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Ab initio study of the Cu 2p and 3s core-level XPS spectra of copper phthalocyanine
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The x-ray photoelectron specttXPS) of copper tetraazaporphyrifCuTAP), used as a model of copper
phthalocyanin€CuP9 are studied by theoretical simulations. The nature of the main and satellite features
observed in the XPS Cu@and Cu 3 photoelectron spectra are discussed based on the results of the
charge-transfefCT) model and ofab initio calculations in the sudden approximation limit. It is shown that the
two descriptions of the core level final states can be derived from the two types of approaches. The final-state
wave functions given by the CT model are described in a shakedown scenario. This process produces a
“well-screened” final 20°3d%L configuration [ denotes a ligand holen the Cu atom together with the core
hole, resulting in the main spectral peak. On the other hand, the process where the outer electron stays on the
ligand corresponds to the satellite with a poorly-screeng®B@® character. Thab initio calculations, per-
formed on an isolated copper tetraazaporphyrin molecule at the Hartree{H#ok level, the multi-
configuration self-consistent field level, and the hybrid density-functional-theory levels show that the core hole
final states(satellite/main pegkcan be attributed to valence-valence transitions. We show that a correct
intensity distribution of the different features, including the so-called white line and the satellite structures, can
be obtained when the electronic relaxation and correlation and the overlap between the ground-state and
final-state Slater determinants are explicitly taken into account. It is found that the nature of the main peak is
strongly depending on the Ligand-to-Metal charge transfer, on the exchange interaction and on the core-hole—
3d-hole interaction energies.
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[. INTRODUCTION have become the most adopted one in recent years. The
charge-transfefCT) model constitutes a semiempirical ap-
The discovery of higiT; superconductivitymaterials has proach proposed by Van der Laahal? about 20 years ago

stimulated a number of studies on the electronic properties dfased on a configuration-interaction formalism. With this
copper perovskites in which the copper atom is found withmodel, one can extract useful information about the valence
four or six oxygen atoms in a square or octahedral arrangeelectronic (covalent/ioni¢ configurations of systems with
ment. The knowledge of the electronic structure, i.e., thestrong correlation in their ground and final core-hole states
covalent/ionic nature of copper bonding sites and the bangjrectly from experimental data. In this scheme, the elec-
gap origin in these compounds, can be of great importancgonic valence configuration of the copper atom in the ground
for understanding the mechanism behind superconductivitysiaie is described as a mixture of both ionid®2and 3oL

In this context, x-ray photoelectron _spectrosccﬁ_piPS)_ has configurations, wheré denotes a ligand hole. In the pres-
proven to be particularly useful, as it has provided informa- . — o
tion on the electronic structure of copper oxidéBuO ence of a localized core hole generated by the photoemission

Cw,0) in which the copper can be either in the(@ustate  POCeSS: there are certain _probabiliti.es that the outer elgctron
with an open-shell 8 band, or in the C(l) state with a will no longer stay on the ligand as it becomes energetically
situation closer to the Cu metal with a fuld3and. favorable to transfer from a ligand orbital to theshell. This

The Cu 2 spectrum of the copper atom in the @y shakedown process produces a “well-screened” firgal L

state has two features separated by about 20 eV due to spif denotes a ligand holeconfiguration on the Cu atom to-
orbit splitting. Each doublet consists of one intense “maingéther with the core hole, resulting in the main spectral peak.
peak” and a broad satellite structure at some 8—12 eV toOn the other hand, the process where the outer electron stays
ward higher binding energies. In many cases, for instance fopn the ligand corresponds to the satellite with a poorly
CuO (Refs. 2 and Band dihalide copper compounfighe  screened:3d® character.

2ps, satellite exhibits a broad multiplet structure while the ~ The atomic multiplet splitting of the 3d° configura-
2p1» band presents a symmetric shape. It has been showiion has been invokédo interpret the different shapes of the
that the satellite shape, intensity, and energy separation fro@ps, and 24/, satellites. To reproduce as much as possible
the main peak depend significantly on the local symmetrythe distortion of the satellite feature in the experimental spec-
and the nature of the ligands. Such information can thus b&#um, relevant parameters such as the energy splitting of the
used to determine the electronic structure of the considereplligands states and the crystal-field splitting of theel8vels
compounds. The nature of the satellite has been the subjeate considered. However, this traditional picture is broken
of a long debate, for which various modtly’ have been down for the copper acetylacetonate compound, where the
proposed. Among them, the charge-transfer m§delems to  experimental spectrutt® exhibits two bands, both in the
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2ps» and 24, regions. Okadat all® showed that the main

peak originates from one well-screened final state
|2p°3d!% ), while the two satellite peaks originate from an- 50 |
other well-screened state and a state where a strorgfer 3 _
character is present. This description would suggest that th€ |
satellite band of dihalides, oxides, and copper phthalocya-z
nine compounds should be described not by onaltiplet)
structure but by two bands with different degreed.e$ M
charge-transfer character. In spite the useful of the CT mode@
to characterize the nature of the chemical bond in the groun |
state and in the various final core hole states, this mode
exhibits a lack of predictability, andb inito calculations are
thus needed. A few years ago, the CT model was testec
againstab initio calculations of an isolated copper tetraaza- 970 965 960 955 950 945 940 935 930
porphyrin (CuTAP) molecule by Carniatet al?° at both the BINDING ENERGY (eV)

Hartree-Fock (HF) and multiconfiguration self-consistent FIG. 1. The experimental CuPc Cu 2p XPS spectrum with the

field (MCSCP Ie\_/els. CuTAP was used as a model fqr COP-spin-orbit Cu Dy, and Cu Dy, main peaks were superimposed.
per phthalocyanindCuPg, the XPS spectruf of which

also exhibits a satellite with multiplet structure on the high-

binding-energy side of the narrow intense main lib.ini- ~ With the copper metal Cu %, (932.50 eV, Ag 3ds;

tio calculations showed that the main line corresponds to 4368.00 eV, and Au 4fd-, core levels. Commercial copper
state in which a strong— M charge transfer process screensPhthalocyaninéCuP9 powder was pressed and deposited on
the core hole at the cation site, thereby givingdt® con-  the stainless-steel sample holder with silver colloidal glue.
figuration. The satellite is assigned to a mixture of configu-! he different experimental data were displayed on a common
rations resulting from Ligand~HOMO and Metal- binding energy scale, the CuPc G fieak bemg used as the
>HOMO shakeup transitions from the deep molecular orbit.Yeference for all measurements to take into account the
als to the highest singly occupied molecular orbitalCharge effect correction. The experimental QuXPS spec-
(HOMO). Apparently, theab initio theoretical calculations rum, shown in Fig. 1, exhibits af ,—2ps, spin-orbit dou-
and the CT model give the same description for the finaP!€t: €ach component being composed of a main peak plus
states. It should be pointed out that there are several defici&tellites. The experimental spectral widths are found to be
in the early SCF and MCSCF calculaticisEor instance, Slightly different for the main peaks of the Cipg, (1.8 eV)
the treatment of the electronic relaxation was incompleténd Cu 23, (1.6 eV) bands, which is a result of the atomic
while in the intensity calculation the overlap of the SlaterL2LsM4s Coster-Kronig transitions. For each spin-orbit
determinants was assumed to be equal to 1. However, tH€mponent, '@he main peak measured at the lower b_mdmg
main peak/satellite intensity ratio and the energy gap are cri£Nergy is a signature of a residual @uwstate, i.e., reflecting
cial parameters necessary to validate suchalarinitio ap- @ Situation closer to the Cu metal, with a fulti dand.

proach. In the present study, we have thus carried out HF, CI, Similar to what was observed in XPS spectra of copper
MCSCF, and density-functional-theo§DFT) calculations dihalides, CuO copper oxide or high-superconducting ma-
for the ground state and core-hole final states of CuTAP wittierials, the actual shape of the Cpa, and Cu 4, satellite
basis sets of moderate quality. The final states in presence #fes in CuPc also present some differences. By superposi-
a localized core hole are calculated at different levels of actioning both the spin-orbit Cu(2s, and Cu 2/, main peaks
curacy with inclusion of electronic relaxation and correla-(S€€ Fig. 1, it can be seen that twice of the maximum inten-
tion. Intensities have been determined by explicitly calculatSity of the Cu 2, satellite line is higher than that of the Cu
ing the overlap between Slater determinants built from2Ps2. Moreover, a net broadening of thepg, component
nonorthogonal molecular orbitals. A correct description oftoward higher binding energy appears, while thg, 2 line

the relative intensity between the main line and the satellitdas a relatively symmetric shape.

is then obtained. The roles of both the electronic relaxation Figure 2a) shows the experimental XPS spectrum of the
and correlation are discuss&c’> Cu 3s level. The main line at 124.5 eV is followed by a

satellite with a maximum intensity centered at about 8.0 eV
to the higher-binding energy. The main spectral feature
seems to consist of a high intensity peak with large FWMH
The x-ray photoelectron spectroscopy measurements werg 2.6 eV, due to super Coster-Kronig transitions, as fitted by
obtained in a KRATOS DS800 apparatus under a residuah Voigtian function, and an additional structure at the lower
gas pressure in the 16—10"° range. The x-ray source is a binding energy side corresponding to a(Qstate[see Fig.
nonmonochromatized M a; , source bir=1253.6 eV). 2(b)]. As clearly shown, attempts to simulate the main fea-
The hemispherical analyzer is operated in the fixed pass endre with two functions of same widths do not allow one to
ergy mode of 40 eV with an energy resolution set at 1.00 eVminimize the residuals on the high-binding-energy side of
as measured for the Agd3;, line [full width at half maxi- the main peak. Moreover, the experimental spectrum does
mum (FWHM)]. The binding energy scale was calibrated not show any clear separation between the satellite and the
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FIG. 2. The experimental CuPc Cis XPS spectrum.
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FIG. 3. Idealized 4, structure of square planar copper tetraaza-
porphyrin (CuTAP).

lecular interactions introduce only a minor perturbation in
the local electronic structure around the central atom. The
validity of these assumptions has been confirmed by our pre-
vious study on the x-ray-absorption spectra of CuPc, in
which an excellent agreement between theory and experi-
ment was achievetf. The molecular geometry used in the
present calculations is based on x-ray &afar the 8 form

of CuPc. The crystal structure of CuPc indicates that the
molecule is not perfectD,;,. Since the distortion is very
small, the choice of ®,, symmetry is still very reasonable
and, most importantly, it can reduce the computational time
significantly. TheD,, averaged geometry reported by Schaf-
fer et al,?®in which the Cu-N bond lengths are equal to 1.94
A, has been used. The geometrical structure of the model
molecule used in the present study and its atom numbering
are displayed in Fig. 3. We define tlkeandy axes as such
that the Cu 82,2 atomic orbital points toward the neigh-
boring nitrogen atoms.

main line, which suggests that some structure on the high- The XPS Cu p and Cu 3 spectra have been calculated
binding-energy side of the main peak exists. In line with theusing wave functions of different qualities, SCF plus con-

results obtained for cupric complexes such as GURlf.

figuration interaction(Cl) and ASCF (self-consistent field

24) and CuO® the satellite was thus subjectively repre- (AKohn-Sham, taking into account electronic relaxation
sented by two well separated components shifted by abouind correlation explicitly. In the ClI calculations, the states
3.0 eV from one another.

IIl. COMPUTATIONAL DETAILS

are described by a combination of determinants built as fol-
lows.

(i) Model 1 (M1) Ground-state molecular orbitals.

(i) Model 2 (M2): For the Cu ® hole states, the triplet

Ab initio Hartree-Fock SCF and DFT Kohn-Sham mo- HF-SCF MO's of the Cu B, core ionized state are com-
lecular calculations were performed on the copper tetraazgsuted. For each Cu® and Cu 2, (singlet and triplet
porphyrin (CuTAP), which is a simplified model of Copper state a ClI calculation is performed with determinants that
PhthalocyaningCuPg obtained by replacing the benzene include excitations between the ligand molecular orbitals and

rings of D4, CuPc with hydrogen atom&ee Fig. 3 The

the singly occupied molecular orbital. Due to symmetry rea-

free molecule was considered as a reasonable approximatisons, the active space of allowed transitions for the @y 2
of the multilayer system, where it is expected that intermo-and Cu 3 core inner shells can be restrictedldg,— b .
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Additional a;; andb,4 MOs were added to the setbf, Cu  ing a statistical value, herg(2j+1)]/[(2j"+ 1)]=3, for
2py.y,z COre levels. For Cu § triplet and singlet lowest HF-  the corresponding intensities. We have made the assumption
SCF energies are separately computed. For each componetitat the Cu 3, channel spectrum could be obtained from

a ClI calculation including théd,4 ligand MO’s has been the nonrelativistic results by subtracting 20 eV to the
performed. calculated Cu B,y (Y3+1) lines, while for the Cu Py,

(iii) Model 3 (M3): For Cu 2, each triplet HF-SCF or channel spectrum*20 eV should be added to Cu
DFT Cu 2p, core-ionized configuration was separately com-2p,(Y, o). The calculated spectra from two separate channels
puted. For each HF-SCF singl&Cu 2p, and Cu 2, (sin-  should then be added to give the total spectrum. Because the
glet, triplep state, a single-determinant Cl calculation wasspin-orbit coupling is rather strong, we expect the G2
performed. We anticipate that such an approach should givand Cu 24, channels not to overlap.

a more reliable 8 electron population rearrangement as oc-
curring in the core ionized final states.

The active space used for the MCSCF and Cl calculations
of the ground state of copper tetraazaporphyrin was limited The intensities reported for the theoretical Gu @d Cu
to the singly occupied HOMO (1Q,) and the six highest 33 spectra were calculatgd bas_ed on the “su.dde.n approxima-
doubly occupied b, MOs, those are the orbitals directly tion.” Such an approach is valid when the kinetic energy of
involved in the possiblé.—M transitions which can occur the electron is sufficiently large, so that the hole potential can
during the core-level ionization process. Density-functional-b€ considered as being switched on instantly, and the cre-
theory calculations were performed with the B3LYP ation of excitations around the hole then reaching a limiting
exchange-corre|ati0n functional and Or(BHHLYP) in value, the so-called sudden limit. It follows from this as-
which the half Hartree-Fock and BeéRexchange function- sumption that the intensities are determined by the monopo-
als combined with the correlation functional by Lee, Parr,lar selection rules® The intensity of a given peak is thus
and Yang® was used. proportional to the square of the overlap between the initial-

The basis setBs1) used in the HF, CI, and MCSCF cal- and final-state wave functions,
culations are 6-3& basis sets for the coppé&rcarbon and

B. Intensity

nitrogen atoms? and a 3-21G basis set for the hydrogen Loc|[(WH TN 2, (1)
atoms. At a DFT level of theory, we have also tested larger
basis sets. where the electron in the core spin orbital has been annihi-

(i) In the former(Bs2), the 6-315 basis sets for carbon lated from the(frozen ground-state wave function. At a Cl
and nitrogen atoms are augmented by a polarizadifumc-  level of theory, both the initial and core hole final states can
tion (6-31G*). The H ligands are described by @1/211)  de developed as a linear combination of several electronic
polarized basis set. determinants having eitherd3L? or 3d!%L! character.

(ii) In the third basis setBs3), Bs2 was used for the Within model M1, ground-state molecular orbitals
ligands, while a TZV basis set was selected for the centralGSMQ's) are considered. The intensities are thus given by
copper atom. the square of the sum of the product of the coefficients of

All ab initio calculations have been carried out using theeach configuration(determinants in the initial and final
GAMESSUS) (Ref. 33 package. For the tabulated theoretical states. In modeldM2 and M3, AEgc{AEks) reflects the
results, we have chosen to report the final-state energies witklectronic relaxation (electronic relaxatiost relaxation-
respect to the most stable ionized species, #g, cation.  induced change in correlatipoaused by the core hole at the
However in solid state compounds, the measured quantitigdartree-Fock(DFT) level, which results from the readjust-
are referenced with respect to the spectrometer Fermi levehent of the orbitals in going from the neutral molecule to the
E¢. To be referenced with respect to the Fermi level, theonic molecule. The modification of the potential on the cat-
theoretical core binding energies reported in the figures wermn site due to the presence of a core hole leads to a large
thus corrected by the experimental binding energy of théncrease of the localization of thievalence shells around the
%B,, state. This choice is justified by the proximity of the central cation site, and the hybridization between thepN 2
measured ultraviolet photoemission spectrosédpybind-  and Cu 3 states is thus strongly affected. Consequently, the
ing energy corresponding to the molecular first ionizationmolecular orbitals in the initialground stateand the final
potential to the Fermi level. The analysis of the solid statestates are no longer orthogonal, and the overlap between the
valence band of the free JR8c molecular compoundgot initial state wave function and the different electronic deter-
reported in this study show that the®B,, states lie at minants describing the final state wave function should
~3.5 eV from the Fermi level. therefore be calculated explicitly. For a molecule like CuTAP
one gains a lot by utilizing the highD(,,) symmetry in the
intensity calculations.

In modelM 2, the excited states of interest are represented

The Cu 2p core-excited spectrum shows a doublet featurby one or a Cl combination of determinants built from a set
due to the strong spin-orbital splitting~(20.0 eV). The of core hole (D° or 3s') Hartree-Fock SCF molecular or-
presence of spin-orbit interaction is often accounted for bybitals (C,,cH1e-HF). For the Cu », and Cu 3 inner shells,
superposing two spectra from Cypg, 3, shifted in energy the active space of allowed transitions is restricted to the
according to the experimental spin-orbit splitting and assumb;4,->HOMO(b,4) monoexcitations.

A. Spin-orbit coupling
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For the XPS Cu P core level, the computed spectra are
finally convoluted with a Gaussian function of full width
(FWHM) of 1.6 eV for the main peak and satellite features.
A larger FWHM of 2.6 eV was used for the XPS Cs 3
spectra, as experimentally observed.

IV. RESULTS AND DISCUSSION

A. The charge-transfer model

We will first apply the charge transfé€T) model of Van
der Laanet al to the CuTAP compound. In the CT model,

the initial state is considered as a linear combination of two

configurations, |3d°) and |3d*°L), where L denotes a
ligand-to-metal L— M) charge-transfer configuration. This

charge transfer from a ligand to a metal orbital is possible

only if the symmetry of these states are the same. For CuTA
and CuPc witlD 4, symmetry, the ligand hole is localized in
ab,q4 orbital. TheL —M charge-transfer energy between two
ionic configurations can be defined as

A=(3d"™L|H[3d"L)—(3d°|H|3d?). 2

A mixing matrix elemenf of the two-level Hamiltonian is
given by

T=(3d°/H|3dL). (3

Neglecting the overlap, the eigenvalues are obtained as

E+—Eot o
T=EO E_

(A2+4T2)1/2

5 @

whereEo=(3d°|H|3d®). For a positive value of, the cor-
responding eigenfunctions can be written as

W (g)=cog®)[3d°) —sin(©)3d"%L) ©)

for the ground state, and

W(L—M)=sin(0)|3d%+cog®)|3d%) (6)

for the L— M charge-transfer state with

2T
tan(20)= —, (7)

A
the value of® being restricted to & ®<90°.

With the help of a tern@Q, representing the interaction of
the core hole with the valenced2hole, the eigenvalues can
similarly be written for the final state with a core hole on the
copper atom as

A [(A-Q)*+4T?]*2
Em’s=Eo+—i[( Q)z ]

8

with the corresponding eigenfunctions
V(m)=cog®’)[c”*3d% —sin(®")[c™3d'UL), (9
W (s)=sin(@')[c”*3d%) +cog®')[c”*3d"L), (10)

with

PHYSICAL REVIEW B 66, 045105 (2002

tan20')=

A-Q "’
the value of®’ being restricted to &0 '<90°.

The energy separation between the main peak and the
satellite is thus given by

11)

W=E;—En=[(A—Q)?+4T?]2 (12)

In the sudden approximation, the intensity ratio of the satel-
lite and the main peak is given by

I_S_ sin(®’)cog®)—cogO’)sin(O) 2
Im cog0’')cog®)+sin(O®’)sin(O)

=tan®'—0)>2.

(13
P

The degree of hybridization in the initial and final states
are determined by the parametédsand ®', respectively,
which can be calculated by knowing the paramet®ysT,
andQ. It was shown in a previous stutiihat T andQ do not
depend much on the characters of the ligands; they were
found to be 2.5 and 9.0 eV, respectively. Furthermore, the
energy separatioW can be determined directly from the
experimental spectrum as shown in Fig. 1. A value of 9.0 eV
is determined folWV using the 2,,, spectral feature because
of its sharper spectral bands. Meanwhile, the intensity ratio
Isat /I main Can also be estimated; it is found to be around
0.4. Using Eq.(13), one can obtain a value of 32° for
0'-0.

By knowing T, Q, andW, A can be obtained from Eq.
(13); 1.5 eV. The small gives the values of 37° and 69° for
® and®’, respectively. It can be concluded that if one wants
to describe the experimental intensity ratio correctly by
means of the CT model, the initial state of CuPc should be
assumed to involve strong hybridization of the ionit®3nd
3d*%L configurations. The @ population is estimated to be
of 9.36 electrons which is a signature of a covalent character
of the Cu-N chemical bond. A similar situation was reported
previously in a studif of the Cu-N conductive organic salt.

In the core hole state, the CT model predicts that the
creation of a p core hole raises thig3d®) level relative to
the |c3d™L) level due to the strong core-holeg-dole
Coulombic repulsion energ®. The value of 69° for®’
shows that the lowest-lying final state is mainly a8d*°L
character. -

B. Quantum-chemical calculations

We will determine the characters of the initial and final
states by using various modern quantum-chemical methods
and compare them with those estimated by the CT model
described above.

1. Character of the ground state

The SCF, MCSCF, and DFT ground-stdteS) calcula-
tions all show that the ground state of CuTAP is a doublet
state withB, 4 symmetry in theD 4, point group. The HOMO
is singly occupied and mainly localized on the center copper
atom with antibonding character between G432 and N

045105-5
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TABLE I. Low-lying SCF and DFTZBlg states of CUTAP with basis sets of different quali{iBs1, Bs2,
Bs3 (see the text

Bs1® P ¢ Bs2® P ¢ Bs3® P ¢
HF-SCF -2684.39(.99 -2684.8808.97  0.00  -2685.11®.17  0.00
HF+ClI -2684.396 0.00
-2683.817 15.76
-2683.596 21.77
MCSCF -2684.399
ASCF -2684.396 0.00 -2684.880 0.00 -2685.119 0.00
-2683.969 11.61 -2684.465 11.30 -2684.717 10.94
-2683.855 14.70 -2684.360 14.15 -2684.617 13.63
DFT
BHHLYP -2691.7829.00  0.00  -2692.17M.00  0.00  -2692.428.30  0.00
-2691.467 8.57 -2691.868 8.33 -2691.128 7.95
-2691.382 10.86 -2691.791 10.42 -2692.054 9.96
B3LYP -2691.8380.09  0.00  -2692.1889.04  0.00  2692.440.42  0.00
-2691.582 6.97 -2691.939 6.78 -2692.206 6.48
-2691.518 8.71 -2691.881 8.35 -2692.148 8.05

&Total energy.
PEnergy relative to théBlg ground state. In parentheses we give the @3vRilliken population.
“The two lowest [—M) b;->b,4 charge-transfer energies are calculated.

2p. These results are in good agreement with the CuPc ESRiis purpose, we can see that the energy difference between
spectrd’~3% of copper phthalocyanine which exhibit a weak both the lowest excitatel—M charge-transfer states de-
superhyperfine interactions between copper and the nearegtends weakly on the basis set. However, we note that the
neighbor nitrogens, indicating a moderate mixing betweerexchange-correlation functional has a significant effect on
the Cu 32,2 and N 2 orbitals. To examine the mixing the excitation energies.

between the one-electron SCF and the M charge transfer The copper 8 Mulliken populations given by both the
configurations, the wave function of the ground state ha$iF and DFT calculations with basis sets of different qualities
been developed as a combination of several electronic deteare also reported. Whatever the basis set is, the HF calculated
minants having either L2 or a 3d'°L? character; each populations are close to ad3 configuration. Conversely, a

— M charge-transfer configuration is obtained by promotingpopulation close to the one predicted by the CT model is
an electron from a doubly occupied ligand,;§) molecular ~ obtained by using Bs3 combined with B3LYP exchange-
orbital to the HOMO p,4). Only the case of Bs1 was con- correlation functional. Furthermore, the projection of the
sidered in this study. Calculations were performed at the CBHHLYP and B3LYP DFT GS wave functions onto the one-
and MCSCEF levels. The MCSCF calculations on the CuTARelectron HF-SCF one shows that 97% and 92% is given by
ground state show that the dominant configuratiomore the HF-SCF(ROHF) configuration, respectively. We will
than 99% is given by the SCF restricted HartréBOHF)  further discussed the influence of this small hybridization
configuration, with the unpaired electron in the @3,  on the main/satellite intensity ratio in core-level XPS spectra
orbital. The same conclusion can also be drawn from the Cof CuPc.

calculations.

Finally, we have also tested the basis set/HF/DFT depen-
dencies of the excitation energies. The energies of few of the The first model we used for calculating the spectral shape
lowest ZBlg states are reported in Table |, and comparedand intensity is the one neglecting the orbital relaxation, i.e.,
with HF-SCF/CI/MCSCF calculations. At a HF level of model 1. This model can be considered as an extension of the
theory, the two lowest — M charge transfer states lie more CT model, since in the CT model only one domindnt
than 10 eV above the ground state with the formal @iL¥  —M transition is included, while in model 1 we have in-
configuration. This large energy gap is due to the strong Coueluded as many as seven possible-M transitions. Finally,
lombic repulsion energy between both the electrons localizedve will present results from the more realistic theoretical
in the HOMO which exhibits a large Cu metallic character.approaches, models 2 and 3, and show that the orbital relax-
The calculated DFT energy gaps are more consistent with thation plays a very important role.
value (A%+4T?)Y? predicted by the CT model5.2 eV), Model 1 (GSMO)The results obtained from model 1 and
which is a signature of the role played by the electronicBs1 at theab initio Cl level can be found in Figs.(d) and
correlation to reduce the Coulombic repulsion energy. Fo#(f). The states of interest are represented by a linear com-

2. Spectral Shapes and Intensities of Cu 2p XPS
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05 r r ale, Cu 25172 XPS (Moge 1) Tl ﬁ .......... one ;ymmetric peak due to a small singlet-triplet exchange
W) == splitting (=0.4 eV). For the Cu @,; core levels, the large
singlet-triplet exchange splittin@2.85 e\j leads to a multi-

045}

o structure spectral profile in the satellite region.
2o%sr T In general, the calculated results from model 1 are of poor
2 03 : quality, obviously the degree of the hybridization between
< o5 both the unscreened and well-screened states is close to the
% one obtained by the CT model. One can find that, with re-
@ 02 spect to the experimental data, the calculated binding energy
Z 0.15 value of the lowest energy state differs by more than 10.0 eV

and the energy difference between the main peak and the
satellite is largely overestimatee=(L0.0 eV). Moreover, the
_ ; calculated intensity ratio between the main peak and the sat-
TR ) S5 55 555 530 ellite is completely wrong. The origin of this large discrep-
BINDING ENERGY (eV) ancy is threefold.
(i) The electronic repulsion between both electrons that
%j e are strongly localized on the Cuw.,2 orbital in the ground
%) — state is overestimated at the GSMQI level.
1 (ii) The electronic relaxation is completely neglected for
the core hole final states. As a consequence, the sum of the
first HF-SCF charge-transfer energy {5 eV) and the cal-
culated energy difference between the pu@s°3d°®) (sat-
ellite) and|2p°3d*°L) (main peak core-hole final states pro-
vides thus an estimate of the Coulombip-2d interaction
energy(more than 30.0 e)/which is largely overestimated
with respect to the parametrized CT value.

(iii) Because a relative small Cl, the electronic correlation
treatment is poor both for the ground state and the core-hole
i _ ' final states, respectively.

050 %0 P R e—yT 330 It can be concluded that a model without orbital relax-
(b) BINDING ENERGY (sV) ation should not be used to describe the XPS spectra of
CuPc.

FIG. 4. (a) Calculated Cu B, spectrum as a model of the Cu Models 2 and 3In Figs. 5a) and %b), we report the
2py; spectrum using the configuration interactit@l) approach  results obtained from models M2 and M3 that include differ-
and ground-statéGS) molecular orbitalymodelM1). The origin  ent levels of orbital relaxation. The use of the cation MO’s of
of the binding energy scale was chosen as described in thestsxt  the core-ionized molecule is expected to provide the correct
Sec. ll). (b) Calculated Cu Py, spectrum as & model of the Cu glectron rearrangement in the final state. In model 2, the
2pgy; spectrum using Bsisee the te)t the configuration interac- |,,yest HF-SCF core-hole state obtained by ionization of the
tion (CI) approach, and the ground stgt8S) molecular orbitals neutral CuTAP molecule from the Cupzinner shell is cal-
(modelM1). culated. For each single-determinant core-ionized configura-

tion, including the lowest SCF Cup state and thé,4-b,4
bination of determinants including excitations between thesxcitations between the ligand MO’s and the singly occupied
six highest ligand, 4 molecular orbitals and the HOMO. For molecular orbital, the value of the corresponding overlap be-
comparison, we have also calculated the energies of the put@een the GS and thB,, sub-Slater determinants were cal-
unscreenedc3d®) (GS HF-SCF MO's plus a core holand  culated. Then a Cl procedure as previously described is per-
the screenedjg3d1°£> (i.e., 9,4->HOMO charge transf¢r  formed to calculate the complete set of Cp,21/2) and Cu
final states with Cu R4, (Cu 2p,) and Cu 23, (Cu 2p, ) 2py,y (3/2) singlet and triplet states. When the core hole is
core holes, for both the triplet and singlet configurations. Theproduced, a large increase of the localization of the 3
SCF results show that the one-determinant state of the loweatomic orbitals on the Cu metal occurs. In contrast to the
energy corresponds to |a3d'L) screened final state. The ground-state picture where the HOMO s strongly localized
ClI calculations that take into account the screening causeon the metalCu 3d,2.y2), the creation of a @ core hole is
by electrons from all the inner,4 ligand orbitals also indi-  followed by a strong localization of the Cul}.,> character
cate that the lowest stat@ith low intensity corresponds to into the inner ligandsb,4 orbitals, allowing hybridization
a well screenedl — M final state resulting from a weak mix- between the in-plane metal Cwg.,2 and the nitrogen N
ing of the reference SCF “unscreened” state and a final statep. Meanwhile, the outermost singly occupiéd, orbital
created by an excitation to the HOMO of the outermost doubecomes more ligandlike. The appropriate excited core-hole
bly occupied molecular orbital. The satelliithe most in-  state configurations obtained by promoting an electron from
tense bandis attributed to a poorly screen¢g3d9> state. a deeper doubly occupied MO to the singly occupied MO
For the Cu 2/, core hole, the satellite consists essentially ofthus correspond to transitions from both ligand centered and
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FIG. 5. (a) Calculated Cu B, and Cu 2, , spectra as models of the Cipg, and Cu 23, spectra using Bslsee the tejt a
configuration interactioiiCl) approach and the triplet Cup2 molecular orbitals as referen€émodel 3. A Gaussian line with a full width
at half maximum of 1.6 eV was used for all the bands contributing to the spéatri@alculated Cu P, and Cu 2, , spectra as models of
the Cu 24, and Cu D5, spectra. WithinM 3, each triplet HF-SCF Cuf® core-ionized configuration was separately computed. For each
singlet Cu 2, and Cu 2, , (singlet and tripletstate, a single-determinant CI calculation was thus perforfegdheoretical triplet Cu p,
XPS spectra for the CuPc calculated @&t &@CF and a\KS (Kohn-Sham DFT (with BHHLYP and B3LYP exchange-correlation functionals
levels of theory(d) Theoretical triplet Cu B3,2(xy) — Cu 2p;,5(z) XPS spectra for the CuPc: for the final state, the HF core hole final state
wave functions were used. Three different wave-functions for the initial state were consigeyedF, (B) DFT(BHHLYP), and (C)
DFT(B3LYP).

metal-localized molecular orbitafS.As displayed in Fig. satellite and the main peak are in better agreement with the
5(a), the theory vs experiment intensity ratio is better thanexperimental data, which is a clear indication of the impor-
that obtained with model {the GSMQ. However, each sat- tant role played by the electronic relaxation effect. In order
ellite feature presents only one symmetric band, which igo calculate the intensity ratiy/I,,, the overlap(see Table
quite different from the experimental spectrum shown in Fig.ll) between the ground state and the various triplet @y 2
1. This probably indicates that the electron relaxation has naBCF final-state Slater determinants has been computed. The
been fully recovered by model 2, a scenario that is furthecalculated spectra reported in Fighb(a Gaussian FWHM
examined by model 3. of 1.6 eV was used for each state contributing to the @u 2

In the following, we will discuss the results obtained from spectrum show that a good agreement between the theoret-
model 3 in detail. It is known that when a core hole is cre-ical and experimental XPS Cup2spectra is nicely obtained.
ated, the strong 2-3d Coulombic interaction leads to a We have found more than one band in the satellite regions
strongL—M charge transfer from the outermost ligand or- of Cu 2ps, 1,. Such observations seem to be consistent with
bital centered at N @. The calculations shovisee Table )i,  early measurements of Frost al® and Okadaet al.® in
that there is a net increase of thé Bopulation for the lowest which that the Cu B,,, XPS spectra of copper cupric com-
core-hole state in comparison with the ground state, which iplexes show at least two satellite structures. By inspecting
clearly in favor of a finalnglOE configuration for the main the 3d Mulliken population on the copper atom, reported in
peak. In addition, we can note that the absolute theoreticalable I, we have noted that each state is associated with a
binding energy values and the energy separation between tlsérong charge-transfer screening, including the main peak
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TABLE 1l. ASCFAKS) Cu 2p CuTAP XPS spectrum.

Cu 2py; Cu 2pg;

State E(ev) 2P HFAE (eV)© Y HFE(V)® SCFAE (eV)© ¢ Overlap® F 9. (. 1) population
(1,1 957.92954.38,952.6% 0.001.00 937.70 0.02.00 0.640.65,0.74,(0.64,0.83 9.809.77,9.7%
(2,1) 963.23958.88,956.6% 5.31(0.05 942.99 5.290.10 0.14(0.15,0.15,(0.17,0.14  9.939.90,9.86
(3,T) 966.3(@961.79,959.18 8.380.79 946.08 8.381.59 0.570.55,0.49,(0.50,0.38 9.479.58,9.63
(4,T) 968.9(0963.74,961.2b 10.980.39 948.67 10.910.78 0.400.49,0.42,(0.63,0.47 9.699.55,9.50
(5,T) 971.28966.09,963.3) 13.360.13 951.04 13.340.26 0.180.05,0.04,(0.01,0.01  9.899.91,9.88
(1,9 958.02 0.100.33 938.40 0.70(0.66

(2,5 963.23 5.310.02 943.04 5.34(0.03

(3.9 966.51 8.590.26) 947.59 9.8900.53

(4,5 969.00 11.080.13 949.44 11.74.26

(5,9 971.30 13.380.09 951.19 13.4@.09

®HF binding energies with respect to the lowest open-shell catityy (—2684.167 a.u.).

®n parenthesis are given the DFT calculated core level Sucdre-level binding energies. Relative energy with respect to the open-shell
cation °B,, calculated at a DFT level of theory-(2691.512 a.u. for BHHLYP ane- 2691.564 u.a. for B3LYPR

‘Relative energy with respect to the lowest HF-SCF binding energy.

dSudden approximation intensity. Intensities are given by the square of the product of sub-Slater deteffoirtaetitial and final states
of b;q symmetry. The intensity of the corresponding state is indicated in parenthesis.

¢ HF(FINAL STATE) | HF(GROUND STATE) overlap.

{(DFT(BHHLYP) | HF(GROUND STATE) overlap.

%DFT(BHHLYP) | DFT(GROUND STATE) overlap.

"DFT(B3LYP) | HF(GROUND STATE) overlap.

'(DFT(B3LYP) | DFT(GROUND STATE) overlap.

IHF 3d Mulliken electronic population. In parenthesis are given BHHLYP and B3LdR\BRIlliken populations, respectively.

state and all satellite states. In particular, a substahtial screened93d1°L) together with a poorly screened state.
— M charge transfer of Oestakes place for théc3d®) final Our calculations have clearly shown that the electronic
state, which is usually attributed to an unscreened state. Threlaxation plays a major role in providing an accurate de-
largeL— M electronic relaxation is thus sufficient to reduce scription for the intensities of both the main peak and the
significantly (by ~10 eV) the main/satellite energy differ- satellite bands. It should also be noted that the calculated
ence as well as the singlet-triplet exchange splitting value$iF-SCF ratio between main and satellite bands is still
between the localized core hole and the valence hole okslightly higher than the experimental one. In Figc)5we
served in a puréc3d®) as described in the GSMO free re- have displayed the HF-SCF and the DFT triple€u 2pz
laxation model calculated XPS spectra, using exchange-correlation function-
(i) For the Cu 3., satellite states, the singlet-triplet sepa- als of different qualitiesB3LYP, BHHLYP). The calculated
ration energy is small and close to the value given by thespectra were convoluted with a normalized Gaussian func-
GSMO model. It is due to the weak exchange interactiortion of full width (FWHM) of 1.6 eV. The HF-SCF main/
between the out-of-plane core level Cp,2and the in plane satellite intensity ratio and the computed binding energies are
Cu 3d,2.2 valence level. The two bands are thus attributedsystematically overestimated vs experiments. Conversely, the
to charge-transfer states that refer to various inner doublynain/satellite intensity ratio computed with the BHHLYP
occupied molecular orbitals. and the B3LYP exchange-correlation functionals are in quite
(i) For the Cu 235, (x,y) part, it can be seen that the good agreement with the experimental one measured for the
larger singlet-triplet exchange splitting=@.85 eV) calcu- Cu 2p;;, and the satellite region exhibits two bands with
lated by model 1 is severely reduced by the inclusion of thenearly equal intensity. To analyze the origin of this improve-
electronic relaxation; however, a strong relation can still bement vs HF-SCF, we have reported the calculated
found between the @ electron populatior(9.50, 9.7) and  (DFT| HF(GS)) products between the DFT core hole and the
the singlet-triplet splitting-exchange val(g.5, 0.77 eV of  HF GS wave functions. These values are reported in Table I
both satellite states. The residual exchange splitting is thugnd  compared  with  pures (HF|HF(GS))  and
responsible for the spectral broadening toward the high bindcDFT| DFT(GS)) products. In a general case, we can see
ing energy of the P, satellite band. This picture is also in that the (DFT|HF(GS) results are close to the
agreement with the theoretical results of Okadial, which ~ (HF| HF(GS)) results, except for the third satellite states
showed that, in contrast to traditional assignments in whictwith large 3° character, showing that the small degree of
the satellite is attributed to a pure unscreej®eP3d®) state, hybridization in the ground state is essential to reproduce the
the satellite bands were found to be formed by a well-main/satellite intensity ratio with a good accuracy. In Fig.
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5(d), we have compared the Cypg, XPS spectra computed 05 T T ™ Calo. Eu 35 XPS (Model ) Trplet (1] —
by using three different initial wave-functiongHF, 045 Sing| % i_
DFT(BHHLYP,B3LYP)] and the final HF wave function for
which the whole of the core-hole final states is available. Our
results show that we can well reproduce the GuXPS in 7035
CuPc when the electronic correlation in the ground state is5 4|
explicitly taken into account. £
On the other hand, the calculations show that tle 3 >°25'
population of both the most intense satellite bands are nearl\z 02}
equal and close tod°, which is clearly in favor of a heavy
mixture of finalc3d'L andc3d°L configurations. This ap-
proach is fully consistent with the scenario described by

04}

=
Z 015}

01}

Okadaet al. for the triplet peak feature of Cu@XPS spec- 0.05

trum of copper acetylacetonate compounds in a CT ap- g s AN R .
proach: the leading peak originates mainly from the ' ™ ™ G ceErevien o o ®
2p°3d9L state obtained by an excitation between the outer-

most doubly occupied molecular orbital and the singly occu- 04 T ™ Calo. Gu 35 XPS (Model 3) Trpit (1] —
pied MO. The two most intense satellite bands are due to ¢ S'”?%?i%%i =

strong hybridization between thgp®3d®) state and the |

other well-screenedp®3d’°L) states corresponding to- o3l
>M charge transfer excitation between the low-lying doubly 2
occupied molecular orbitals and the singly occupied MO. AsD 0251
an interpretation, the creation of @ Zore hole is followed
by a strong shifting of the Cude.,2 character in energy to
the inner ligand'sh, 4 orbitals, allowing a strong hybridiza-
tion between the metal Cud3.,» and the nitrogen N @. As

a result, the p XPS satellite splits almost essentially into
two bands close in energfb initio calculations thus char- 0.05 |
acterize the shape of the Cu 2p XPS satellite peaks by the N
presence of many bands, close in energy, with different de- 95 TS i e 20

@
o

INTENSITY (Arb.

0.1}

grees ofL->M charge transfer. (b) BINDING ENERGY (eV)
3. Cu3s XPS spectrum FIG. 6. (a) Theoretical Cu 8 XPS spectrum computed with

M1. A Gaussian with a full width at half maximum of 2.6 eV was

As for Cu 2p, we have performed CI calculations for theused for Cu 3 main peaks and satellite statéb) Theoretical Cu

Cu 3s core XPS Spgctrum with different levels O.f treatment g yps spectrum computed wittl 2. A Gaussian with a full width
of electronic relaxationNI 1, M2, andM3). Both tripletand 4 aif maximum of 2.6 eV was used for Cis Bnain peaks and
singlet configurations have been computed separately. Withigsqjiite states.
M1 andM2, the Cl includes the SCF state and the determi-
nants corresponding to excitations from the deep, doubly oaransfer contribution to the final states. In this case the inter-
cupied,b;4 MO's to the HOMO. action would act between a ligand hole and a metal core
Model 1 (GSMO) Figure 8a) shows the XPS spectrum hole. The large splitting in the satellite region has been re-
from the Cu 3 levels calculated withtM1 and Bsl. The |ated (see Refs. 4 and 240 the magnitude of the singlet-
lowest binding energy line at+131.5 eV is followed by a triplet exchange interaction between the unpairechBd 3
satellite band split into two components at about 10.0 and 1&lectrons. As seen in Fig.(®, the computed main peak/
eV, respectively. The main peak exhibits two bafsise Fig.  satellite intensity ratio obtained witkl 1 is poor, similar to
6(a)] with an energy separation c£0.5 eV between the what was reported for the Cup2core level. However, we
singlet and the triple(the most intense bandtates. The can see that the computed main/satellite triplet intensities
lowest triplet final state is a heavy mixture of tf&s'3d°) ratio are very different than those provided for the singlet
and |3sl3d1°L> pure states since their HF-SCF energy dif- configurations. This clearly reflects a different degree of the
ference is fairly small(2.77 e\). For the triplet state, the ligand-to-metal charge-transfer screening between these two
|3s'3d*L) pure state is much lower in energy than thecomponents.
|3s!3d°) state by approximately 7.7 eV, resulting in a small  Models 2 and 3We will first discuss some essential
configuration mixing. The lowest binding energy side of the—M charge-transfer character of the singlet and triplet
satellite is represented by the triplet states while the highstates. For the lowest singlet state, the corresponding HF-
binding-energy side is characterized by a singlet configuraSCF 3d Mulliken population is found to be 9.87 electrons,
tion. close to the value for the Cup2level. This indicates that a
It is worth noting that the GSMO picture is similar to the strongL—M charge transfer is present in @ 8ore hole
attributions given by the CT mod&Ff*i.e., the absence of state corresponding to the main peak of the spectrum. For the
splitting for the main peak is due to the smiall-M charge- triplet state, the HF-SCF B population is significantly
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TABLE Ill. ASCF Cu 3s CuTAP XPS spectrum. from the semiempirical charge-transf@@T) model, andab
- . : : initio theoretical simulations have been discussed. We have
State E(eV)® AE (eV)” Overlap Intensity 3d population  shown that, by explicitly including the electron relaxation

(1T) 12547 0.00 0.89 1.00 9.44 and the electronic correlation as well as the overlap between

(2T) 131.92 6.45 0.14 0.03 9.89 the ground- and final-state Slater determinants inaténi-

(3T) 133.97 851 0.45 0.25 9.58 tio calculations, the main peak/satellite intensity ratio in Cu

(4T) 137.16 11.69 0.28 0.10 9.77 2p and Cu 3 core-level XPS spectra are found to be in quite

(5T) 139.97 14.49 0.07 0.00 9.90 good agreement with experiment. In particular, the calcula-
tions performed at a DFT level of theory have shown that the

(1S 126.96 1.49 055 0.13 0.86 electronic correlation treatment is essential to reproduce the

(25 132.00 6.53 0.14 0.00 9.90 main/satellite intensity ratio with a good accuracy.

(35 136.07 10.60 0.27 0.03 9.86 We have found that each of the statése main line and

the satellite featurg@scontributing to the core-level XPS
%Relative energy with respect to the lowest open-shell catip, spectra can be characterized by a different degree of ligand-

(—2684.167 a.u.). to-metal charge-transfer screening. It is shown that the de-
"Relative energy with respect to the lowest binding energy. gree of theL->M charge transfer characterizing the main
‘Sudden approximation intensity. peak is strongly depending on the relative energy difference

) ) between the ligand-to-metal charge transfer and exchange
smaller than that of the singlet, with a value of 9-47_ele_c'interacti0n vs the core-hole-d3hole interaction energy. For
trons. Thus ar.— M core-hole charge transfer screening ISthe Cu 2 XPS, the 2°3d° configuration is raised by the

less effective fOT the triplet. In splt_e of the larger Chargestrong core-hole—@&-hole repulsion. The main peak thus
transfer for the singlet state, the main peak can be character-

. - _ . 5 10 .
ized by two band$see Fig. €)] with an energy separation ongmateg from a well-screened final sti2@°>3d L), while
of ~15 eV. the satellite peak stems from another well-screened state and

52+9
The lowest binding energy side of the satellite is repre—a poorly screened staj@p~3d”). In the Cu 3 XPS, the

sented by a well-screened final tripl¢8s'3di?L) state final triplet state corresponding to the main peak is charac-
while the high binding energy side can be attributed to derized by a poor ligand-to-metal charge transfer. The reason

singlet configuration where a strongerd® character is for such a small screening can lbe gound in the small core-
present. Although an overall agreement between theory anfgole—3-hole repulsion in thd(gs 3d°) final configuration
experiment is rather goo#12 does not reproduce very well With respect to that in th¢2p>3d”). Because of a large
the main peak/satellite energy gap nor the singIet-tripleﬁ'”lgletl'ot”P|et (T:'xcha.nge'mteractlon the weII—sgcr.eened singlet
splitting energy and the intensity ratio between them. A com-35'3d*°L configuration is lower than thes33d® in energy.
parative study of the results provided by NRig. 6b)] and Thus the main peak consists of a poorly screened triplet state
M3 (Table Ill) for converged triplet and singlet states only, @nd a well-screened charge-transfer singlet state, while the
shows that a large amount of the electronic relaxation isatellite is a combination of a well-screened triplet final state
missing within M2 because only the lowest singlet-triplet Of low binding energy and a poorly screened singlet state at

with the M2 model. lar orbitals optimized in the presence of a core hole in the

copper atom provide a reasonable approximation for the
electron population relaxation. Our predictive approach can
be considered as a reliable alternative to the CT model for

We have studied the x-ray photoelectron spetXaS) of  describing the chemical bond in the neutral and core hole
copper tetraazaporphyritCuTAP) which we used as a final states in copper compounds, especially when the satel-
model of copper phthalocyanin€CuP9. Results obtained lite states are close in energy.
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