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ABSTRACT: The spin state of organic-based magnets at interfaces is to a great extent determined by the organic evironment and 
the nature of the spin carrying metal center, which is further subject to modifications by the adsorbate-substrate coupling. Direct 
chemical doping offers an additional route for tailoring the electronic and magnetic characteristics of molecular magnets. Here we 
present a systematic investigation of the effects of alkali metal doping on the charge state and crystal field of 3d metal ions in Cu, Ni, 
Fe, and Mn phthalocyanine (Pc) monolayers adsorbed on Ag. Combined x-ray absorption spectroscopy and ligand field multiplet 
calculations show that Cu(II), Ni(II), and Fe(II) ions reduce to Cu(I), Ni(I), and Fe(I) upon alkali metal adsorption, whereas Mn 
maintains its formal oxidation state. The strength of the crystal field at the Ni, Fe, and Mn sites is strongly reduced upon doping. The 
combined effect of these changes is that the magnetic moment of high and low spin ions such as Cu and Ni can be entirely turned off 
or on, respectively, whereas the magnetic configuration of MnPc can be changed from intermediate (3/2) to high (5/2) spin. In the 
case of FePc a tenfold increase of the orbital magnetic moment accompanies charge transfer and a transition to a high spin state.  

INTRODUCTION  
Phthalocyanines (Pc) are stable planar molecules that are in-

teresting for their similarity to the biological relevant porphy-
rines and are increasing in technological importance because of 
their electrical, optical and catalytic properties.1-4 In general, Pc 
forms complexes by substitution of the two weakly acidic hy-
drogen atoms at inner nitrogen sites by divalent positively 
charged coordination centers. The fourfold chelating nitrogen 
ligand forms stable complexes with nearly all metals and half-
metals. In most cases the metal center resides within the plane 
of the macrocycle and is subject to a relatively strong crystal 
field imposed by the four inner pyrrole nitrogen atoms. As a 
consequence, the metal ions tend to be found in low or interme-
diate spin states sensitive to changes in the local chemical envi-
ronment.5 

Already in the early stages after the discovery of the phthal-
ocyanines, researchers investigated modifications of the com-
plexes by further oxidation and reduction of the metal center 
and Pc ligand.6-10 Remarkably, phthalocyanines allow not only 
the inclusion of many different metal ions but also in a much 
broader variety the stepwise reduction or oxidation of the com-
plexes up to several times without disturbing the structure. This 
opens the possibility to control the total number of electrons in 
the complex.  

The planar structure of the complex enables further ligation 
at axial positions. This fact was used to modify the magnetic 
response through the formation of adducts for surface-sup-
ported phthalocyanines and porphyrine derivatives with small 
molecular switches.11-14 The addition of molecules to the metal 
center leads to charge redistribution mainly due to modification 

of the ligand field but also possible by direct oxidation of the 
metal centers.15  

Recently, electron-doped thin phthalocyanine films have 
gained interest for applications such as organic field effect tran-
sistors,16,17 light-emitting devices18 and photovoltaic cells,19 as 
well as for fundamental studies of correlated electron ef-
fects20,21. Although the electronic and magnetic properties of Pc 
anions have been discussed in the early stages of the discovery 
of stable multiply reduced metal-phthalocyanines, the precise 
nature of the charge and spin configuration was under debate 
for a long time.7-9 Photoemission, electron energy-loss spectros-
copy and near-edge x-ray absorption fine structure investiga-
tions clearly show shifts in the LUMO energy position associ-
ated with work function changes.22-29 The charging sequence of 
the metal-phthalocyanines (filling of orbitals for CuPc and NiPc 
is limited to ligand states only, wheras for FePc and CoPc metal 
ion centered states are also involved) upon doping of the thin 
films22,30 was found to agree with earlier reported assignments 
for bulk compounds7 and in electrochemical experiments9. 
Measurements of the electrical conductance of alkali-metal 
doped metal phthalocyanine films revealed an insulator-metal-
insulator transition, which was attributed to the progressive fill-
ing of the four-fold degenerate LUMO in CuPc and NiPc, 
whereas MnPc, FePc, and CoPc showed a more complex be-
havior.16,17 

Doping of phthalocyanine chemisorbed on a metal substrate 
is further complicated due to the interplay of additional sub-
strate induced charging and screening effects that can alter the 
role of the charge donor towards the molecules.31-41 In a recent 
systematic investigation, the step-wise attachment of Li atoms 
to CuPc and NiPc molecules adsorbed on a Ag(001) surface was 



 

investigated by scanning probe microscopy and DFT calcula-
tions.42 The results demonstrate the existence of distinct doping 
sites where the effect of the dopant, i.e., charging of the ligand 
or metal center, depends crucially on its position on the mole-
cule. Li dopants near the metal center (Ni or Cu) donate elec-
trons to the metal d-states, whereas Li dopants at benzyne or 
pyrrole sites donate electrons to the LUMO. Thus, depending 
on the doping site, different charge and spin configurations can 
be realized, which shows the flexibility of tuning the spin struc-
ture of organic-based magnets by non-magnetic dopants. 

 

Figure 1. (a) STM topography of two doped CuPc complexes of M 
type within a CuPc monolayer (0.17 nA, +0.2 V, 8.3 nm x 8.3 nm). 
(b) Topography of the same region after applying a voltage pulse (-
2.2 V) on the right M type, which converts into an L type. (c) Ex-
tended topography of a CuPc monolayer with low Li coverage. 
Molecules in the second adlayer are imaged in reverse contrast 
(0.17 nA, 0.2 V, 18.5 nm x 12.7 nm). (d) STM image of the same 
region with higher Li coverage. (e) Statistical analysis of the type 
of dopant as a function of Li coverage extracted from the STM data 
(total number of complexes = 500). The error bars account for un-
defined configurations. 

The effects of alkali metal doping on the magnetic properties 
of metal-phthalocyanines, however, have not been studied in a 
systematic way, neither in the bulk43,44 nor at interfaces. Such 
effects are important when considering the formation of electri-
cal contacts between phthalocyanine molecules and a metallic 
electrode,42 and as well in understanding spin injection effi-
ciency45 and spin coupling46 between phthalocyanines and fer-
romagnetic metal layers.  

In this study we focus on the effect of Li doping on the elec-
tronic and magnetic states of the metal ions for a series of 3d 
metal-phthalocyanine monolayers (MnPc, FePc, NiPc, CuPc) 
adsorbed on Ag(001). The systematic investigation presented 
here employs x-ray magnetic circular dichroism complemented 
by atomic multiplet calculations allowing us to accurately de-
termine changes of the electronic valence and crystal field that 
result in a profound impact on the magnetic properties of the 
metal centers. The charging behavior is distinct from alkali 
metal doped thin films and bulk compounds. It shows readily 
reduction of the metal ions for CuPc and NiPc accompanied by 
the quench or emergence of a magnetic moment, respectively. 
FePc is also reduced by Li attachment, but is accompanied by a 
strong reduction of the crystal field potential. The same strong 
reduction of the ligand field occurred for MnPc; however no 

changes of the metal ion valence state was observed. This re-
sults in an enhanced magnetic response due to a spin-state tran-
sition from intermediate to high-spin for both FePc and MnPc. 
The results demonstrate that alkali metal doping is an efficient 
route to tune the spin properties of organic-based magnets at 
interfaces. 

METHODS  
STM. The STM measurements shown in Figure 1 were car-

ried out at a base temperature of 4.8 K, after depositing a CuPc 
monolayer on a single crystal Ag(100) substrate at 300 K. Li 
atoms were deposited in-situ during scanning using a thermally 
heated SAES Getters source. 

XAS. The experiments were carried out at the ID08 beamline 
of the European Synchrotron Radiation Facility (ESRF). The 
samples were prepared in-situ by sublimation of metal-phthal-
ocyanines onto the clean Ag(001) surface held at 300 K. The 
samples were first characterized by room-temperature STM and 
then transferred to the XMCD chamber entirely under UHV 
conditions. X-ray absorption spectra were acquired in total elec-
tron yield for circular and linear polarization in magnetic fields 
up to 5 T collinear with the x-ray direction. The XAS spectra 
were measured for x-ray incidence angles θ normal (θ=0°) and 
grazing (70°) with respect to the surface normal. The XAS data 
acquired with vertical and horizonzal linear polarization corre-
sponds to the E-vector aligned parallel to the surface and nearly 
perpendicular to the surface making an angle of 20° with the 
surface normal, respectively. The sample temperature was var-
ied between 300 and 8 K. Li was deposited from a SAES Getters 
source onto the samples in the XMCD chamber at 8 K with the 
magnetic field turned off. The Li doping was carried out in sev-
eral steps and after each deposition the XAS was recorded at the 
L-edges of the metal ions to follow the changes in their elec-
tronic structure. Due to the inherent averaging nature of the 
method we present here only data for which no further changes 
were observed upon Li doping. Hence it is reasonable to assume 
that all metal ions assume the same electronic configuration. 

Multiplets. The atomic multiplet model takes into account 
the electron-electron interaction among d- and p-electrons using 
rescaled Slater-Condon integrals and the atomic spin-orbit in-
teraction.47-49 The molecular environment is simulated by a 
crystal field potential with C4v symmetry. The Hamiltonian for 
the initial and final state is diagonalized considering all contri-
butions (electron-electron interaction, crystal field, spin-orbit 
coupling and magnetic field) simultaneously. The intensity of 
the x-ray absorption spectra is calculated in the dipole approxi-
mation within Fermi’s Golden rule. The finite temperature is 
taken into account by Boltzman weighted population of the first 
excited states of the initial state configuration. The obtained en-
ergies and amplitudes of the transitions are broadened using a 
Lorentzian and Gaussian function to simulate internal lifetime 
and external experimental energy broadening. To capture the 
most relevant chemical properties only a single d-shell config-
uration is considered for each set of data. To obtain good agree-
ment between simulated and experimental XAS spectra the 
crystal field parameters for the final state were reduced by 10-
20% as detailed in the Supplemental Information (SI). The com-
plete set of parameters for the multiplet calculations and the de-
tailed results for each metal center can also be found in the SI. 
Orbital occupation and wavefunction symmetry analysis was 
performed in terms of the unperturbed gas phase D4h symmetry 



 

states to make the analysis comparable with previous studies 
(see Table 1). 

 

 

Figure 2. XAS spectra for CuPc monolayer on Ag(001). (a) Linear polarized XAS spectra for pristine (upper panel) and Li doped adlayer 
(bottom). (The E-vector is (v) parallel or (h) nearly perpendicular to the surface.) (b) Circular polarized XAS for the pristine layer and 
corresponding XMCD for normal (0°) and grazing (70°) x-ray incidence angle (T = 8 K, B = 5 T). 

RESULTS AND DISCUSSION  
Structure. Before discussing the XAS data we present re-

sults from a scanning tunneling microscopy investigation of the 
Li doping site dependence of a CuPc monolayer on Ag(001) 
(see Figure 1).  The CuPc arrange in homochiral close-packed 
arrays on the Ag terraces.50 The addition of a small amount of 
Li atoms leads to two major types of Li-CuPc complexes ana-
logue to the structures found for single CuPc adsorbates.42 The 
Li atoms can reside at the phthalocyanine ligand position (de-
noted L) or close to the metal center (denoted M). The latter 
configuration appears symmetric and bright in the STM topo-
graphs as expected for Li occupying a central position. The two 
configurations are not equally stable and their relative fre-
quency depends on the Li coverage. At low coverage both types 
can be found with more preference for the L-type. By applying 
a voltage pulse to the STM tip it is possible to irreversibly 
switch the type M to a type L, as can be seen in Figure 1 (a) and 
(b). This suggests that the type M complex is less stable than 
type L. On the other hand, with increasing Li coverage we ob-
serve an increase in the M configuration that eventually be-
comes the dominant adsorption site even though there are more 
ligand sites available than central positions (Figure 1c). A pos-
sible explanation for this behavior is the electrostatic repulsion 
among Li ions, which is reduced when they are spaced apart and 
surface dipoles are more localized. The preference of the Li at-
oms for the metal sites in extended CuPc layers at high coverage 
shows that alkali metal doping may induce different effects for 
different concentrations of dopants. For this reason, all the XAS 
results presented in this work are taken in the saturation limit, 
i.e., at high Li coverage. 

CuPc. Figure 2 shows the XAS and XMCD results for a 
CuPc monolayer. The data and results for the pristine CuPc 
monolayer were already discussed in detail in Ref. 51. The L-
edge spectra of Cu show two single peaks, whose intensity de-
pends strongly on the x-ray incidence angle. This is due to a 
single hole in the Cu d-shell residing predominatly in the dx2-y2 
(b1g) orbital. Hence, the Cu ion has spin moment 1/2 as evi-
denced by the XMCD signal. Note that the apparent weak 
XMCD signal at grazing incidence is a result of the strongly 

anisotropic charge distribution in the d-shell leading to a domi-
nating spin dipolar term in the XMCD intensity. 

Upon deposition of Li atoms on top of the CuPc monolayer 
the white line intensity at the Cu L-edge decreases and eventu-
ally vanishes. The step-like features in the linear polarized XAS 
stem from isotropic transitions from the localized Cu 2p into 
continuum states. The absence of resonant 2p-3d transitions sig-
nifies a completely filled d-shell. Thus, the magnetic moment 
of the Li doped CuPc is completely quenched. This result is in 
agreement with previous DFT calculations, which demonstrate 
that Li atoms attached to the Cu center donate one electron to 
the d-shell yielding a non-magnetic d10 configuration.42 In con-
trast, the reduction of the molecules in distinct KxCuPc films 
was ascribed to electron attachment to the phthalocyanine or-
bitals only.26 This seeming discrepancy may be resolved by the 
fact that in the film phases the doped potassium atoms reside on 
particular ligand positions thus donating the electron to the mo-
lecular LUMO orbitals. Only when heaviliy doped with sodium 
atoms a reduction of the Cu(II) to Cu(I) ions was observed,25 
which, however, in earlier reports were associated with the sub-
stitution of the Cu ions by Na.8 

NiPc. The opposite effect of the Li doping for the magnetic 
moment can be observed for NiPc. The pristine NiPc monolayer 
shows a similar strong dependence on the x-ray incidence angle 
for the linear polarized photons as CuPc (Figure 3). However, 
in comparison with CuPc the XAS lineshape shows additional 
satellite features that are characteristic for a d8 electronic con-
figuration. The multiplet simulations presented in Fig. 3 c and 
d show good agreement with the experimental data assuming 8 
electrons in the d-shell. The calculations show that Ni has two 
holes in the dx2-y2 (b1g) orbital due to a strong crystal field split-
ting of the d-states, i.e. a large 10Dq crystal field value 
(10Dq=2.3, Ds=0.8 and Dt=0.2 eV). The strong level splitting 
also has a pronounced effect on the magnetic properties, i.e. Ni 
assumes a low-spin configuration with S=0. Accordingly, the 
experiments as well as the simulations show zero XMCD signal 
for the circular polarized XAS data. 



 

This situation changes when the NiPc adlayer is doped with 
Li. With increasing concentration of Li atoms a new peak 
 

 
Figure 3. XAS spectra for NiPc monolayer on Ag(001) (T = 8 K, B = 5 T). (a) XAS spectra for vertical (v) and horizontal (h) polarized light. 
(b) XAS data with circular polarization and corresponding XMCD intensity for (0°) normal and (70°) grazing incidence. The upper spectra 
correspond to the pristine and the lower spectra to the Li-doped NiPc adlayer. (c,d) Corresponding multiplet simulations of the experimental 
data in (a,b), respectively. The vertical ticks in all graphs correspond to the same spacing for comparison. 

evolves at the low energy side of the former L3 main peak. The 
intensity of the new peak increases at the expense of the high 
energy peak (see Fig. S1 in supporting information (SI)). The 
linear polarized XAS data for the maximally doped NiPc layer 
is shown in the bottom row of Fig. 3 a and b. The Li doped NiPc 
layer has a lower L-edge whiteline intensity indicating an in-
creased d-shell occupancy. The shift to lower photon energies 
is also in accordance with a reduction of the Ni ions. In com-
parison with the CuPc the NiPc+Li spectra show additional fea-
tures, however at a position of the former peak of the pristine 
adlayer. The circular polarized XAS data for the doped layer 
demonstrates that the Ni ions have a finite magnetic moment. 
The XMCD signal is very similar to the CuPc layer both in its 
lineshape, relative strength to the XAS signal and its angular 
dependence. The circular polarized data also shows that the sat-
ellite intensity at the former pristine NiPc layer position has no 
XMCD signal. Thus we infer that the XAS satellite intensity is 
due to remaining undoped or L-type NiPc molecules and that 
the Ni ions have been reduced to a d9 electronic configuration. 

The Li doped NiPc data was also simulated starting from a d9 
configuration assuming that Li donates one electron to the Ni d-
states. The crystal field parameters were adjusted to match the 

XMCD L3/L2 intensity ratio. The experimental data is well re-
produced. One finds that the induction of a magnetic moment is 
due to the filling of one of the spin-paired holes in the dx2-y2 
orbitals yielding a free spin 1/2.  

Considering both CuPc and NiPc the Li doping has opposite 
effects. For CuPc the magnetic moment can be turned off while 
for NiPc the non-magnetic centers show a sizable magnetic mo-
ment after doping. This effect is ascribed to direct electron 
transfer from Li to the metal center at sufficiently high Li con-
centration levels which increases the d-level occupation by one. 
FePc. A somewhat more intricate picture is found for FePc and 
MnPc, where the holes are distributed over different metal d-
orbitals and thus electron correlation effects are expected to 
play a dominant role. The XAS and XMCD data for the pristine 
and Li-doped FePc monolayer is shown in Figure 4. The XAS 
data and multiplet analysis of a FePc monolayer interacting with 
a Au(111) surface is reported in Ref. 37. The XAS data for FePc 
adsorbed on Ag(001) differs somewhat in the number and posi-
tion of the multiplet features from FePc on Au(111) signifying 
that the substrate-adsorbate chemical bonding and associated 
charge transfer plays a crucial role in the determination of the 
electronic structure.34,38,40,52 This is usually accompanied by a 



 

reduction of the magnetic moments.52 In comparison with FePc 
adsorbed on Au(111) the magnetic moment of the Fe center is 
nearly quenched on the Ag(001) surface as evidenced by the 

almost vanishing XMCD 
 

 
Figure 4. XAS spectra for FePc monolayer on Ag(001) (T = 8 K, B = 5 T). (a) XAS spectra for vertical (v) and horizontal (h) polarized light. 
(b) XAS data with circular polarization and corresponding XMCD intensity for (0°) normal and (70°) grazing incidence. The upper spectra 
correspond to the pristine and the lower spectra to the Li-doped FePc adlayer. (c,d) Corresponding multiplet simulations of the experimental 
data in (a,b), respectively. The vertical ticks in all graphs correspond to the same spacing for comparison. 

intensity (Figure 4b). This could be due to an enhanced coupling 
of the Fe d-states with the Ag substrate electrons.37,38 

The XAS lineshape can be well matched using a single d6 
configuration as shown in Fig. 4 c and d. Analyzing the ground 
state obtained from the multiplet calculations yields an interme-
diate spin S=1 configuration with B2g symmetry and 
(b2g)1(eg)4(a1g)1 orbital occupation. The simulated XMCD at 
grazing incidence is overestimated, which signifies that, alt-
hough the obtained spin multiplicity correctly describes the 
XAS lineshape, the observed magnitude of the spin moment is 
likely reduced by many-body screening or Kondo screening or 
screening effects due to the presence of the metal substrate. To 
account for these effects configurational mixing must be in-
cluded in the multiplet calculations.37 In comparison on 
Au(111) a S=1 with mixed B2g-Eg character was found where 
the a1g orbital was nearly filled with the extra hole residing in 
the eg orbital corresponding closely to the ground state config-
uration of the unperturbed FePc molecule found in thin films.53-

56 The electronic configuration of FePc adsorbed on Ag(001) 
differs from the pristine molecule and hence doping of the ad-
sorbate is expected to differ from crystalline or solvated FePc.7 

The XAS and XMCD data for Li doped FePc is presented in 
the bottom row of Fig. 4 a and b. The XAS lineshape changes 

significantly and the linear polarized XAS data indicates a more 
isotropic spectral intensity distribution. More importantly, the 
relatively strong XMCD intensity demonstrates a sizable mag-
netic moment at the Fe centers. Similar to the NiPc, Li doping 
induces a strong magnetic moment in the FePc/Ag(001) adsorb-
ate system. 
The details of the enhancement of the magnetic moment are re-
vealed by the multiplet calculations. The simulated spectra 
shown in Fig. 4 c and d (lower spectra) reproduce well the main 
features of the experimental data. The best agreement with the 
experimental data was obtained using a d7 electronic configura-
tion, i.e., one electron transferred to the Fe d-shell. This addi-
tional electron does not simply fill up an empty orbital. Due to 
the strong intrashell electronic correlation the occupation of the 
remaining orbitals changes as well. We obtain the orbital occu-
pation (b1g)1(b2g)1.8(eg)3.1(a1g)1.1 with an overall Eg symmetry. Li 
doping leads to the population of the in-plane b1g and b2g orbitals 
and creates a hole in the eg states opposite to the findings re-
ported earlier for crystalline compounds.7 The Li attachment to 
the FePc adsorbate significantly reduces the crystal field 
strength imposed on the metal center (10Dq=1.0, Ds=0.048 and 
Dt=0.038 eV for Li doped FePc compared with 10Dq=2.3, 
Ds=0.59 and Dt=0.144 eV for the pristine macrocycle). Thus the 



 

recovery of the magnetic moment is in part due to a transition 
from an electronic intermediate to a high-spin configuration 
where the three holes in the d-shell create a total spin of S=3/2. 

The orbital redistribution also creates a large orbital moment as 
evidenced by the strong XMCD L3 intensity while the spin mo-
ment remains nearly unchanged. The ground state octuplet 
 

 

 
Figure 5. XAS spectra for MnPc monolayer on Ag(001) (T = 8 K, B = 5 T). (a) XAS spectra for vertical (v) and horizontal (h) polarized 
light. (b) XAS data with circular polarization and corresponding XMCD intensity for (0°) normal and (70°) grazing incidence. The upper 
spectra correspond to the pristine and the lower spectra to the Li-doped MnPc adlayer. (c,d) Corresponding multiplet simulations of the 
experimental data in (a,b), respectively. The vertical ticks in all graphs correspond to the same spacing for comparison. 

manifold (S=3/2 ⊗ L=1) is strongly split and mixed with higher 
multiplet states by spin-orbit coupling, which reduces the 
ground state moments (see SI for more details). Although for-
mally the d-shell occupation is that of a Co center, the orbital 
structure differs significantly due to the reduced crystal field 
potential, which is also reflected in the dissimilarity with the 
CoPc XAS spectra.37 

Previously potassium intercalated FePc films grown on 
Au(001) were investigated by core level spectroscopy methods. 
It was concluded that K atoms donate electrons to both the mo-
lecular and Fe 3d orbitals,28,57 in agreement with this study, alt-
hough no precise result on the electronic configuration could be 
given. 

MnPc. Contrary to the phthalocyanines discussed above, a 
different charging behavior is observed for MnPc adsorbed on 
Ag(001). The electronic structure of the Mn center in the inter-
mediate S=3/2 configuration is very sensitive to its chemical 
environment, which is directly revealed by its rich XAS multi-
plet structure.35,58 The pristine MnPc monolayer on Ag(001) 
shows a strongly anisotropic lineshape for both XAS and 

XMCD spectra presented in the top row of Fig. 5 a and b. The 
multiplet simulations (Fig. 5c,d) show good agreement with the 
experimental data. The relatively strong crystal field potential 
(10Dq=4.0, Ds=0.70 and Dt=0.52 eV) results in an S=3/2 inter-
mediate spin configuration with orbital occupation 
(b2g)1(eg)2(a1g)2 having B1g symmetry. The simulated out-of-
plane XMCD intensity is significantly larger than the experi-
mental signal and indicates potential charge transfer effects 
from the substrate. Upon Li doping, the XAS lineshape changes 
markedly. The spectra for linear polarization are nearly iso-
tropic (Fig. 5a, bottom spectra) with much less multiplet fea-
tures and narrower whiteline intensity distribution. The XMCD 
spectra of the Li doped MnPc reveals an enhanced magnetic 
moment in comparison with the pristine adlayer (Fig. 5b). The 
XAS and XMCD spectra with circular polarization are reminis-
cent of Mn high-spin ions and indeed best agreement with the 
multiplet calculations was found using a d5 configuration and a 
notably lowered crystal field potential (10Dq=1.0, Ds=-0.02, 
Dt=0.09 eV) with nearly pure octahedral symmetry (see Fig. 
5c,d). The reduction of the crystal field strength results in a 
high-spin configuration with orbital occupancies of 



 

(b1g)1(b2g)1(eg)2(a1g)1. Thus the enhancement of the spin mag-
netic moment is entirely due to modifications of the chemical 
environment of the Mn centers without the reduction of the 
metal ion itself. 

Alkali metal intercalated and doped MnPc films and bulk 
compounds have been previously investigated.27,44 For K-doped 
thin films it was demonstrated by electron energy-loss spectros-
copy that for the K1MnPc phase potassium donates one electron 
to the Mn 3d shell changing its valence and associated magnetic 
moment.27 Contrary to these results, for the major MnPc β-form 
in the bulk Iwasa et al. found no reduction of the Mn center 
when doped with Li up to 4 atoms per molecule.44 However, 
they observed a spin-state transition of the Mn2+ ions from in-
termediate spin to high-spin S=5/2 as we observed for the sur-
face supported MnPc. The results can be reconciled considering 
that the structure of thin films differs from the bulk β-poly-
morph. This can result in different geometrical voids and inter-
stitial sites that can create, in addition to the different ionic radii 
and ionization potentials of the K and Li ions, distinct dopant 
positions in these systems and hence a different doping behav-
ior. 

Considerations on crystal field and charge transfer. The 
marked lowering of the crystal field strength by Li doping and 
the apparent increase of the Slater-Condon parameters (see SI) 
is a surprising result as one would expect that the strong chem-
ical bonding of the metal ions to the phthalocyanine base is very 
robust. The origin of this effect remains speculative. It is not 
clear if a single Li atom attached to the metal site is able to cause 
this effect or if the concerted action of several alkali dopants 
donating electrons to the ligand and metal centers simultane-
ously can account for this observation. 

The experimental data represent a saturated final state upon 
which further doping does not change the state of the central 
metal atoms. The presence of a few positively charged Li ions 
nearby the metal centers may reduce their crystal field potential 
imposed by the negative pyrrole nitrogen atoms, while the do-
nated electron charges are delocalized and well-screened within 
the phthalocyanine molecular orbitals and substrate states. An-
other scenario may involve atomic relaxation of the metal cen-
ter’s position out-of-plane of the phthalocyanine complex as the 
Li ions may compete with the bonding to the inner pyrrole ni-
trogen atoms. In this latter case the Li doping goes beyond its 
expected role of electron donation as it additionally induces 
structural changes due to its participation in the chemical bond-
ing. The geometric distortions likely explain not only the reduc-
tion of the crystal field strength but also the appearance of 
nearly isotropic electronic configurations. Alkali metal reduced 
metal-phthalocyanines have been studied some time ago and it 
is known that at sufficiently high concentrations of, e.g., sodium 
atoms Cu metal centers can be replaced by the alkali ions.8 
However, structural changes of the macrocycle were not ob-
served in the crystalline alkali metal intercalated compounds 
discussed above. 

The results emphasize the distinct site specific doping behav-
ior of alkali metal atoms for metal-phthalocyanines which likely 
explains the differences observed between the alkali-metal in-
tercalated thin film and bulk phases compared to the adlayers 
presented here. The former compounds may prefer ligand inter-
calation positions due to well-defined interstitial sites and bulk 
chemical environment. 

Finally, although XAS is only directly sensitive to the elec-
tronic state of the metal centers, we wish to discuss the observed 

electron attachment to the metal-phthalocyanines in view of the 
macrocycle’s orbital structure provided by recent systematic 
DFT calculations.38,59,60 The reduction of the phthalocyanines 
can involve metal ion or ligand centered states. The ligand 2eg 
orbitals are relatively strongly delocalized and have less Cou-
lomb repulsion than the central atom a1g and b2g. Charging of 
the central metal atoms is possible due to the reduction of Cou-
lomb repulsion in the complex by delocalization of the elec-
tronic charge over the whole complex due to the π-interaction 
mediated mixing of central atom and ligand states. Hence, 
strictly speaking, one can only talk of the reduction of the whole 
complex, although the changes in the electronic structure of the 
MPc adsorbates can be discussed within a formal oxidation state 
picture. Note, that XAS is only directly sensitive to the elec-
tronic state of the metal centers including their electron occupa-
tion as well as the local crystal field potential imposed by the 
Pc ligand. 

For CuPc and NiPc DFT calculations yield low lying unoc-
cupied orbitals with ligand centered 2eg and with predominant 
metal dx2-y2 (b1g) symmetry. Theory predicts in gas-phase the 
occupation of ligand states in the initial reduction steps. How-
ever, it can be expected that at certain doping concentrations 
electrons are transferred to the central metal ions due to the en-
hanced Coulomb screening provided by the substrate electrons. 
Moreover, the substrate acts as an electron donor to the phthal-
ocyanine base already in the adsorption process.38,42 Further-
more, the attachment of Li atoms to specific sites on the macro-
cycles shows preference for electron transfer to either metal or 
ligand centered orbitals42 and hence the reduction sequence is 
not necessarily following the predictions for gas-phase anions.59 
Thus the XAS data confirms the previous DFT and STM re-
sults.42 

Charging of the MnPc and FePc molecules is more involved. 
In an electrochemical environment, filling of metal eg and a1g 
orbitals occurs at some reduction step for MnPc and FePc,7,9 
which is supported by the DFT analysis.59,60 However, the pre-
dicted DFT ground state occupations differ from the ones deter-
mined by the multiplet calculations. This may be a result of the 
adsorbate substrate coupling.38 The theoretical prediction of the 
FePcn- anionic molecules does not show an increase in the Fe 
magnetic moment but a decrease due to spin pairing upon 
charging. However, the calculations do not take into account the 
presence of counter ions or the metal substrate. The same sce-
nario is observed for MnPc that according to theory should pre-
sent a reduced Mn magnetic moment in its anionic state. Thus 
the observed reduction of the metal states for CuPc and NiPc as 
well as the observed spin-state transition to high-spin configu-
rations for MnPc and FePc must be due to the specific electronic 
characteristics of the phthalocyanine adsorbate systems and of-
fers a route to tune the magnetic properties in surface-supported 
organic-based magnets. 

CONCLUSIONS  
To summarize, the electronic structure and magnetic proper-

ties of a series (MnPc, FePc, NiPc, CuPc) of metal-phthalocya-
nines adsorbed on Ag(001) and their doping with Li atoms was 
investigated by x-ray absorption spectroscopy and x-ray mag-
netic circular dichroism. The chemisorbed FePc and MnPc 
show some deviations from their pristine electronic structure 
upon adsorption, while CuPc and NiPc retain essentially their 
gas-phase electronic structure and magnetic properties. The de-
viations are ascribed to the finite adsorbate-substrate coupling. 



 

In general, Li doping leads to the onefold reduction of the metal 
centers with the exception of MnPc. This results in the quench-
ing of the magnetic moment for CuPc and the recovery of a 
S=1/2 state for NiPc. For MnPc and FePc a considerable reduc-
tion of the crystal field strength results in the transition from 
intermediate to high-spin systems. Alkali metal doping of the 
surface-supported metal-phthalocyanines is different from bulk 
intercalated compounds and must take into account the inter-
play of molecular hybridization and enhanced substrate Cou-
lomb screening in the role of the electron donation from the al-
kali atoms to the macrocycle. The results demonstrate that the 
spin state of interfacial metal-phthalocyanines can be efficiently 
tuned by doping with Li atoms. The magnetic response can be 
either turned off or on in metal-Pc adsorbate systems with high 
or low spin configurations and can be enhanced for macrocycles 
with intermediate spin ground states.  

 
Table 1. Ground state properties obtained by the multiplet 
calculations. 

Type dn GS 
Electronic  
configuration 

<Sz
> 

<Lz
> 

MnPc 5 B1

g 
(b1g)0(b2g)1(eg)2(a1g)2 3/2 -0.05 

MnPc+L
i 5 A1

g 
(b1g)1(b2g)1(eg)2(a1g)1 5/2 0 

FePc 6 B2

g 
(b1g)0(b2g)1(eg)4(a1g)1 1a 0.08 

FePc+Li 7 Eg (b1g)1(b2g)1.8(eg)3.1(a1g)1

.1 
1.1b 0.8 

NiPc 8 A1

g 
(b1g)0(b2g)2(eg)4(a1g)2 0 0 

NiPc+Li 9 B1

g 
(b1g)1(b2g)2(eg)4(a1g)2 1/2 0.28 

CuPc 9 B1

g 
(b1g)1(b2g)2(eg)4(a1g)2 1/2 0.2 

CuPc+Li 1
0 

A1

g 
(b1g)2(b2g)2(eg)4(a1g)2 0 0 

aNote that the experimental magnetic moment is nearly zero. 
bThe lowering from 3/2 is due to mixing with higher multiplets. 
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