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Abstract

?e have determined the binding energies (initial energies) for the

Zn 3d-derived density of states in Zn~Phthalocyanine (ZnPC) from
photoelectron energy distribution curves obtained with photon ener-
gies ranging from 30 eV to 120 eV by exploiting the strong hv -
dependence of the 3d partial cross-scction. The center of the 3d
derived states is located 15.2 eV below the vacuum level (Eypp= O)

and is 1.2 eV wide (FWHM). The experimental results are compared with
ab initic Hartree-Fock-LCAQ calculations on Zn¥, clusters. The fully
relaxed ionization potentials (IP) derived from self-consistent wave-—
functions of the different d-hole states of ZuN4 arc smaller by about
6eV with respect to the Koopmans IP's, This relaxation shift brings
the calculated center of the 3d derived states in close agreement with
experiment. The relative positions of the calculated 3d-type levels
in ZrN4 are also consistent with a simple ligand field model of the

ZnPC complex where reasonable interaction parameters are used.



I. Introduction

The electronic structure of the valence bands of metal free and metal~
phthalocyanines (PC's) has recently been the subject of many theorctical
(see e.g, Ref. 1 ~ 3) and experimental studies (see e.g. Ref. 4 - 11}.

In particular, recent photoelectron energy distribution (EDC)
measurements on PC's have shown a fairly complex structure of the valence
bands extending over a binding energy range from 5 eV to 35 eV (7 - 11).
In view of the many overlapping orbitals it is in general not easy to
disentangle the complicated partial density of states. The binding
energies, possible splittings and relative strengths of the metal derived
orbitals are of particular interest and efforts have been made in the past

to tackle this problem experimentally (see Ref. 5 - 11),

In the present paper we report on a combined experimental and theoretical
effort in order to elucidate the 3d-valence orbital structure of Zn-Phtha-
locyanine, For Zn the atomic ground state configuration is 3d|0452 and

the atomic photoelectron spectra show the d-states well separated from the
s-states (12). This is carried through to the metallic statec, where the

Zn d-bands are well separated from the s-p like bands (13). Thus, ZnPC
appears to be a suitable material to study the 3d-valence orbital structure

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

By utilizing the characteristically different hv -dcpendencies of p-state
and d-state photoelectron crass-sections in the 30 to 120 eV photon energy
range, 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 influence on the transition metal atom caused by the molecular
environment in ZnPC, we have performed molecular calculations on a simple
model cluster. Since there is experimental evidence that the Zn-PC bonding
is not too strong (14), 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 Dj; symmetry (see insert in Fig. l}. For the Zn-N distance of
the cluster, the experimental value from ZnPC, dg-p = 1.99 ® has been uced

(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 ZnNA cluster.

2. Experimental Procedure and Results

The experiments were carried out with a commercial double-pass cylindrical
mirror analyzer. Synchrotron radiation from the 240 MeV storage ring
TANTALUS T at the University of Wisconsin in Madison monochromatized by

a 1.5 m toroidal grating monochromator (TGM) served as a tunable light
source (l6). Typical count rates were i x 10& sec_l. In general, an
overall resolution of 0.3 to 0.5 eV was sufficient for the fairly broad
structures in the EDCs, The experiments were carried out on thin poly-
crystalline films prepared from outgassed high purity powder by in situ
sublimation cnto a stainless steel sample holder. The preparation of the
samples and the measurements have been performed under ultra—high vacuum

A =11
conditions, The base pressure was 8 x 10 = torr.

4 selection of EDC's for Zn-Pc in the range of photon energies between 40
and 120 eV is displayed in Fig. 1. The binding energy scale is referred to
the vacuum level Eypc=0. The spectra have been roughly normalized by taking
into account the efficiency of the TGM monochromator for different photon
energies. Most of the features are due to C~, N- and H-derived ft-, 2p and
2s-like molecular orbitals which span a range of initial energies from

-4 eV to roughly -30 eV (1), With increasing hy , we observe a gradual
increase (relative with respect to the other valence band features) of a
sharp feature at an intitial energy of - 15.2 eV, This peak in the EDC's
which of course is partly overlapping with other valence band states is
identified as the Zn derived 3d valence orbitals., The gradual ircrease of
the 3d cross-section is in accord with the general trend for the atomic 3d
cross-sections, e.g. the calculated atomic 3d]O—Kr cross-section (17) or the
partial cross-section for Ga 3d (18). Photoemission measurements as shown

in Fig. 1 permit relative partial cross-sections to be easily measured

(e.g. Ref,7). The determination of absolute partial cross-sectioms has ta
take into account additionally a number of experimental patrameters, such as
the variation of the transmission of the electron energy analyzer and the
h¥ -dependent variation of the detected volume (see e.g. Ref. 19). In the
case at hand, we restrict ourselves to a qualitative analysis of the data

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



A guantitative measure of the extent of the Zn 3d contribution to the
density of valence states is obtained by taking the difference spectrum
between Zn-PC and H,-PC. For h¥ = 100 ¢V this difference spectrum is
shown in Fig. 2. In Fig. 2 we also compare this difference curve with
the atomic photoelectron spectrum for Zn (12) and with the EDC for Zn
metal (i13) in the range of the d-bands. The width of the Zn 3d derived
states is only 1.2 eV 0.1 eV vide (FWHM) . All relevant energies are

collected in Table ! and will be discussed below.

We note in passing that EDC's obtained with photon energies near the 3p
threshold (h¥% 95 eV} for Zn metal and Zn-PC show pronounced resonance
satellite structures at about 20 eV helow the Zn 3d main peak., These
resonant-two-hole bound states have been analyzed as excitations of a quasi-
bound state (shake-up multiplet) of mainly 3p —5 4s character followed by

a decay of the 3p hole leading to a 3d 845 two=hole final state (10). These
states occur at initial energies outside the range considered here and are
in Zn and ZnPC well separated from the one~electron excitations. Their
origin and the implications for the electronic structure of Zn~PC have been

discussed in Ref. 10.

3. Model Calculations

For the calculations we restrict ourselves, as mentioned ahove, to the
simple model of an isolated ZnMN; cluster, Sclchonsistent field (SCF)
analytic basis set Hartree-Fock calculations for various electronic confi-
gurations of the cluster are carried out following the Roothaan approach.
The contracted Gaussian basis set for ¥ was taken from Van Duijneveldt's
calculations (20) on the free atom where 9s and Sp functions were contracted
to (4, 3). The basis set for Zn was taken from Wachter's calculations (21)
on the atom to which two p functions (exponents x = Q,16856, % = 0,06276)
were added to allow for p hyhridization of the Zn 4s orbital. iere l4s,
t1p, 5@ functions were contracted to (8, 6, 3), On the whole, the basis
sets used in the present study are of better than double zeta quality and
it is very unlikely that the results obtained will change significantly, if

larger basis sets are used.

From calculations on various electronic configurations of the Znly

cluster it was found that the lowest energy configuration is ]A] with
orbital structure 7a]g2 3b|g2 Ibzg2 Zeg4 SaZUZ 1by,2 SeuA and a
total energy of - 1994.54334 H, In this configuration the cluster is
stable by 5.46 eV with respect to its atomic constituents. The Zan,
bonding in the model contains both ionic and covalent contributions as
can be scen from a detailed Mulliken population analysis of the ground

state, The gross atomic population of the Zn part shows a 3d9'85450'55

4p0'87c0nfigurati0n in ZnN, which has to be compared to the free atom

configuration 3d|n'0452'0&p0'0. Obviously, the 7Znl, bonding results in

a decrease of the Zrn 4s occupation by about [.5 electrons whereas the

Zn 4p level, unoccupied in the free atom, contalns roughly 0.9 electrons
in ZnN,. The latter result can be interpreted as some kind of partial
backdonation in the cluster. On the whole, the Zn atom becomes slightly
positive (by 0.7 electrons) in ZnN,. The covalent part of the ZnW,
bonding is characterized by the 7a]g orbital being a mixture of N 2sp
and small Zn 4s-type contributions and the 5 e, orbital being a mixture
of Zn 4p and ¥ 2p type functions which accounts mainly for the 4p back-
donation menticned above., In additiom, the 2 big orbital indicates quite
small Zn 3dxy ~ N 2s coupling. Contour plots of the relevant orbitals

are shown in Fig. 3.

In Figure 4 the Hartree-Fock one-electron energies € of the ZnN; valence
orbitals are shown. Obviously, the energy levels can be grouped into

three regions that are well separated. Region I between 27.5 and 29.5 eV
refers to orbitals that are characterized mainly by N 2s-type contributions
with quite smell Zn 3d admixtures, The levels of region II between 22.0
and 24,5 eV belong to orbitals of 2Zn 3d character with small ¥ 2sp ad-
mixtures and those of region III between 11.5 and 14.0 eV are due to orbitals
that are mostly N 2p-type with minor Zn 45 and 4p type contributions.
Therefore, in a photoemission measurement on the planar In¥, cluster one
should be able to distinguish clearly between 3d emission from the central
Zn atom and valence emission from the surrounding N4 complex. For a com—
parison with photoemission data on ZnPC the calculated ZnN, valence level
structure has to be modified, because of the presence of the peripheral

PC part around the “nN, cluster in ZnPC. First, additional energy levels
due to orbitals describing the valence electron structure of the peripheral

PC part must arise and can spread over the whole energy range covered in



Figure 4. Secnud, the ZnN4 energy levels of region T and III, referring

to orbitals that are mainly concentrated on the ¥ centers of the cluster,
will be shifted somewhat as these orbitals are affected by the honding
between the ZnN, and the peripheral PC part in ZnPC. Generally, the
bonding effect will shift the respective orhital energies towards lower
values. However, from the enerzy separations in Znhy one would cxpect the
levels of region L1l to he well above the Zn 3d levels (region II) even in
a calculation on ZnPC. The level structure of the Zn 3d-type orbitals
(region IL} even in ZnN, will be only slightly rodified by the presence of
the peripheral PC part in the real system, since these orbitals are strong-
ly localized on the central Zn atom. Therefore, the present ZnN, madel
cluster scems to be appropriate to describe the main features of 3d erission
observed in the photoemission experiment on thi ZoPC molecule as will bLe

shown lateron.

The valence orhital structure from our ab initio calculations on ZnNg is

not too much different from results of an Extended Hickel Theory (ENT)

study on ZnPC by Schaffer et al. (3). Their populatien analysis gives a

Zn 3d9'99 450'65 Apo'gl population suggesting a Zn+n'h5 in ZnPC compared to
our result (Zn'm'73 in Zn¥g}. The slightly increased positive charge on the
metal atom in our model could be explained by the missing influence of Lhe
peripheral PC part but car alse be due to Lhe urcertainty of the population
analysis used in the two studies. The valence level diagrams given in

Ref. (3} indicate that the encrgetically highest occupied orbitals in ZnPC
are painly characterized by 2p-type contributions {rom ¥ centers oi the
peripheral PC part and can therefore not be described in our ZnNy, mndel, Un-
tortunately, Schaffer et al. (3) do not cansider the energy levels of the
lower lying valence orbitals in particular of the Zn 3d orhitals which arc of

interest for the present study,

Since the ground state of nN, is singlet (]A]g), the absolute values cof

the Hartree-Fock orbital energies given in Fig. 4 are equal to the ionization
potentials (IP) of the respective hole states in frozen orbital {Koopmans)
approximation. In this approach, the orbitals are not allowed to relax in
response to the removal of the ionized clectron yielding IP valucs that are
too large compared to the experimental data. I[n order to account for this

relaxation effect, we have computed, for the case of Zn 3d jonization in

Znh,, self-consistent wavefunctions of the respective final doublet hole
2 . .

states @ad(l) wvhere 1 = ]eg, lbzg, Galg, 3h13. Then the relaxed TP for

ionization out of a given 3d orbital i is determined by the difference

between the cluster total energies of the self-consistent [inal state and

the ground state
. . 1
TPR() = Epop oNg*, 2eaq (1)) = Epop (ZoNg, "A)) m

The numerical results for IPp(i) are shown on the right of Figure 4. Clear—
ly, the relaxed TP values are decreased with Tespect to the Koopmans data

Ly about 6 eV which is reasonable in view of the fact that the Zn 3d orbitals
arc rather strongly localized on the metal atom in Znl,. The relaxation
decrease differs slightly for the different d orbital IP's due to varialions
in the detailed relaxation mechanism. In particular, the relaxation contri-
bution to the dyy-type (Bbig) orbital TP is somewhat smaller compared to the
others {(this can be understood by the fact that the Bb]g orhital, being an
antibouding mixture of Zn 3dxy and N 2p contributions in the initial state,
becomes less antibonding in the self-consistent final state). 4s a result,
the erergy range of the relaxed Zn 3d IP's (AE ~ 1.4 eV) is decreased with
respect to the Koopmans value (4F = 2.0 eV) as can be scen from Figure 4. The
relaxed orbital IP's of our model have to be compared with the photoemission

data on the ZnlC melecule as will be discussed lateron.

It is interesting to compare our computed results for the 3d-type levels in
ZnN, with a simple ligand field model (22). The symmetry of the clusler
(and of ZnPC) is described by the symmetry group Bip- Thos, the angular

momentum expansion of the ligand potential around the central Zn atom

V(D)= T v T )
2

coutairs only contributions with £ =Q, 2, 4 .., and m =0, 4, & ... . It
is easy to show that for this geometry the energy levels of the d-type

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

£1 = b{0,0) + b(2,0) + b(4,0) for 4,2 (a;y) ¥

£ = D00 = b(2,0) + Lb(4,0) + b(4,4) for 4,2 2(bye) )
6

€5 = b(0,0) - h(Z;O) + %_ b(4§0)~ b(4,4) for dyy (b)) (5)

Y,5 = 00,00 + 5 b(2,0) - 2 b(4,0) for dyy, dy, (eg) ()



whete b(f, m) are appropriate integrals of melal d radial functions
and the potential contribution qu(r). The relative positions {i.e.
the splitting) of the four levels agree with Lhose av the relaxed d-hole

states in Zn¥, for interaction parametors
h(2,0) = -0.54 eV, b(4,0) = 0.62 e\ and h(4,4) = -0,59 " 73

which do not seem to be unrealistic iu view of the rtelatively wveal

Za-PC tonding.

4, Discussion

First, we consider the observed nindins enerpics of the 2d derived states
in Z0PC.  As is apparent from Fig. ? and Table 1 tlere is a gas to solid
skift of roughly 3,2 eV for the 3d binding c¢uersies in going frov stemic
Zn to the solid state. This shift is wainivy caused by the relsxation in
the final state for metallic Zn, For ZnPC tre binding energy of the d
derived state of 15.2 eV is intermediate betwern gas and meral, llere the
gas to solid shift is only 2.1 eV which is i accord with the expectation
that Lhe 3d hole can be screened only to a lesser extent in the molecular
crystal than in metallic Zn leading to a smaller relaxation shilt. Our
calculations [or the 7ZnNy cluster yield a relaxaticn shift of rouphly b eV
as can be seen from the comparison of the Koopman'’s values with the relaxed
orbital IP's (Fig. 4). This value is still tuo seall by about 2.3 ¢V to
bring the calculated TP's in agreement wilh Lhe experiment. Therc are two
reasons why this is so: (1) In the cluster calculation the influerce of
the periphcral parts of the PC molecule on the 3d-derived orbitals has
been neglected, and (ii} the additional relaxzation ir the condensed phase
has to be considercd. While the value of 15.2 eV is the hinding energy
for solid ZnPC, the calculation deals with molecular ZnNy clusters. It is
interesting to note that for the ZnPC valencc orhitals a gas to solid shift
of roughly 0.5 eV results if we compare our results with gas phasc photo-
electron spectra (24). Thus, if we consider 1his additional relaxation,
the calculated center of the 3d derived states is shifted closer to the

experimental value,

- 10 -

The width ¢f the 3d derived states in ZnPC (1.2 £ 0.1 eV) is considerably
larzer than the vxperimentally determined spin orbit splitting in the

vas phase (0.33 V) and it is also markedly larger than the width of the
netallic d-bands (1.02 eV} (see Table 1). The calculated spread of the
d-derived stetes Ter the ZnN, cluster is 2.1 ¢V for the Hoopman's values,
1t shrinks to 1.4 eV in the relaxed case in good agreement with the expe-

rimental value of 1.2 eV for ZnPC.

Thus we cenelude that both the binding enerwies ard splittings of the Zn

3d derived valeuce arbitals ir ZnFC can ke quite accurately descrited by model
calculations lor a ZnM, cluster. It would be interesting to see whether this
close agreement can also be achieved for ather 3d metals such as Cu and Ni
where Lhe lower 3d bindine energsies lead to a {arger overlap with U 2p
derived erbitals in the PC's (8, 9). Calculations along these lines are

currently underway.

Finally, s discussion of the ccre level structure including a study of
shzke-up satelliteg which we have not considered here, would he interesting,

since hiybridization in the initial state can be neglected.
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Table 1
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Comparison of the experimentally determined binding energies and

widths of the s, p and d derived states for atomic Zn (i2), 2n

Phthalocyanine (ZnPC) and Zn metal (13),

potentials for a ZnN; cluster are also giver.

The caleculated iomization

All energies are in

eV, The binding energies arc given with respect to the vacuum level

Eyac = 0) taking a work function of e § = 4.4 eV for Zn metal (13).

b

Zn atomd Znﬁb ZnPFb Zn wetal®
binding energies {eV)
10 b
3d T 4s 8172 9.39 - s p band
2 extending
1'% 4 % 15,40 - from
172 &b to
10 2 : 14 gd
9 dp TRy, 15.5 .
.88
3d9 452 2D5/2 17.17 dXY 16.8
dXZ—yZ 17.02 15.2 14.17
.50
3?4 gy 17,50 922 17
dyzs yy 18.28
width (FWHM) of d-derived states
0.33 1.4 1.2%0,1 1,02

(a) S. Stizer et al., Ref. (2

(b)  this work

(c) F.J. Himpsel et al., Ref. I3

(d) F.J. Himpsel et al,, Ref. 23

Figure Captions

Figure 1

Figure 2

Figure 3

Figure 4

A family of photoclectron energy distribution curves
for Zn-Phthalocyanine in the valence band range for
photon energies between 40 and 100 &V, The maximum
due to the Zn derived 3d-states is located at a binding

energy ~ 15,2 eV below the vacuum level Tyac-

Photoelectron energy distribution curves for Zn-PC

(solid line) and Hp-PC (dashed line) arc shown at

hy = 100 eV in the upper part. Counting rates have
been set cqual at Ep 2% 30 eV where no pronounced
valence band structurc is observed. The difference
spectrum (Zn-PC minus Hp-PC) AN(E) (middle part) is
compared to the EDC's of atomic (12) and metallic Zn (13)
(lower panel). The binding emergy scales of the upper
and middle panel and of the atomic spectrum refer to
Eyac = 0. For the solid spectrum e® = 4.4 eV has been

added to Epgppi for this comparison,

Contour plots for the 7ajgs Seyys 2hyg and 3by, orhitals
in a ZnN4 cluster. In the lowest panel the geometry

used for the cluster calculations is given.

Results of the cluster calculation for a ZoN, cluster,

In the left part, the llartree Fock one-clectron energies
ol the ZnN, valence orbitals are shown. TFor the d-type
orbitals the relaxed ionization potentials are shown in

the right part,
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