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ABSTRACT  

Self assembled adlayers of conjugated organic molecules on metallic substrates have 
gained considerable attention due to promising applications in optoelectronic devices based on 
conjugated molecules. The performance of molecular electronic devices is significantly 
influenced by interfacial electronic properties at metal-molecule interfaces. The review 
summarizes significant findings of photoemission spectroscopy together with low energy 
electron diffraction and X-ray absorption spectroscopy utilized to characterize electronic 
properties at the metal-molecule interfaces, providing vital information about the charge transfer 
and charge injection barriers. The adsorption of transition metal complexes on surfaces with and 
without graphene buffer layers is another crucial issue for their interconnection between electro-
magnetic properties. Therefore, fine characterization of these interfaces is mandatory in their 
applications.. Recent results of phthalocyanines deposited on ferromagnetic metal surfaces and 
graphene buffer layers revealed a substrate-molecular coupling mechanism, which shows a 
delicate interaction between long-range as well as local chemical bond.  

Keywords: summarizes significant findings of photoemission spectroscopy 
 

I. INTRODUCTION 
 

In order to engineer electronic and magnetic storage devices based on organic 
molecules thorough insight of the metal–ligand interactions is of paramount importance. In this 
quest organometallic phthalocyanines are of particular interest because of their unique electronic 
and magnetic properties [1]. It is worthwhile to mention that the electronic properties of 
molecular thin films are controlled by 3d level filling of metal atom. [1] It provides ample 
opportunity to tune interfacial electronic properties of molecular thin films by altering 
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interaction with underlying substrate and by introducing intermediate 2D materials such as 
graphene.  Numerous studies based on photoemission, NEXAFS and STM.[2,4] confirm that 
tetrapyrrole complexes such as porphyrin, ferrocene and phthalocyanine adopt a configuration 
that is controlled by the local molecule-substrate interactions on conducting substrates.. 
Therefore, unoccupied frontier orbitals significantly impact and control the conformer adopted 
by these molecules.[4,5] 

It has been observed that for closed shell metal phthalocyanine (MPcs) the 3d electrons 
are predominantly localized  and 3d character of the molecular orbitals is progressively reduced 
[6.] The presence of metal character states for the open 3d shells MPcs is related to the 3d 
interaction with the organic ligand. The D4h crystal field of Pc macrocycle lifts the degeneracy of 
the 3d transition metal orbital giving rise to the sequence of molecular orbital depicted in Fig.1 
Open shell MPcs (CoPc,FePc,MnPc)  can pose more complex behavior  due to the  
hybridization with the ligand orbitals giving rise to valence states with metal character[3]. 
Photoemission studies illustrates the existence of interfacial states close to fermi level depending 
on the d level occupancy of MPcs for monolayer and submonolayer coverages highlighting the 
influence of nature of filled d orbitals on the hybridization and redistribution of charge at the 
interfaces.[5]. Moreover, STM studies considering the FePc ,CoPc and CuPc deposition on 
metallic substrates  support this argument as open shell central metal atoms such as iron and 
cobalt central metal atoms  in case of  FePc and CoPc protrude significantly, while  in case of 
completely filled 3d MPc molecules the central metal appears as a depression in the STM image 
of molecular thin film[4]. It clearly indicates that the iron with four holes has predominent 3d 
orbital metal character close the fermi level while the Ni with two holes do not have 3d orbital 
character complementing the UPS results on similar systems [4].  However inspite of 
considerable theoretical effort based on DFT calculations there is still ambiguity regarding the 
energy level sequence and occupation of 3d character orbitals.  

           

              (a)       (b) 

Fig.1 (a) Scanning tunneling microscopy images for the deposition of NiPc and FePc om 
Au(111)  along with sequence of molecular orbital states presence of ligand field 

Transition metal Phthalocyanine thin film on Ag(111) 

 XAS spectrum provides useful information about the interface 
energetics for the deposition of TMPc on metallic substrates. Here, we focus on  central metal 
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atom L edge spectra as it is notably impacted by electronic configuration of the unoccupied 
orbtials which in turn are effected by multiplet effects [2]. We show L edge XAS spectra of the 
2.8nm thick CoPc  films adsorbed on Ag(111) along with 3.1 nm and 3.3 nm Iron 
phthalocyanine and MnPc thin films. It is evident from fig. below that feature A1 and A2 

exhibits higher intensity as compared to B1,B2 and B3 features for 10 and 30 incidance while 

B features are predominant for 90 incidence. It is worthwhile to mention that the intensity of A 
features is related to  unoccupied out of plane orbital transitions, while B features are due to 
transition involving xy plane oriented unoccupied orbitals.  

 Importantly, in case of CoPc xy plane oriented unoccupied orbitals 
related B1 feature is not detectable at lower incidence X-ray energies a shown in fig. below, 

while the intensity of B1 and B2 features increases with increase in  angle particularly for FePc. 
Such a sensitive variation in intensity can be due to unoccupied 3d (dx2−y2) orbitals.[1] 

 

Fig.2 XAS spectra for the adsorption of CoPc, FePc and MnPc on Ag(111)[2] 

In order to gain detailed information about the interfacail electronic properties and 
influence of d level filling,  the multilayer deposition spectrum are compared with monolayer as 
shown in Fig.3. The differences in the peak line shape and energy position are quite evident due 
to interaction with Ag(111). However due to the higher reactivity of silver as compares to gold 
stronger interactions at the interfaces can be expected. 
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Fig.3 XAS spectra for the adsorption of CoPc, FePc and MnPc on Ag(111) for low and high 
coverages [2] 

 In case of manganese phthalocyanine and cobalt phthalocyanines the intensity of B3 
feature is notably diminished. While, the feature A1 changes to A0 for in plane incidence in case 
of  CoPc and FePc.  

This new feature can be related to interface state. It is interesting to note that due to 
different filling of unoccupied 3d orbitals for manganese phthalocyanines, the alteration in A 
feature intensity is less prominent. There can be a possibility that features are not visible due the  
complicated  multiplet structure. Interestingly, UPS results also indicates towards the existence 
of interfacial states in case of FePc ,CoPc and MnPc. The feature A0 can be associated to 
transition to unoccupied state at the interface due to hybridization at metal-molecule interface in 
case of FePc and CoPc.[5] It can be concluded that a1g with out of plane orientation can be 
involved in the observed intensity variation of A features(A1 and A0). 

 
Fig.4 Model for the probable spitting dz2 
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In order to explain the new A0 feature a model has been proposed in which silver 
substrate states are invloed in interaction with unoccupied 3d orbitals of the metal 
phthalocyanine as shown in fig.4. It is proposed that unoccupied state has higher energy as 
compared to filled states so feature A0 is associated with this unoccupied state as shown in fig.4 
, While the featue A1 is lower in energy than A0[2]  

.The A0 feature is not observed in for TMPcs deposition on Au(100) possibly due to 
the weaker interaction due to which energy splitting is negligibly small. [2]. It is observed  that in 
the case of FePc on Au(1 0 0) we do not have observe state  at  the interface in the 
photoemission valence band spectra.  

The fig. 5 represents the UPS  spectra for MnPc and FePc deposited onto Ag(111).The 
HOMO  featue is visible at coverage higher than 1ML. At low coverages an interfacial state near  
fermi level is detectable. The origin of such state at interface can be associated to the interaction 
of underlying substrate with metal phthalocyanine macrocycle. Second possibility is the transfer 
of charge from the  metallic substrate to the metal atom. This argument is further supported by 
the XPS  Fe 2p3/2 spectrum which indicates that presence of new feature for low coverage of 
FePc suggesting a charge transfer between metal and molecule.[5]  

 
(a)        (b) 

Fig.5 UPS spectra for the deposition of CoPc (a) and MnPc(b) on Ag(111) for low and high 
coverage  

Similar behavior is observed for the low coverage of CoPc and MnPc . It is worthwhile 
to mention that  at  coverages below 1ML  the  peak  associated with Co atom not detectable 
which  shows the contribution of the central metal atom of the adsorbed phthalocyanine 
molecule with substrate. It seems there is charge transfer from underlying metallic substrate to 
the Co 3d orbtials. Such a charge transfer can contribute the formation of state at interface. [2] 

 The line shape of N k edge modifies significantly in changing the film thickness as 
shown in fig.6 (b) which can be associated to the interaction  between macrocycle nitrogen atom 
and central metal atom. 
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                         (a)                                                                       (b) 

Fig.6 XPS Fe 2p3/2 spectra (a) along with N K edge for the  FePc deposited onAg(111) 

 It can be inferred from XAS spectrum that features related to out of plane and in plane 
orientation of unoccupied 3d orbitals change in intensity . It appears that interfacial electronic 
structure varies significantly and can be related to re-organization of charge between central 
metal atom and nitrogen of macrocycle involving interaction with underlying substrate as well. 
The argument is supported by fact that N k edge XAS spectrum also shows variation in intensity 
at low coverages indicating involvement with substrate states.  

Transition MPc thin film on Au(100) and Au(110) 

The fig. 7 shows the X-ray absorption spectrum of the metal L3 edge for deposition of 
FePc ,CoPc and MnPc on Au(100) substrate.[2] In order to depict the imoact of substrate on 
the interfacial electronic configuration TMPc films from monolayer to few nanometers 
thickness are shown. It can be inferred that for thin films adsorption spectrum is similar to 
those observed on Ag(111) which depicts a similar molecular arrangement due to negligible 
interactions with substrate.  

However for low coverages significant variations are observed for CoPc and MnPc.In 
case of MnPc and CoPc intensity of feature B3 related to out of plane orientation is low at 
metal-molecule interface. Notably, A2 feature intensity also diminishes as compared to 
multilayer coverage. It appears that interfacial electronic structure varies significantly and can be 
related to re-organization of charge between central metal atom and nitrogen of macrocycle 
involving interaction with underlying  gold substrate as well.[2] 
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Fig.7 Fig.3 XAS spectra for the deposition of   FPc, CoPc and MnPc on Au(100) for low and 
high coverages [2] 

In case of  FePc  deposition on Au(100)  no notable alterations  of the peak lineshapes 
are detectable for the monolayer deposition as compare to thick film , which indicates towards a 
weaker interaction of Fe atom with Au(100) substrate. In contrast to Ag(111), A0 feature is not 
detectable for the deposition of CoPc  and FePc on Au(100). Moreover no evidence of 
interfacial state is observed from valence band photoemission spectrum [2].Importantly, for a 
similar system of FePc  deposition onto Au(110), a transfer of electron density from underlying 
metallic substrate to central metal atom is observed based on  core level photoemission 
spectroscopy.[5]  

N k-edge(fig. 8) line shape of π* resonance does not show considerable changes for the 
deposition of FePc on Au(100) . Prabably due to no transfer of electron  charge density from 
underlying substrate to macrocycle nitrogen at FePc and Au(100) interface. Photoemission(XPS 
,UPS) study further supports this argument as no  interfacial state at  is detectavle. Thus, it 
appears that not only substrate reactivity but  molecular  geometry dueing adsorption and the  
reconstruction of the underlying substrate are crucial in order to decipher the strength of 
adsorbate–substrate interaction. 
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Fig.8 N K edge XAS spectrum for FePc/Au(100) Fig.9  XPS spectrum for FePc/Au(100)  

          The fig.10 shows the  ultraviolet photoemission spectra in the valence-band energy 
regime for metal phthalocyanine  as a function of film thickness.  Tick marks represent the MPc 
induced interface states whose binding energy positions does not depend on nature of central 
metal atom. It is evident that with the increase in film thickness the surface states corresponding 
to gold are suppressed. Highest occupied molecular orbital which predominantly focus on 
macrocycle pyrrole for all metal phthlocyanines is visible at different binding energies as shown 
in fig. below.It clearly shows that HOMO has some contribution from central metal atom as 
well as macrocycle pyrrole ring which is supported by theoretical DFT calculations as well.[3] At 
higher binding energies molecular state corresponding to filled b2g orbitals is identified however 
for CoPc and NiPc  with higher d-occupancy this state  is found to shifts towards higher 
energies. 
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Fig.10 UPS spectra for the deposition of  MPc molecular thin films onto Au(110) substrate  

  We observe a   feature at about 1.2 eV whose intensity increases with films thickness 
can be assigned as  HOMO with a1u symmetry centered onto the pyrrole ring for the organic 
molecular thin films. At low binding energies the differences in the spectrum can be observed 
corresponding to filling of central metal d-orbitals . Fig 11 highlights the prominent differences 
in the spectrum for FePc and CoPc which can be attributed to the d level occupancy for Fe and 
Co atoms .By increasing the corss –section using the higher photon energy (40 eV) more 
detailed information about the interfacial states can gathered . As shown in the fig. 12(b) feature 
at about 2eV for CoPc  thin films can be assigned to fully filled b2g orbital while the similar 
feature is present at 1.91eV for FePc. In agreement with DFT theoretical calculations feature 
near 1.0v for CoPc becomes more pronounced as photon energy rises and can be associated to  
a1g state. [2]  

It is worthwhile to analyze the spectrum at low binding energies in order to investigate 
interfacial states close to Fermi level especially at low coverages. The  interface states for FePc is  
centered  at 0.21 eV  and 0.73 eV for CoPc thin films highlights the effect of d- level filling on 
the MPc-Au(110) interactions as no such states are observed for more filled MPcs. However 
assignment of these states to particular d- level is not straightforward .STM study on MPcs 
provide us a clue relating to the interface states involving unoccupied 3d orbitals of the central 
metal atoms, near the fermi level of these molecular thin films [4].  

               
                    Fig.11                                 Fig.12(a)                                     Fig.12(b) 

 
UPS spectrum for the deposition of MPc on Au(110) at 1ML coverage (Fig.11) and 

with thickness evolution 
(Fig. 12 (a)& 12(b)) 
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Thereofore, the intermediate state in case of FePc and CoPc thin films on Au(110) can 
be due to involvement  of a1g  and /or e1g states intermixed with macrocycle nitrogen atoms 
orntials along with gold substrate states. These observations are supported  by scanning 
tunneling microscopy analysis of the same system where states close to Fermi level are 
detectable. Similar inference are drown based on XPS analysis of this system. 

CoPc and FePc thin films on nickel and epitaxial graphene/nickel system :Influence of 
d level occupancy  

Ni(111) is an attractive choice of substrate due to its magnetic properties and potential 
applications in spintronics. Since electronic properties have strong depednace on magnetic 
properties as well so understanding the availability of unoccupied states and unpaired electrons 
is crucial for the realization of molecular based  devices.  

 XAS spectrum for Co Ledge at normal incidence show similarity with CoPc on 
Ag(111) spectrum.  At low coverages B3 feature disappears while for in plane incidence new 
feature A0 is detected. This behavior can be explained based on the model discussed in fig.6 
above.  

The feature A0 originates due to the intermixing of substrate and molecular wave 
functions resulting in distinct feature.In addition for the deposition of CoPc on graphene on 
nickel system the XPS spectrum for the low coverages show features towards lower binding 
energy (778.0 eV) which indicates towards charge transfer even in the presence of graphene 
layer(fig.13) . 

 

Fig.13 Co L edge XPS spectra for the deposition of CoPc on Ni(111) and Gr/Ni(111) 

The analysis of XAS spectra for  the adsorption of CoPc on graphene/ nickel  and 
nickel substrate reveal significant differences such as intensity of A1 feature retains even for in-
plane incidences, a trend not observed for the deposition of CoPc on nickel substrate. The 
model proposed in th previous section helps in explaining the above trend as feature observed 
due to intermixing of orbitals may not be present for adsorption on graphene , simply because 
graphene layer may not favour such hybridization  
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.  

Fig.14  Co L edge XAS spectra for the deposition of CoPc on Ni(111) and Gr/Ni(111) 

. In case of  iron phthlocyanine adsorption on nickel the behavior is identical to the 
silver substrate. As shown in fig,15 the feature A0 shows dependence on film thickness at 
grazing incidence while A1 disappears. The peaks at B1–B3 at out of plane incidence also show 
significant alteratons as a function of the film thickness. It is observed that both types of orbitals 
are involved in interaction with substrate. Moreover, the entire interfacial electronic properties 
at molecule- substrate interface suffers notable changes Interestingly, when iron phthalocyanine 
molecules are deposited on epitaxial graphene on nickel than no variation in the out of plane 
and in plane features is observed in contrast to previously discussed system as shown in fig. 15. 
In addition, peaks related to out plane orbitals do not change for normal X-ray incidence . These 
observations conclude that the interaction of central metal atom with epitaxial graphene on 
nickel is notably diminished. Clearly , the above trend is opposite to previously discussed system 
where a clear alterations in the XAS features are observed.  
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Fig.15 Fe L edge XAS spectra for the deposition of FePc on Ni(111) and Gr/Ni(111) 
 

XPS spectrum for the FePc on Gr/Ni(111) also indicates that graphene layer has 
prevented the charge transfer[11]. Interestingly  high resolution UV photoemission study reveals 
an interface state at about 0.3 eV as shown in fig when FePc molecules are deposited on 
Gr/Ni(111) substrate[10]. It worthwhile to mention that interfacial state can be observed at 
nearly 1 ML coverage and not at for multilayer coverage. Such interface state was not observed 
for FePc on Gr/Ir(111) possibly due to weaker interaction with substrate.  
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                                       Fig.16                                                      Fig.17 

Adsorption of Ferrocene on metallic substrates  

Ferrocene adsorption on metallic substrates such as Ag(100), Cu(111) and Cu(100) has 
been investigated[6,7]. It has been observed that ferrocene interacts weakly with Ag(100) and 
dissociates under the electron beam radiation leading to strongly interacting iron containing 
species. STM study for the adsorption on Ferrocene on Cu(111) and Cu(100) shows that 
ferrocene adopts two-dimensional molecular arrangement having vertical as well as horizontal 
orientations. DFT calculations shows that a non covalent T shaped interaction is necessary for 
that stability of physisorbed molecular layer[6]. In addition, ferrocene has been utilized to form 
small metallic iron clusters on HOPG by depositing ferroecne on HOPG at temperatures 
above1200K. Although, a high resolution electron energy loss spectroscopy (HREELS) analysis 
reveals that ferroecene is  stable on  HOPG at 140K and interacts weakly[8]. In addition to layer 
carbon materials ferrocene has been found to intercalate into layered dichalcogenide  material. 
Spectroscopic results confirm ferrocene intercalation  and change of iron ion oxidation state due 
to charge transfer from TiSe2 to ferrocene[9]. 

Intercalation of transition metals with Graphene: Route to control interfacial electronic 
properties 

Adsorption of organic molecules on graphene has gained considerable attention due to 
promising applications in spintronics and molecular electronic devices [gottf]. The  performance 
of molecular electronic devices is significantly influenced by interfacial electronic properties in 
metal-molecule interfaces.[got].The adsorption of transition metal complexes on surfaces with 
and without graphene buffer layers is a crucial issue for their interconnection between electro-
magnetic properties.[Nature rev] Therefore, fine characterization of these interfaces is 
mandatory in their applications. Research on graphene (Gr) has seen explosive growth in recent 
years. [3 ] If combined with magnetic nanostructures, hybrid systems should lead to the 
possibility of designing magnetic functionalities. Recent results of phthalocyanines deposited on 
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ferromagnetic metal surfaces and Gr buffer layers revealed a substrate-molecular coupling 
mechanism, which shows a delicate interaction between long-range as well as local chemical 
bond and magnetic moment. [4] 

In order to achieve control over the interfacial electronic properties of the adsorbed 
tetrapyyrole complexes , intercalation of ferromagenitc metals with graphene has been explored. 
Such intercalation is achieved by annealing and also facilitated by the defects on graphene. It has 
been observed that intercalation of cobalt enhances graphene corrugation significantly . Such a 
corrugated surface acts as a template for molecular self assembly and provides opportunities to 
tune the interfacial electronic properties of tetrapyyrole complexes adlayers. The confirmation of 
cobalt intercalation is provided by electron diffraction patterns as  

 

Fig. 18 LEED images for the deposition of FePc on Gr/Ir and Co/Gr/Ir system 

The evolution of the symmetry upon FePc deposition on Gr/Ir intercalated with Co 
has been monitored by LEED as shown in Figure. It is evident that Co intercalation  with 
graphene  does not alter the  periodicity. Moreover moiré pattern retains its symmetry even after 
FePc deposition.  The interacation of FePc with underlying Co intercalated substrate has been 
investigated by XPS. It clearly indicates that there is interaction of Fe with underlying Gr/Co 
system uotp 2ML coverage  while interaction is negligible for Gr/Ir 
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Fig.19  Fe 2p3/2 XPS for the deposition of FePc onGr/Ir and Co/Gr/Ir system 

The line shape of the Fe2p3/2  XPS spectrum is quite broader and centered at  about 
709.5eV. The indication of the interaction of central metal atom with underlying substrate is 
provided by the additional component at about 707eV ,which is absent when FePc is adsorbed 
on Gr/Ir as well as Co intercalated Gr/Ir at higher coverages. Thus , the observation provide 
clear evidence for the tuning of interfacial interaction by controlling the intercalation of 
transition metal on Gr/Ir system.  

Outlook 

 Most of  X-ray absorption studies indicates that metal phthalocyanine molecules  lie 
flat on metallic substrates, however detailed electronic structure at the interfaces is complex and 
seem to be influenced by d-level occupancy. Concerning the deposition of FePc on Gr/Ni(111) 
there are contradictions regarding the strength of interaction  and charge transfer between FePc 
and Ni(111) . Fe L3 edge line shape does not show significant variation with film thickness .In 
addition no prominent energy shift is observed for iron 2p spectrum indicating the FePc is 
interacting weakly with Gr/Ni(111) .However photoemission spectroscopy shows the existence 
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of interfacial state which could be explained by considering the hybridization of Iron d orbitals 
and Ni(111) valence states. In addition different interface electronic structure for the deposition 
of MPcs on Au(110) and Au(100) is observed indicating that surface reconstruction and 
adsorption geometry plays in important role at interfaces. Co L edge spectrum supports the 
existence of three holes and partially filled out of plane a1g orbital. The ground state of Fe in 
FePc can be simply considered as that of Co atom plus an additional hole as supported by soft 
X ray analyses.  

Although considerable progress has been made in revealing the interfacial electronic 
properties at metal-molecule interfaces. However, detailed understanding of the interrelation 
between the structure of thin films and their corresponding electronic properties on oxide, 
nitride and artificially engineered graphene/metal substrates need further exploration. In 
addition, pump-probe studies of these interfaces can provide crucial information about the 
excited state charge dynamics, relevant for optoelectronic applications.  
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