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A b s t r a c t

We have determined tlie b i n d i n g energies ( ini t ia l energ ies ) for the

Zu 3d-dcrived density of States in Zn-1 'hthalocya.nine (ZnPC) Crom

nliotoelectron energy d i ä t r i b u t i o n curves obtained w i t h photon ener-

gies ranging Erran 30 eV to 120 eV by exp lo i t ing the strong hv -

dopcndence of the 3d part ial cross-scction. The center of the 3d

derived states is located 15.2 eV below the vacuuni level (Ey^= 0)

and is 1 . 2 eV wide (FICHM) • The experimenta] resul ts are ccnnpared wi th

ab initio Hartree-Fnck-LCAO t - a l c u l a t i o n s on ZnK. clusters. The fu l ly

relaxed ionization p o t n n t i a l s ( IP) derived front self-consistent wave-

functions of the d i f f e r e n t d-hole states of Z n N , are stnaller by abnut

6eV w i th respect to the Koopmans IP 's . Th is re . l axa t ion shi f t brings

the calculated center of the 3d der ived s tates in close agreeir.ent with

experiraent. The relat ive positions of the calculated 3d-type levels

in ZrM^ are also consistent with a simple ligand f i c l d model of the

ZnPC coniplex where reasonable interaction parameters are u^ed.
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I. Introduction

The electronic structure of the valence bands of metal free and metal-

phthalocyanines (PC's) has recently been the subject of many theoretical

(see e.g. Ref. l - 3) and experimental studies (see e.g. Ref. 4 - 11) .

In particular, recent photoelectron energy distribution (EDC)

measurements on PC's have shown a f a i r l y complex structure of the valence

bands extending over a bi.nd.ing energy ränge f rom 5 eV to 35 eV (7 - 1 1 ) .

In view of the many overlapping orbitals 1t is in general not easy to

disentangle the complicated partial density of states. The binrüng

energies, possible Splittings and relative strengths of the metal derived

orbitals are of particular interest and effor ts have been made in the past

to tackle this problem experimentally (see Ref. 5 - ]|).

In the present paper we report on a combined experimental and theoretical

effort in cirder to elucidate the 3d-valence orbital structure of Zn-phtha-
10 2

locyanine. For Zn the atomic ground state configuration is 3d 4s and

the atomic photoelectron spectra show the d-states well separated from the

s-states (12) . This is carried through to the metallic sLatc , where the

Zn d-bands are well separated from the s-p like bands (13) . Thus, ZnPC

appears to be a suitable mater ia l to study the 3d-valence orbital structure

and the influence of the molecular environment on the metal d-states.

By utilizing the characteristically d i f fe ren t hv -dependencies of p-state

and d-state photoelectron cross-sections in the 30 to 120 eV photon energy

ränge, we have determined the d-partial densities of states which we. then

compare to results for atomic and metallic Zn. Furthermore, in order to

study the in f luence on the transition metal atom caused by the molecular

environment in ZnPC, we have performed molecular calculatinns ün a simple

model cluster. Since there is experimental evidence that the Zn-PC bonding

is not too streng ( 1 4 ) , it is reasonable to assume that the nearest neigh-

bor environment of the metal atom accounts for most of the Zn-PC bonding

interaction. Thus we include in our model cluster in addition to the central

Zn atom only its four nearest nitrogen atoms resulting in a planar ZnN,/,

cluster with D^ symmetry {see insert in Fig. !)• For the Zn-N distance of

the cluster, the experimental value froin ZnPC, dZ[1_t; = 1.99 S has been used

(15). Clearly, an improved model of the electronic structure of the metal

atom in ZnPC would have to account also for the molecular part further

away from the metal atom by some kind of perturbational treatment. How-

ever, in the present study we restrict ourselves to the simple model of

an isolated ZnN, cluster.4

2. Experimental Procedure and Results

The experiments were carried out with a commercial double-pass cylindrical

mirror analyzer. Synchrotron radiation fram the 240 MeV storage ring

TANTALIIS I at the Unlversity of Wisconsin in Madison monochromatized by

a 1.5 m toroidal grating monochromator (TGM) served äs a tunable light

source (16) . Typical count rates were l x 10 see . In general, an

overall resolution of 0.3 to 0.5 eV was sufficient for the f a i r l y broad

structures in the EDCs, The experiments were carried out on thin poly-

crystalline f i lms prepared from outgassed high puri ty powder by in situ

Sublimation ontn a stainless steel sample holder. The preparation of the

samples and the measurements have been performed under ultra-high vacuum

conditions. The base pressure was 8 x 1 0 torr.

A selection of EDC's for Zn-Pc in the ränge of photon energies between 40

and 120 eV is displayed in Fig. 1. The binding energy scale is referred to

the vacuum level Ey^^O. Tbe spectva have been roughly nnrmalized by taking

into account the efficiency of the TGM monochromator for d i f fe ren t photon

energies. Most of the features are due to C-, N- and H-derived Tf-, 2p and

2s-Üke molecular orbitals which span a ränge of initial energies fröre

-4 eV to roughly -30 eV ( M ) . With increasing hV , we observe a gradual

increase (relative with respect to the other valence band features) of a

sharp feature at an inti t ial energy of - 15.2 eV. This peak in the EDC's

which of course is partly overlapping wi th other valence band states is

identif ied äs the Zn derived 3d valence orbitals. The gradual increase of

the 3d cross-section is in accord with the general trend for the atomic 3d

cross-sections, e.g. the calculated atomic 3d -Kr cross-section (17) or the

partial cross-section for Ga 3d (18) . Photoemission. measurements äs shown

in Fig. l permit relative part ial cross-sections to be easily measured

(e.g. R e f . 7 ) . The determination of absolute partial cross-sections has to

take. into account additionally a number of experimental parameters, such äs

the Variation o£ the transmission of the electron energy analyzer and the

h V -dependent Variation of the detected volume (see e.g. Ref . 19). In the

case at band, we restrict ourselves to a qualitative analysis of the data

and use the cross-section dependence merely äs a diagnostic tool.



A quan t i t a t ive measure of the cxtent of the 7.n 3d contr ibution to the

d e n s i t y of valence states is obtained by taking the d i f fe rence spectrum

between Zn-PC and H2~pc- For nV = 100 eV t h i s d i f f c r c n c e spectrum is

shnwn in Fig. 2. In Fig. 2 we also compare this di f ference curve with

the a tumic photoelectron spectrum for Zu ( 1 2 ) and w i th the EDC fo r Zn

raetal (13) in the ränge of the d-bands. The w i d t h of the Zn 3d der ived

states is only 1.2 eV - 0.1 eV vide (FWHM) . A l l relevant energies are

collected in Table ! and wi l l be discussed be low.

We 1101 e in passing that EDC's obta ined vi th photon energies near the 3p

threshold (Ms» 95 eV) for Zr. metal and Zn-PC show pronounced resonance

sa te l l i te structures at abuut 20 eV b e l n w the Zn 3d raain pcak. These

resonant-two-hole bound s ta tes have been analyzed äs excitations of a quasi-

bound state (shake-up raultiplet) of ma in ly 3p—> 4s character followed by
Q

a decay of the 3p hole leading to a 3d 4s two-nolc f i n a l state ( 1 0 ) . These

states occur at in i t ia l energies outside the ränge considered here and are

in Zn and ZnPC well separated f r ran the one-electrun exci tat ions, Their

origin and the implications for the electronic s tructure of Zn-PC have been

discussed in R e f . 10.

3. Model Calculat ions

For the calculations "e res t r ic t ourselves , äs mentioned above, to the

simple model of an isolated ZnN^ düster. Self-consis tent f i e l d (RCF)

analytic basis set Hartree-Fock calculat ions for various electronic conf i -

gurations of the düster are carried out fol lowing the Roothaan approach.

The contracted Gaussian basis set for N was taken frorn Van Duijneveldt ' s

calculations (20) on the free atom where 9s and 5p func.tions were contracted

to (4, 3). The basis set for Zn was taken from W a c h t e r ' s calculations ( 2 1 )

on the atom to which two p funct ions (exponents A = 0.16856, 't. - 0.06276)

were added to allow for p hyhr id i za t ion of the Zr. 4s orbital. üere 14s ,

I l p , 5d func t ions were contracted to (8, 6, 3), On the whole, the basis

sets used in the present study are of bet ter than double zeta quality and

it is very unl ike ly that the resul ts ob ta ined wil l change s ignif i i - .ant ly, if

largrr basis sets are used.

Frora calculations on various electronic conf igura t ions of the Znfi^

düster it was found that the lowest energy configuration is A, with

orbital structure 7a ]g2 3b]g2 Ib 2 g 2 2eg4 3a^u2 1b]u2 5eo4 and a

total energy of - 1994.54334 H. In this configuration the cluster is

stable by 5.46 eV with respect to its a tomic consti tuents. The ZnH.

bonding in the model contains both ionic and covalent contributions äs

can be secn from a de ta i l ed f l u l l i k e n popu la t ion analysis of the ground
Q O c f \ c

state. The gross atomic population of the Zn part shows a 3d 4s
0 ß7

4p " configurat ion in ZnN^ which has to be corapared to the f ree atom

conf igurat Ion 3d 4s ' Ap . Obvi ous] y, the 7-nK, bonding results in

a decrease of the Zr. 4s occupation by about 1.5 electrons whereas the

Zn 4p level, unoccupied in the free atom, c.ontains roughly 0.9 electrons

in ZnK^. The la t ter result can br interpre.ted äs some kind of part ial

backdonation in the düster. On the whole, the Zn atom becomes slightly

positive (by 0.7 electrons) in ZnK^. Tlie covalent part of the ZnH^

bonding is characterized by the 7;ii orbital being .1 mixture of N 2sp

and sraall Zn 4s-type contributions and the 5 eu orbital being a mixture

of Zu 4p and N 2p type functions which accounts rcainly for the 4p back-

donation mentioned above. In addi t ion, the 2 b|e orhital indicates q u i t e

small Zn 3dx„ - K 2s coupling. Contour plots of the relevant orbitals

are shown in Fig. 3.

In Figure 4 the Hartree-Fock one-electron energies £ of the Zntfy valence

orbitaLs are shown. Qbviously, the energy levels can be grouped ir.to

three regions that are well separated, Region I betueen 27.5 and 29.5 eV

refers to orbitals that are characterized mainly by N 2s-type contributions

with quite small Zn 3d adr.ixtures. The levels of region II between 22.0

and 24.5 eV belong to orbitals of Zn 3d character with small >! 2sp ad-

mixt.ures and those of region III between 11 .5 and 14.0 eV are due to orbitals

that are mostly K 2p-type with ininor Zn 4s and 4p type contributions.

Therefore, in a photoemission measurement on the planar ZnN, cluster one

should be able to distinguish clearly between 3d emission from the central

Zn atom and valence emission from the surrounding H^ complex. For a com-

parison with photDemission data on ZnPC the calculated ZnH, valence level

structure has to be modified, because of the presence of the peripheral

PC part around the ZnN/ r lvis ter in ZnPC. F i rs t f additional energy levels

due to orbitals describing the valence electron s t ructure of the peripheral

PC part must arise and can spread over the whole energy ränge covercd in



Figur e 4. Second, t he ZnX^ energy levels of re.gion T and III, r ef err ing

to o r b i t a l s that are uia inly concentrated on Lhe y centers of the i l lus te r ,

wil l be shifted somewhat äs these orbitnls are affected by the bonding

between the ZnN^ and the per iphera l PC part in ZnFC. Generally, the

bonditig e f f e c t will shift the respect ive o r h i t a l energies towards lower

values. Hcvever, f rom the energy separat ions in ZriN^ one would cxpect the

levels of region 111 to be w t l l ahove the Zn 3d levels (rcgion II) even in

.1 calculation on ZnPC. The Irvel s t ructure of the Zn 3d-type Orbi ta l s

(region II) even in ZnNi will be on ly s l i g h t l y rodif ied by the presence of

the peripheral PC part in the real sysLem, si nee these Orbitals are strong-

ly localized on the central Zn atcim. There fc re , the present ZnN^ model

düster seems to be appropr iare to ttescri.be the main fea tures of 3d er.ission

observed in the pho toemiss ion experinent on the Zi-PC molecule äs wil l be
»

shoun lateron.

The valence orhital structure f r o m our ab ini t io ca lcula t ions on ZnN^ i H

not too mich d i f f e ren t from r e su l t s of an. E x L < > n r * e d Hiickel Theory (E11T)

study on 7.nPC by Echaffer et a l , (3). Iheir population anal ys i s gives a
9.99 0.65 C . 9 I . +0 45 .

Zn 3d As 4p populat ion sugges t i ng a ZP ' i n ZnPC compared to

our result (Zn ' in Z n K / ^ ) . The s light ly increast'.ri positive Charge on the

iretal aLom in our model could be explained by r he missirig influence nf Lhe

peripheral PC part bviL car. also be due Lei i l i c i . ircertai nty of the populat ion

.inalysis used in the two s t u d i e r . The valence level diagrams given in

Ref . (3) indicatc that the eiuirgeti cally highes t uf . rupi ec orbitals in ZnPU

are tpa in ly c.haracteriaed by 2p- type con t r iLa :L i i i n s !"ron M centers 01 the

peripher.il PC part and can therefore not bc ( ' escr ibed in our ZnN^ n inde l , Un-

f o r t u n a t e l y , Scl iaffer et al. (3) do not c n n s t d e r the energy levels of the

lower lying valence orbitals in particular of Die Zn 3d orbitals which ar t i of

interest for the present sLudy.

Sincc the ground state of ZnH4 is singlet ( A , ) , the absolute va lues of

the Hartree-Fock orbital energies given in Fig. 4 are equal to the ionization

Po ten t i a l s (IP) of the respective. hole states in f rozen orbital (Koopmans)

apprnximation. In this apprnach, the orbi ta ls are not allowed to re lax in

response to the removal nf the ionized electron yielding IP values that are

too large compared to the experimo.ntal da ta . In order L« aecount for this

relaxation e f f e c t , ue have conputed, for the case of Zn 3d ionizat ion in

Zr.K^, se l f -cons i s tün t wavefunct ions of the respective f ina l double t hole
2

states <N d ( ' ) where i = le , 11>2^, 6 a j , 3 b j . Tlien tlie relaxed TP for

ion iza t ion out of a given 3d L i r b i t a l i is determined by the d i f f e r e n c e

betveen the e ins ter to ta l energies of the seif-consistent f i n a l state and

the gruund s ta te

- E t o t(ZnN4 , (D

The numerical r c su l t s for IP^(i) are shown on the right of Figure A. Clear-

ly, the relaxed TP values are decreased w i t h respect to the Koopmans da ta

by abouL 6 eV which is reasonable in view of the fact Lha t the Zn 3d o rb i t a l s

are rather strongly ]oral i zed on the raetal a t o m in ZnN^. The re laxat ion

decrease d i f f e r s s l i g h t l y for the d i f f e r e n L d orbi ta l IP's due to v a r i a t i o n s

in the de ta i led re laxa t ion tnechanism. In par t icular , the relaxation cont r i -

bution tu Lhe dx,,-type (3b j ß ) orbi La l TP i s somewhat sntaller compared to the

oLhers ( th i s can be understood by the fact t ha t the 3b]„ o r h i t a l , be ing an

an. t i bonding mixture of Zn 3dxv and N 2p con t r ibu t ions in the initial s taLe,

bc.comes less an t i bonding in the seif-consistent f inal state). As a resul t ,

the energy ränge of the relaxed Zn 3d TP 's (AE ~ 1.4 eV) is decreased with

respect to the KoopKans value (AE ~ 2.0 eV) äs can be. seen from Figure 4. The

relaxed orbital IP's of our model have to be ccmpnred wi th the p h o L o e m i s s i o n

da ta on the ZnPC inolt icule äs wi l l be discussed lateron.

IL i s interest ing t o compare our computed results for the 3d-type levels in

7-nN^ with a siiaple ligand field model (22). The syntmetry of the clusLer

(and of ZnPC) is described by the symmetry group D^JJ. Tims, the angular

Tnomcntun' expansion of the l i g a n d potential around the central Zn atom

(2)

cotiL;n'rs only contributions w i th K. - 0, 2, 4 ... and m = t1, 4, 8 . . . . It

is easy to show that for this geometry the energy levels of the d-type

orbitals cf the central atom, neglect ing spin-orbit coupling, are given hy

f., = b(0 ,0) + b(2,0) 4 b{4,0) for d.,2 {a|g)

L2 = b(ü ,0) - b(2,0) + l b (4 ,0 ) + b (4 ,4 ) for d y 2_ 2(b2g)
6

L, - b(0,0) - h(2 ,0) + 1 b(4,0}- b ( 4 , 4 ) for dyv (b.„)
J r r, ' ^

C4 5 - b(0 ,0> 4 I b (2 ,0 ) - l b(4 ,0) for dx z , dyz (eg)

(3)

(4)

(5)



where h ( f , w) are appropr ia te In t eg ra l s of rK ' ia l d r a d i a l f u n c t i o n p

and t l i e po ten t ia l cont r ibut ion v t ; n . (r) . The r e l a t i v e pos i t ions ( i . e .

tlie Spl i t t ing) of the four levels agree w i t h i l m s r m ehe relaxet1 d-hole

s ta t t 1 s in ?Ti'C, f o r i r teract Ion paraniot o r s

which do not seen to be unreal i s t ic i:i vit",. of t he r c l a t i v c - l v veal,

Zn-PC hondinp.

Fi r s t , we consider the observi-d n i n d i n ; - e n e i - p i e s of the 3d d.rrived s te tes

in ZnFC. As is apparent from Fi;;. ' ' snd TaMc l tb r re is a gas to s o l i d

s H 11 of rou^hly 3.2 eV f or the 3d b i n d i n g r-.:er^i es i n g o i n g f r o r y t o n i r

Zu to the solid state. This shi !Ti is n . a i n l y •. - n i ^ f d hy the rel,-->:ation in

Lhi>. f inal sL.ite for meta 11 ic Zn. Fcr ZnPC t iu 1 b i n d i n g energy oL the d

derived s tate of 15.2 eV is in te rmedia te btLvt ' i n gas and m o L i i l . l l^rc tbe

gas to solid s h i f t i B on ly 2. ] eV w h i c h i s i -i ,-iccord ui th the expec tat ion

tb;it Lht ; 3d hole can be screened on ly to a I c s sc r f x t e n t in t l ie m o l e k u l a r

crystal than in metallic Zn leading to a s n ; a ] l i > r r e l . - i x a t i t m s h i f t . Our

calcuhi t ions f or t.lie ^nN^ c lus t er yi e ld a re l . ixa t i cn s h i f t of rouphly 6 eV

äs can hc seen froir, the comparison of the Koopman'i values with the relaxed

o r b i t a l IP's (Fig. 4). This value is s t i l l ton si«a 11 by ahont 2 .3 cV lo

bring the calculated T P 's i n agruenient w j L 1 : ! I n - i ' xppr imon t . T^erc are t wo

reasons why t h i s is so: ( i) In the c l u s t e r r : i I cu l a t ion the i n f l ue r ce of

the periphc-ral part s of the PC r.oli'culi' nn t h ( - 3rl-derived orbital s has

been neglec ted, and (i i } Lhe addit ional rel ;!.>:.) L i nn in the Condensed phast'

has to be cünsidcrc'd, W h i l e Lhe value of l c > . 2 eV is the h i n d i n j ; cnergy

f n r solid ZnPC, the calculation dea ls wit!-. i n u l f - c u l a r ZnN^ c lus ters , It is

interest ing to note that for the ZnPC v a l e n c u orb i ta l s a gas to solid sh i f t

of roughly 0,5 eV results if wo corapare our rosu l t s w i t h gas phase photo-

e le r t ron spectra (24). Thus, i f we cons idc r i h i y addit ional relaxation,

the calculated Center uf the 3d drrived s ta t t -s is sh i f t ed closer to tiie

experiraent.il va lue .

Tbe wi i l th t - f the 3d dc r ivcd s t a t e s in ZnPC ( 1 . 2 ± 0.1 eV) is cons id t ' r ab ly

lar^cr t han the L'xper i m e n t a l l y d e L e r m i n . ' d sp i n orbi t spl i 11 ing in t t i e

L-iis p h a h t 1 ((1.33 eV} and it is also raarkedly largi'r tha-i t l i t > v i d t l i of the

n . ' t a l l ic d-b=inds (1 .02 eV) {see TabU- 1). Ttic c a l c u l a t e d spread of the

d-derivcd s L ; : L e s :"or t h e Zn^ düster is '!.] cV for the Koopnan's valu«s.

It s l i r i n k s t o l ,f< fV in the relaxed case i n gocid agreemen t wi t h the expe-

rimental v n l u e of 1 .2 t'V for ZnPC.

Thus we cor.clude that both the b i n d i n g i'iH-ry.i es ard S p l i t t i n g s of l he Zn

3d derived valeni-.e o r l i i i;: l s i r > ZnPC can K- t iu i te accura te ly described by model

c a l c u l a L J m i s l or a ZnF^ cluster . It would be i n t e r e s t i n g L o sei' whether this

c l f s e agreement can a l s o be ac-hieved for other 3d r.etals such äs Cu .nid Mi

v/here L h e I o w o r ^d b indinr cnerßies l t>ad L i > a l a r f r i - r ovrrlap w i t ^ '* 2p

d e r i v e d o r b i t a l s in the P C ' s (8, 9 ) . (%:il cula t ions a long thes-:1 l in ts are

current ly underway .

K i n . - i l l y , :i d i scuss ion of the core l eve l s i r n r t u r e inc lud ing a study of

shT:ke-up s a t e l l i te&, wh i i :h 1.0 havo not considered here., w i n i l d he i n t e r e s t i ng ,

s ince i i y b r i < l J zat ion in the i n i t i a l s ta te can be n e g l t^c-ted .
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Table l

Conpari^on of the experimentally de termined binding energies and

w i d t h s of the s, p and d derived s ta tes for atomit : Zu ( 1 2 ) , Zn

Phthtiloc.yanine (ZnPC) and Zu meta l ( 1 3 ) . The calculated ioni zati cn

Potentials for a ZnN^ cluster are also giver. All energies are in

eV. The binding energies are given with respecL LO the vacuum level

(E,,,,- *= 0) taking a worl; f unc t i on of e * = 4.4 eV for Zn metal ( 1 3 ) ,
V AL

Zn atom« Zn.'̂ 1' ZnPfb Zn lüe t a 1

binding energies (eV)

3d 4s P 1/2

3 d ' 0 4 p V,,
' '

3d1 04P 2P3/2

Q 9 1
3d9 4^ zn .

9 2 2
3d 4s 03/2

9.39

15.40

15.51
J 1 £ Q O

i 7 . i 7 aj(y lü '°°
dK2-y2 17.02 15.2

d 17 50
17.50 z

d-i/T . -ITT 18. ji8u xz ? y z '

s p band
extending
fror>
4 . 4 t o .
•w- 14 7

14. 17

w i d t h (FKHM) of d~derived s ta tes

0.33 1.4 1.2-0. 1.02

(a) S. Süzer et al., Ref . 12

(h) Lhis work

(c) F,J. Himpsel et al., Ref. 13

(d) F.J. Hinpsel et a l . , R e f . 23

Figure Captions

F igure l

Figure 2

Figure 3

A family of phntoclectron energy dis tr ibut ion curves

for Zn-Phthalocyanine in tl ic valence band ränge for

photon energies betwecn 40 and 100 eV . Tbe tnaximum

due to the Zn derived 3d-stat_es is located st a binding

energy - 15.2 eV belt iw the vacuum level I\'AC'

Photoelectron energy d i s t r i b u t i o n curves for Zn-PC

( s n l i d l ine) and t^-PC (dashed line) are shown at

h-,' = 100 eV in the upper part . Counting rates have

been set oqual at ER ̂  30 eV where no pronounced

valance band structurc is observed. The d i f f e r ence

spectrura (Zn-PC minus l^-PC) 4-V (E) (raiddle pa r t ) is

compared to the EDC's of atcmnc (12) and metallic Zn (13)

(lower panel) . The binding energy scales of the upper

and midd le panel and of the a tomic spectrum rcfer to

EVAC = °- Ir°r tne s°Üd spectrum e*ft = 4.4 eV has been

addc-d to E for this comparison.

Contour plots for the 7a, , 5eux, 2h ] g and 3b, o rh l t&l s

in a ZnNi cluster. In the lowest panel the geometry

used for the cluster calculations is given.

Figure 4 Results of the cluster calculation for a ZnN^ cluster.

In the I c f t par t , the Itartree Fock one-^lectron energies

o£ the ZnNT4 valence orbitals are shown, For the d-type

orbi ta ls the rt^laxed ionization potentials are sho^Ti in

the right part.
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