photoemission f r o m the Va lence -Bands

and M o l e c u l a r Orienta t icn

Drss t ic changes in the energy distr ibutior , curves are

.

observed by va ry ing «and &. For both compounds no t^dependence

of the -spectra was found. The insensiti v ity to ^ is reasonable

when we consider that the sample f i l m s consist of microcomains

wi th rando-m azimutal orientation ( f o r LB f i l m s , see Ref . [ 7 0 ] ] .

In Fig. 4 ( a ) , the c<-dependence of the norma l-emission

spectra plotted On a binding energy scale for hexat r iaccntane

at hiJ = 38 eV, is shown. In the C2D

+ H T S bands , two peaks A and C appear. In the C2S ränge, a peak

labe l l ed D is observed. Assuming a f ixed vert ical or ienta t ion of

t h e m o l e c u l e s w i t h respect to the s - j r f a c e , a change of ° f = 15° to

= 70° corresponds to changing the angle between the electric

vector of the p o l a r i z e d Synchrotron radia t ion and the m o l e c u l a r

axis. ( see the inse r t in Fig. 4 { a J ) . A d r a s t i c change of the

re la t ive emission intensi ty w i t h o( can be seen. The ^-dependence

for hy = 38 eV and CT = 70° is s h o w n in Fig . 4 ( b ) . The saall shift of the
peak pQsitior.s cant

*be q u a l i t a t i v e l y understood by E = E (PO dispersion. S i m i l a r o f -

and ^-depencences were also observed for the LB f i l m s .

Such large »- and £-dependences reflec:: the good or ienta t ion

of the molecules. Further support for high degree of orientation

comes f rom t h e r m a l l y induced disorder. The hea t - t rea ted sair.ple aia not

show such a c lear O- and ß-dependence of the spectra äs observed

for c rdered f i l m s ( see F igs . 4 ( a ) and ( b ) ) . Fcr exair.pl e, F ig . 5

c l e a r l y demons t ra tes the loss of a n g u l a r dependence cf the

photoemission signal f rom hea t - t r eaced LB f i l m s , e.g. for ß = 0°

the r e l a t i v e l y intense peak D looses its intensity, anä the

intensity does not recover a f t e r cool ing. A s i rni lar disappearance

of anisotropy was a lso observed in the c<-dependence of the

11



Boecrtra. These observstions cor.cur with the resuits frora x-ray

d i f f r a c t i o n which show tha t t he m o l e c ' J l a r oriep.tsticn in -he LE f i lm

cf Cd a r a c h i d a t e is öes t royed by h e a t i n g a b o v e 100 °C anc chat the

o c l e c u l a r o r i en ta t ion does no t recover a f t e r coo l ing [ ~ 1 ] . Thus

we c c n c l ö d e t h a t the l a r g e a n g l e I b o t h r t a n d £ l dependence of t he

spec t rum is the r e su l t of the good or ients t ion of the no lecu les .

We note here in passing that onc can check the molecular orientation of sen-

sitive sairples by in-situ ARUPS measurements äs described abovc- even fcr cori-

pounds for which electron diff ractior. measurements produce severe radiatior. da-

mage foilowed by destruction of the malecular orientation.

From the above obse rva t i on , we note t ha t the inter .si ty ra^ io of

peak D to peak R in normal exission can be used äs an Index of the degree

of o r ien ta t ion . Thus a 3-1ayer LB f i l m showed bet ter cr ienta t ion

than a 2-layer LB f i l m or even evapcrated n-CjcH-,^ äs shown in

Fie. 4 ( c ) . This can be understood äs f o i l ows: ( I ) an irr.perf ect

surface of the Substra te per turbs the c r ien ta t ion at the f i r s t

1 a y e r , ( 2 ) the second layer shows a better or ien ta t ion since i t

is deposited on the a l r e a d y or iented f i r s t l a y e r , and ( 3 ) t he

third layer shows a s t i l l better c r i e n t a t i o n owir.g to the w e l l -

oriented 2nd l a y e r , and so cn. Our obse rva t ion is sunported by

recent r e su l t s f r c m Penning ion iza t ion e lectron spectroscopy on

L3 f i l i r .s o f an th raqu inone d e r i v a t i v e s [ 7 2 ] ,

For the moment we cannot analyze the in tsns i ty V a r i a t i o n w i t h •>'

snd C in d e t a i l , bu t these exper iir.ents l da t a w i l l s e rve äs a cooä

test fcr f u t ' j r e theories cf a n g u l a r -öependent photoemiss icn f rDD

crier.ted r r o l e c u l e s . For such t h e c r e t i c a l s t jd i e s , the C~2S p = ak

w i l l be par t ic j l ar l y s u i t a b l e beca'jse of i ts s i np l e c h = r a c t e r

disc ' jssed in sectior. 1.

The hv-dependence of the spectra of hexatr iaccr .Cäne f o r

p h o t o e l e c t r o n s emitted normal to the svirface st 26 eV _<_ h t' <_ 54

eV is =hown in Fig. 6. The spectra show changes both in peak

poEi t ions and peak intensi t ies of the main f e a t u r e s . In ihe C^p

- K , b a n d s , two p e a k s ft and C appear for hV <^ 4 0 eV, äs

des^ribed above . Fcr hV > 40 eV, a new peak l a b e l l e d B appears .

Peak B s h i f t s toward higher b ind ing energies w i t h incr rsas ing

photon energy. Peak C merges in to it. In the Z^s r ä n g e , a sharp

peak l a b e l l e d D, which was a l s o mentioned above , is observed. Its

pcsition changes s l o w l y to h igher binding enercies w i t h

ir.creasing hV.

In Fig. 7, we show the corresponding da ta for a two-

^icnolayer Cä a rach ida te f i l m . The resu l t s are e s sen t i a l ly

s i m i l a r to those in Fig. 7. This again indicates tha t the

spectra are dominated by the contr ibut ion f r o m the a l k y l chain

ar.d not a f f e c t e d apprec iab ly by the C00~ or Cd2+ pa r t s . This i£ most

probabiy c u e t o t h e shor t e l e c t r o n m e a n f r e e p a t h f C I O

A) [ 7 3 ) i n t h e p r e s e n t e n e r g y rsnge1^^^ Be l eng t h of the a I k y l

p a r t [ . ' -23 A ) in a Cd a r a c h i d a t e m o l e c u l e and a l s o due to the 2lA to 42

ra t ic c f v a l e n c e e lec t rons i n v o l v e d in the a l k y l and the rest

par t s of the inol ecjl e , respective ly.

Fur the rmore , Fig. 7 c l e a r l y shows the hv'-dependence of the

w h o l s C^c band. In additior. tc peak D, two f e a t u r e s are v i s i b l e

l a b e l e d D ' and E . The p e a k e n e r g y o f p e a k E in F i g . 7 s h i f t s

t o w a r d s lower b i n d i n g e n e r g y by i r .creasing hV. The weak shoülder
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D** rsmains et an slrr .cst constsni er.ergy pos i t i cn indepenäer. t cf

h V*. The in tens i ty of f e a t u r e D depends o n the pcsitior. er the

s a m p l e mcnitcred and on the h is tory of the s a m p l e . A f t e r ir.tense

V U V l iaht I r rad ia t ion i t increases , w h i l e the in tens i ty of

f e a t u r e D decreases. We thus assame t h a t the f e a t u r e D

originates from the photcemissicn cf de fec t s created in the f i l m . This

could be emission f roir, misa l igned chains r e s u l t i n g f r o r n a

des t ruct ion of the polar head grocps , which was observed in KPS

Experiments [ 7 4 ] . This idea is a l s o suppcrted by the äbsence cf

a corresponding f e a t u r e in the spec-tra of i r radia ted

hexatriaccntar.e.

In addition to peak posi*ions also the intensities of spektral features

in Figs. 6 and 1 depend significantly on hv. This will be discussed in the

next section.

6. I n t r a m o l e c u l a r Energy-3and Mapping

For a de te rmina t ion cf £ = E ( > O energy band frorr . the spectra

in Figs. 6 and 7, we f o l l o w the procedure äs described in section

2.2 , The val .ue cf V Q can be determined f rom the hi '-depender.ce of

the phctDemission in tens i ty of the upper C2S band D showr. in Fig.

9. The in tens i ty shows a maximatn when the energy matches the

energy Separa t ion between the CTS v a l e n c e band anc the nearly-free

e l e c r o n pa r abo l a at the P point. In the lower part of Fig. 9, we

show the Ej_ = E ^ f k ^ ! r e l a t ion by an ab-initio ca l cu I a t ion [ 3 8 ] ,

which is a l i t t l e mod i f i ed äs described b e l o w . We cän e a s i l y

sscribe the peak D to the f l a t band aro'jnd E,- = -18 e V . As shown

in Fig- 9 , we assiqn ±be maxiinu-m at hv' = 36 eV to a l a rge jo in t

DOS for the t r a n s i t i o n at t h e p p o i r . t [ 7 5 ] d u e to the f l a t n e s s of

rhe -near 1-y-iree electron final-sfate bands at the I? point [ 7 6 ] .

From this, VQ can be deterir.ined to be -5.5 eV, and we obtain an

ü r = Ef [kf) xslation shown in the upper part cf Pig. 9. Note

that the bottom part ( indicated w i t h broken l ines) of the f i n a l

band cannot be approximated by a near ly- f ree-e lec t ron pa rabo la

d-je tc the e f f e c t of the p o t e n t i a l in the so l id . T h ü s o n l y the

r e g i o n a b o v e Ef '"IC eV was used fo r the subsequent a n a l y s i s .

Tbe experimental band s t ructure obtained in this way i s

shown in Fig . 10. As a gcide for the eye , r e s u l t s of an ab-

initio ca lu la t ion for a po lye thy lene chain by Karp fen [ 3 6 ] are

a l so shown. For a better fit w i t h the exper imental data , the

original c a l c u l a t e d band s t ruc ture was 0.8 times contracted and

sh i f ted in energy scale. This dispersion re la t ion of the occupied

states was also used for Fig. 9. < The Symmetrien of the

bands are taken f r c m Ref [ I B a ] . V3e ncte tha t the corresponding

f i g u r e for n-CH^ I C H 2 534^3 in the rapid communication [ 6 2 ] was in

e r ro r for the w ic th cf the Br i l l o u i n z o n e by 7 % , bu t the m a i n featuxes o i

the diagran and conclusions sre not a f f e c t e d by this. The energy
experimental

band s t ruc tu re shown in Fig. 10 is the rnost detai led"^information

on the v a l e n c r e electronic s t ruc tu re of a po lymethy lene chain.

Therefore , in the f o i l o w i n g sections we wi l l compare the r esu l t s

w i t h other available f r o m XPS, ESR, and with theoretical

ca l cu l a t i ons .

In passing we note that the hV-dependence of the

peak intensi t ies in Figs. 6 and 7 can also be vmderstood quantitatively

with the h e l p of the e lec t ron band s t ruc ture . For example , the
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decrease of t he intensity of peak D between 46 and 54 eV

is predicted by calculating the joint density of states using

values read from the figures in Karpfen's paper for the initial

Kowever, f or a more detailed cornparison, the joint density of

States has to be calculated qaantitatively.

7. Comparison with XPS results

Several XPS studies of the.valence band of polyethylene and

its model compounds have been performeä [22,42-44,"77 ]. In these

studies, the C2S band has been investigated in quite detail,

because of its large photoionization cross section. On the other

hand, the study of the C2o + E]_s band was tnuch more difficult due

to the sma11 cross section in XPS. Non^t'neless, 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 spectrurn

(solid line in (c)) 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 A.RUPS spectrs at differer.t

for -which the peak energies correspond to flat portior.S of the energy

bands gi ving large DOS. In (b), we a l so show an angle-

obtained with a
integrated spectrum of 2-lsyer LB filnT^V^He II light source

["6). The XPS spectrum was shif-ed to align the -jpper C2s peak

(3l, since the original energy scale is relative to the Ferir.i

leuel . This correspond s to a work f-jnction cf 4.8 eV, which is

close to the value of 4.5 s V detertr.ined in the previous "J P S

Experiments [42], The peak positions are listed in Table l, wit'n
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other relevant data.

There is a rough correspondence between the UPS and XPS

speczra. The large cifferer.ce in relative peak intensities of

the C2D + Hls and C2s bands is due to the different hV-

dependences of the photoionization cross sections. As for the

C2s band, the agreement of the peak energies is good.

However, we also note that there are several significant

differences: (i) binding energies for peak B and C do not agree.

(ii) The minimum between the C2_ + K^ and Cjs bands is far more

pronounced in our UPS data, furthermore its energetic Separation

from the C2 maximuTn is quite different. (iii) The shoulder

labelled X in the XPS spectrum is not observed in our UPS

spectra. As a lreacy mentioned, the difference in the carbon

number should not cause such significant differences [43,57].

For (i) and (iil, 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~C-icH-jd by Pireaux et al.

[43,77] (broken line in Fig. 11(c)), which was reported withDUt

discussing the C2 ^ H]_c band. Point(iii), will be discjssed in

secticn 6.1.

Final ly we ncte that the simple nature of the C2S band

allows us to ccrr.pare the E = Evk) relation in Fig. 10 with the

previous XFS studies of the C2s band fcrmaticn by Pireaux et al.

[43,44]. The latter authers clearly demonstrated that the C2^

leuel of Tnethane is split into many levels in longer alkanes, a

result which aareed well with ab-initio caiculations. Bv



=assumi-ng ^a -ti-gtrt-bixidiTjg itiodei f01nl-dimensionaI a r ray w i t h

nearest-neighbor interaction, we can assigr. a v a l u e of k to each

of such spii t l eve l s äs [ 7 9 ]

k = ( 2 / a l i r s / t n + l ) , (7 )

where n is the number of carbon atoms r and each m corresponds to

a pa i r in the - jpper and l o w e r brar.ch of sp l i t l e v e l s (m r uns f rorr,

l co the maxinrjm integer not exceeding (n + D/21. Such a

treattnent was succes s fu l l y applied to a de ta i l ed ana lys i s of the

valence electronic structure of poly-p-phenylene [80 ' . In Fig.

12 tb-e r e su l t s of P i r e a u x et a l . for ( a ) n = l to 5 ( g a s ) and (b)

n= 5 to 9 f s o l i d ] are p lot ted in this way. The a b s o l u t e energy

scale was a d j u s t e d to g i v e the best fi t w i t h o u r present "PS

data. We See a close agreement between the data froir. oligomers

with the present direct ly-measured resul ts . This agreement

indicates that the simple assumpt ion of the nearest-neighbor

interaction works reasonably w e l l in the case of the C2 band.

6. Corr.p&rison wi th theoretica l ca l cul ations.

Most methods for band s tructure ca lcu la t ions h a v e been

appl ied to po lye thy lene äs a Standard polymer System. Sc it w i l l

be u s e f u l to make an extensive comparison of the present res'jlts

wi th var ious ca l cu l a t i ons to examine their v a l i d i t y . A

comprehensive comparison of the numerical r e su l t s is presented in

Table 2. In addit ion, in Fig. 13, repräsenta t ive c a l c u l a t e d E =

E ( k ) d iagrams are compared wi th the present exper imental r e su l t s

(points in Fig. 1 3 ( a ) a n d ( e l ) . Note tha t the e n e r g y s c a l e c f

the exper imental data is sh i f t ed to Show a better agreement with
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calculations, äs shown ir. the right Ordinate of "Fig. 13(a! and

te). Fir.ally the density of states obtained from these

calculations are compareö with the 'JPS anä XFS spectra in Fic.

14.

BefoTe we make B detailed cornpariscn cf ±he cbserved and

theoreticai results, two remarks are in order. Firs-ly, there is

a difference due to the state of aggregation, between the

observed solid state photoelectron spectra and theoretical

calculations or, an isolated chain. However, it is known that the

phctoelectron spectruir, of a moiecular van der Haals solid acrees

well with that of the constituent molecule when we allow for a

rigid shift in the energy scale Isolid state relaxation energy)

[61-84], which mainly arises from the electronic polarization of

the surrounding molecules in the solid isee e.g. Ref.

[56,84,85]]. Fortunately, a detailed comparison with the

ohotoelectron spectra of n-C-ieH-j^ in the gas phase, which will be

repcrted separate ly [57], indicates that such a shift is of the

order of 0.5 eV or so in the present case, which is not

significant for our comparison. Hence we can directly cornpare

the observed and calcjlated results by adjusting the energy

scales .

Secondlyr many early calculations used a wrong molecular

geonetry or failed in taking properly into account symmetry

requirerr,ents, such äs the repulsion cf the bands of the same

symnietry er the pairir.g cf bands at the boundary of the

Bril l ouin-zone (X-point). He haue indicated such problerr.s in the

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

At first we will compare the cbservea results with the ab

initio calculation by Karpfen [38], since (i) it was claimed to

reach almost the Hartree-Fock limit, (ii) the correct exprimentsl

geometry was used, (iii) the effects of chocsing the Optimum

basis set was carefolly assessed, and (iv) the degree of nearest

neighbor—seccnd nearest neighbor—etc.—interactions ameng

-CH^CHn- units is extrapol a, .ted t o inf inity. Figs. 10 and

13 (a) are convenient for this comparison.

The calculated ionization potential (top of the valence

band) 10.0 eV is in a fair agreement with the vertica l ionization

potential of 9.8 eV for the gas phase estimated from the

experiraental data [57]. The remaining difference may be ascribed

to the assumption of Koopmans theorem. We note, however, that

the uppermost B| band at k = 0, which forms the top of the

valence bands according to the calculation, was noc observed

separately from peak A, äs alreaäy stated in section 6. Even

arounä hV = 27 eV, where hy is expected to match the excitatior.

energy frcm this band to the f ree-electron-1 ike final state at

the p point (see Fig. 9], we could not observe a separtate peak.

Thus we are unable to confirrr, the observation of e weak shculder

labelled X in Ref. [22] (see Fig. lllcl). One might speculate

that the Bi band actual ly does r.ot form the top of the valence

band. However, detailed ESR studiss cf Icng-alkane catior. by

Torivama et. a l. [86] clearly de^inns träte t ha t the grocr.d state

cf a long-alkane cation is the B1 staie. So, we tentatively
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ascribe this disappearance tc the combination of three factcrs:

(i! The solid-state broadening of each energy level f^O.6 eV

FHHM) 164,87,88], (ii) the calculated energy Separation betweer.

Bi and A^/An bands at the Ppcint is toc large, and liiij

blurring cf the peak in the DOS by el ectron-phonon coupling üpon

ior.ization, which i s expected t D be significant in quasi-1-

dimensional systeir.s 189], Such a broadening will make it

difficult to distinguish a weak feature at the top of the valence

band from the close ly-1ocated intense feature A. In passing, we

note that the highest occupied s tätes cf n-alkanes (except for

methane) are not degenerate, in contradiction to the argument in

Ref. [33] that a Jahn-Teller Splitting of this degeneracy is a

possible origin of ehe broadening of photoelectron spectra.

Fcr deeper levels, the contracted-and-shifted ab initio

results öescribe the experimental data very well. In particular,

the dispersion of the upper B]_ band and the lower A^ band around

the middle cf the Brillouin-zone is clearly observed in the

experiment.

Karpfen pointed out that (i) the discrepancy due to

Koopmans' thecrem should becone progressive ly larger when one

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

er.ergy band will be toc broad äs a consequence of this effect.

The present results clearly show that Karpfen E idea was correct.

The apparent contradiction between this theoretical expectaticn

[38] and previous bandwidth derived from XPS can be ascribed tc

3n air.biquous determination of the bcttom of the C2F bands fror,

experimental data.

As seen in Table 2, other ab-initio calculations also cive



reasonable results. We not& -h.:-, t the introductior. of the

eq-ji va l en t - co re -po ten t i a l ( E C F I apprcximar ion does not change the

dispersion r-eiatior, sigmlicantlv M 0 l -

B. 2. Semiempirical SCF-LCAO MO calculations

As seer. in Fig. 13, o r ig ina l versions of Semiempirical MO

c a l c u l a t i o n s such äs CNDO t Coir.pl et e Neglect of D i f f e r e n c i a l

O v e r l a p ) , C N D O / 2 , INDO ( In te rmedia te Neglect of D i f f e r e n t i a l

Over lap] , MNDO {Modified Neglect of Diatomic O v e r l a p ) , MINDO

( M o d i f i e d I N D O ) / 2 , and M I N D O / 3 g i v e too la rge total band

wid ths due to the neglect of d i f f e r e n t i a l o v e r l a p of electrons.

MNDO (Fig. 1 3 ( d ) ) [33 ] gives a reasonable description cf the C2 D

+ H| band, except that the ianizat ion potential is a l i t t le too

l a rge .

On the other hand, Fig. 1 3 ( b ) and (c) indicate tha t the CNDO

method can be modi f ied to give a mode ra t e ly good O v e r a l l

agreement wi th experiment concerning band widths (bo th Cop + Hi

and C2S bands) and the absolute energy scale. Based on this

observat ion, we question the a rgument of Dewar et a l . [ 2 3 ] that

the too l a r g e C2S b a n d w i d t h o f K N D O c a l c u l a t i o n i s due t c the

neglect of 1s-2s interact ions.

8. 3. Extended Hucke l Method

It is noteworthy that this cldest band calculation on

polyethylene [3), which is also guite simple, gives gocd resjlts,

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

large. Tts calculated band widttis -and -the "E = "E(k) -dispersior:

are almost the same äs those by ab initio ca Ic'jl ation. These

facts show t'ne usefulness of this simple method for quantitative

band calculaticns of saturated-hydrocarbon compounds anä

polymers.

B. 4. Other methods

The SAMO (Simulated Ab-initio Molecjlar Orbital!, LCLO

(Linear Corr.bination of Local ized Orbit a 1s] and FSGO (Floating

Spherical Gaussian Orbitals) methods are nonempirical methods,

which were developed to simulate ab initio calculations and to

save Computer time, by using the transferability of the matrix

elements cf HF equations ar localized Orbitals from simple model

mclecul es. As we can see from Fig. 13, the results of these

methods indeed simulate the ab initio results and experimental

results. The LCLO result is a little better in reproducing the

dispersion in the C2p + Hls band. The FSGO method (Fig. 13(f))

gives too large binding energies, but the contraction of the

energy sca l e by 0.7 time off er s rea-sonabl e results [35].

In contrast to these, the techniques using local exchange,

such äs LCAO-MT (Hcffin Tin), EMTO (Extended Muffin Tin Orbitals!

ar.d DV-Xcc methocs aive rather pocr agreement with experimenta l

observations. The width of the C2D + K^s bands given by the

LCAO-MT method (Fig. 13(gl) is too large. The EMTO and DV-X^

methods f a i l in piacing the Bi band at the top of the valence

band at k = 0. Further, the bands in the reported EMTO

calculation de not lie horizontally at k = 0.

These poor results are not sjrprising when we consider that
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these ca I c u l ations are still not yet w e l l d e v e l o p e d f o r dealir .c:

w i t h c rgan ic m c l e c u l a r Systems. C l e a r l y scme bas ic i m p r o v e n e n t s

are necessary f or applying these techniqces t o o rgan i c SD!ics .

9, C c n c l u d i n g Remarks

In t h i s pape r w e h a v e r e p c r t e d on a d e t a i l e c s t u ä y cf a r. c l e -

r e s o l v e d photoeiectron emissicn f r o m oriented sarr .ples cf

hexa t r i acon tane and Cd a rach ida te , which are gooö mcde1s of

p o l y e t h y l e n e in an extended-chain conformat ion . It was poss ible

to de- :ermine i n t r a m o l e c u l a r quas i - cne -d imens iona l E = E ( k ) energy

band dispersion fcr the v a l e n c e bands f r o m the phcton ene rgy

dependence of ncrma l emiss ion spectira. In f act, t bis i s the

t i rs t experimental observation of an E = E ( k ) energy band

dispersion in an crganic solid. In p a m i c u l a r , icforrr.stion

concerning the 'jpper C^T, + H i va lence band is much more precise

than that f r o m the p r ev ious XPS d a t a . This a 11owed us a d e t a i l e d

comperison wi th t 'neoretical band structure calc-jlatior.s.

Our exper imental r e su l t s in corr.parisor. w i th the meny p a r t i y

c o n f l i c t i n c theore t ica l ca I cu l a t ions s t ress the importar.ce of

p c l y e t h y l e n e äs a test ma te r i a l fcr the d i f f e r e n t methcds of

pol ymer-banä ca l cu l a t ions . It is enccuraging tha t the rr.ost

scp 'nist icated ab- in i t io c a l c ' j l a t i o n [ 3 8 ] g ives the best

noce the S'jccess of the s i m p l e e x t e n d e d - H u c k e l m e t h o d .

The present s r u d y e s t a b l i s ri e d the tech.nique cf

in r r a rno l eca le r -band- r . acp ing by a n g - e - r e s ^ l u e d photoe l ect

spectroscopy vis h^-dspendence of normBl emissicn. "Furthermore,

i" c l a r i f i e d the e lectronic v a l e n c e band s t ruc ture of

polyethylene. Ä deteriranatior, of the intramclecular E = E ( k )

dispersicri is a lso possible by angle-resol ved UPS f rom sampl es

with the axes uniaxially criented para l l e l to the surface [ 9 0 ] r

or by meas ' j r ing the DOS of c l igcmer= [ B Ö ] , a technique which was

also applied here to the po lye thy lene C2s band. G e n e r a l l y r

angi e-resol ved UPS techniques can be appl ied to all polyir.ers

prcvided adequately criented samples are ava i l ab l e .

ü n f o r t u n a t e l y this i s not a l w a y s the ca se , a n d - w e - m u s t stress the

in^.portance of cbra in ing such specimens. The "öl igomer DOS"

technique can be appl ied on ly to compounds wi th simple bands , but

we can use non-oriented samples and a scphisticated angle-

resolved Instrument is not even necessary. We anticipate that

the applicat ion of these complementary techniques w i l l c l a r i f y

the electronic s t ructyres of other organic compounds.
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?able i. Bindinq Ehsrcies of Sceczriil Feat^es for Linear GHLH

MolecuLzr Solids Relative to the Vacuiari Level (in eV!.

'Jpper Iower Band

Polyethylenec'

Solid XPS 9.6 11.2 12.6 13.E

Solid XPS 9.8 11.1 13.7 15.4

18.0 23.6

1B.O 23.8

Ref.

X A B C D'a!D E

n-C36H74 ar.d

Cd arachidate

Solid ARUPS

n-C36H^4

Solid RRUFS

10.4 14.0 14.8 M7.1 18.1 24.1

-"•0.2 -rO.3 +0.5 +0.2 +0.3

10. 5b 14.Q 15.5 IS. 3 24.6

to 12.0

this work

[47]

[221

[ 43 ,77 }

a ) Extrinsic feature observed for long-irradiated sarrples. See texc.

b) Depends 0:1 the peratieters of angle-resolved rasasuranents.

cl Converted frc^ the ualues relative to the Fermi level by using

g ualue of 4 . 8 eV for the werk function Isee textl.

d) Binding energies 'nave been read fron the spectrutr..
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Table 2 (continued)

CNDO

CNDO/2

Modiried
pMDO

INDO

HINDU/ 2

MINDO/3

Andre, KapsomenoB, Leroy

Morokuma

Fujlta, Imamura

Horokuma

Andre , Delhalle, Kapaomenos ,
Leroy

Delhalle, Andr«, Delhalle,

Pireaux, Caudano, Verbist

Moros i , S imone tta

McAloon, PerkinB

Wood, Bacher, Hlllier,

Thomas

Delhalle, Andre, Delhalle,
Pireaux, Caudano, Verbist

Perkins, Marwaha, Stewart

Beveridge, Jano, Ladik

Beveridge, Jano, Lad i V

Beveridge, Nun

Dawar, Suck, Heiner

18]

15)

17]

[9]

[141

1221

[111

[151

(16)

[221

(341

U31

risi
I20J

[181

11.70

(11.5)

(11.7)

(11.6)

(11.11

11.7 •

(13.1) '

(4.9)

(11.0)

[9.6)

9.07

(9.6)

(7.0)

(8.3)

(29.

(2g.

0) (17.5)

3) (17.6)

^~~

—

(29.11(17.5)

(29.

(30.

(26.

(40.

(20.

120.

(16.

(29.

(18.

(16.

3) (18.2)

0X18.3)

4) (13. 3)

0) (35.1)

2) (9.2)

1) (10.5)

4) (7-3)

2) (19.6)

•

4} (11.4)

0) (7.7)

0

0

—

0

(1.3)

11. 0)

(2.9)

(6.2)

(O.B)

(25.6)

(26.2)

(29.7)

(21.5)

(21.1)

(19.3)

(25. fl)

(19.2)

(3.3) (19.3)

[4B.5J

(47.7)

(48.0)

(48.0)

(48.5)

[48. B)

— (40.8)

(84.7)

(33.7)

(32.6)

(29.3)

(48.8)

(41.0)

(36.8)

(22.9)

22.6

(55-0)

(12.2)

(11.5)

(10. 0)

(23.0)

(21. B)

(17.3)

36.84

(36.2)

(36.2)

(36.4)

(37.4)

31.1

(27.7)

(79.8)

(22.7)

(23.0)

(20.2)

(39.2)

(34.0)

(28.5)

croosing
i d)croBsing •

er oa sing

er oa sing .
split at x point

split at x point6

split at x point6

split at X pointe)

peak energies are

Dewar, Yamaguchi, Suck [30) (11.0) 10.9
12.3
14.7
17.1

(17.2) 6.2 5.2 (22.4) 22.3

41.4

(41.4) 19.0 40.4

fron Uefa. [30] «m

133)

37

Table 2 {continued)

Extended

Hücltal

SAMO

FSGO

100

LCAO-WT

EMTO

DV'V

Uewar, Ynmaguchi, Suck

McCubbin , Manne

Dnaraura

Andre , Kapsomenos , Leroy

Delhalle, Andre, Delhalle,
Pireaux, Caudano, Verbiet

Delhalle, Delhalle, Dananet,
Andre

Duke, O'Leary

Bredas , Andre , De 1h all«

Dyachkow, Levin

Dyachkov, losolovich, Levin

Armstrong, Jamlasen , Perkins

Leroy, Peatars ,
Pesoux-Clarissa

Delhalle, Andra, Delhall«,
Pivont-Halherbe , Clarlsna ,
Leroy, Peeters

Falk , Fleminq

KaBovrski, HEU, Caruthera

Satoko

[331

(3)

[6]

[81

( 2 2 }

[24]

[171
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at T Point
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Notes are in tne following paqe.
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[ ] : derived f rorr. numerical values in the leterature.

( 1: read from figures.

a! For compariscn with. cal culations, a solid-state shift cf

eV shoald be added. For details, see text.

b) This value listed by the authors is inconsistent with the

figure in the same paper. A value of 13.31 eV in Ref. [6]

seetr.s more r ea s o nable.

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

figures in the same paper.

d) There is s crossing of bands of the same symmetry, which

should be split to avoid the crossing [12,25].

e) The rule of pairing at the edge of the Brillouin zone (X-

point) is not fulfilled [18a],

Fig. 2.

Captions

Schema tic structure of the evaporated film of

hexatriacontane (a ! , the Lanqemuir-Blodget t f i 1ms of Cd

arachidate f or two l ayers and three layers (b) , and the

crystsl of polyethylene [65](cl. For both cases of (b!,

o
the upper 20 A layer consists or onented hydrocarbon

chains. Due to the hydrophob i c n a tu r e of Au and

hydrophil I ic charscter of AI, everi or odd numbers of

mono l ayers can be deposited, respectiv^e ly.

(a ) Parameters cf ancle-resolved UPS measurements: o( ,

incidence anqie of photon, Q , polar emission angle of

electrons, and ,̂ azimuta l emission angle of e lectrons.

(b) Schematic E = E (k ) bands. A direct transition

between an initial band E^ and a final bandE^

is depicted.

Fhotoe lectror; energy distribution curves at ncrmal

emission tc the surface ( 9= 0°) of hexatriacontane

for photon energies ranging from 22 eV to 45 eV. In

t bis plot the same initial states follow inclined lines .

Fig. 4. (a l Normal -emission spectra cf hexatriacontane for

hv^ 38 eV for different angles of inciäence cf phocons

Fig. 3.

(bl Dependence of the hexatriacontane photcelectron

spectra for hVJ = 38 eV and o = 70° on the emission

angle of electrons £.

(c) Comparison of the phctoe lectron energy distribution

curves of an evaporated f i l m of n-C^g H-j^j and 2- and

3-Iayer LB films of Cd arachidate for o(= 1Q°, f = 0°,



Fig. 5,

and h\ = 33" eV. The ratio of the peak intensities A to

D is given for each spectrum.

Change of the photoelectron spectra of Cd arachidate

-for tiV = 36 eV-and two different eTnissioTi angles 10'

Fig. 6.

and 60°) by heat treatment at 100 °C. Lower panel:

before heat treatment; upper panel: after heat treatment.

Note the disappearance of the -dependence after heat

treatment.

Photon-energy dependence of the norraa1-emission 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 o( = 70°.

Arrows indicate the location of the spectral features.

Fig. 8. Photon-energy dependence of the intensity of the upper

C2s derived band (D) for Cd arachidate.

Fig. 9. 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.

Fig. 10. Summary of the intratnolecular energy band dispersior.

data for the valence bands of hexatriacontane and Cd

arachidate.

e: from «= 10° measurements using evaporated n-C-^H-^

film.

o: fromc^=7tF measurements uing 21ayers LB filmof Cd

arachidate.

Q: from ^= 70° measurements using 3 layers LB film.

A: from c< = B0° measurements using 3 layers LB film.

The calculated band structure for idealized

polyethylene (broken l ine) is a modification of the

results by Karpfen [38] (see text). The lack of the

experimental points near the X point (k = ?T/a) is only

due to the limitation of available photon energy by the

Seya-Namicka monochromator.

Fig. 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^g band of polyethylene

derived from XPS results of alkane oligomers for (o)

from methane to pentane in the gas phase [43], and (»}

frcm pentane to nonane in the solid state [44], using

Eq, (7). Bars indicate the direction of possible

errcr in separating multiple components in a single

observed specrral feature. The calculated energy-band

dispersior. is the same äs in Fig. 10.

Fig. 13. Comparison of the experimental ly observed E = E(k)

relation { • in (a) and (e), this work) with theoretical

calculations,

(a] ab-initio method [38], (b) CNDO/2 method [22], (cl

Modified CNDO/2 method [34], (d) MNDO method [33], (e)

Extended Huckel method (Wolfsberc-Helmholtz parameter F



= 1.75) [3], (?) FSGC T-nethod [35], and lg] LCAO-MT

Tnethod US]. The enerqy axis o£ la) is not mcdified äs

in Fies. 9 and 10. The energy scele of the experimental

data in the right orainates of la) and ie) are shifted

to show a good agreement with calcularicns.

Fig. 14. Compariscn of the calculated density of states fcr

polyethylene l(a] - (g)! with UPS and XPS spsctra of

hexatriacontane and Cd arachidate. For XPS, we

preferred the spectrum of hexatriacontane [77] to that

of polyethylene due to the reascn described in the text.
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