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A B S T R A C T   

The adsorption of organic molecules on antiferromagnetic surfaces forms interfaces with potential applications in 
organic spintronics devices. Molecules modify the dispersion of spin excitations in the substrate through charge 
transfer and crystal deformations, and offer the possibility to couple them to light excitations. Here, we follow an 
ab initio approach to the study of the interface between the magnetic organo-metallic molecule Fe- 
phthalocyanine and the (001) surface of NiO. By applying Hubbard-corrected density-functional theory 
(DFT + U) calculations we determine the most stable adsorption configuration as that with the molecule lying 
flat with Fe above a surface O atom. We find a strong hybridization between Fe orbitals and surface ones, with 
the Fe spin coupled antiferromagnetically to subsurface Ni through the O atom. Moderate changes to the 
magnetic structure of the components and charge displacements are shown. Optical spectra show reduced ab
sorption onsets and are investigated for the possibility of a coupling with the system spin properties.   

1. Introduction 

In the production of spintronics devices (i.e. systems combining spin 
and electronic degrees of freedom) [1], antiferromagnetic materials 
represent a reference point in the transport of high frequency (THz) 
coherent spin excitations [2–6] avoiding dissipative couplings with 
external magnetic stimuli [7]. In the subfield of organic spintronics 
[8,9], organic molecules can be adsorbed on substrates to modify 
interface properties and achieve mechanisms to produce spin excita
tions, while modifying their dispersion [10], so to obtain low energy-loss 
and light [11,12] and temperature [13] tunable spin-transport devices. 
The combination between molecules and substrates forms novel in
terfaces with peculiar properties which are the subject of the so-called 
“spinterface” physics [14–17]. 

On the substrate viewpoint, transition-metal (TM) oxides with high 
Neel temperature and insulating behaviour as the late transition-metal 
monoxides are valuable choices in order to build room-temperature 
spin-excitation transport devices [18]. In particular NiO has a Néel 
temperature of 525 K and a charge-transfer insulator character [19]. 

Among organic molecules, tetrapyrrolic organo-metallic molecules 
such as metal phthalocyanines [20,21] are optimal candidates for the 
formation of interface electronic and magnetic states, due to the 
tunability following the choice of the central metal (magnetic) core 

[22,23] in combination with the external organic macrocycle properties. 
Many studies focused on the adsorption of metal-phthalocyanines on 

metallic surfaces [24] as copper[25], gold, silver and nickel [26], 
possibly passivated e.g. by a graphene layer to decouple the molecules 
from the strongly interacting metal, or on the graphene itself [27]. 
Particular attention is given to the dependence on the metal ionic centre, 
i.e. to the d orbital occupation, of the magnetic coupling between the 
molecule and the substrate or of the hybridization strength. 

In the last years attention has also been given to the adsorption of 
these molecules on oxides, as In2O3 [28] and SrTiO [29], and TM-oxides, 
as TiOx and MoOx [30,31], CoO [32], MnO [33], focusing on structural 
deformations and charge-transfer mechanisms, with consequent filling/ 
emptying of molecular orbitals. These complex systems also offer the 
possibility of spin-crossover effects [34] that can be induced through 
functionalization, i.e. with axial ligands on Cu(100) [35], or selecting 
the adsorption site, as in a N-doped graphene layer [36], or through light 
[37]. 

Similar phenomena were observed for other organo-metallic mole
cules. We mention studies of metal-tetraphenyl porphyrins adsorbed on 
metallic substrates, possibly passivated by O adlayers [38], exhibiting 
the possibility of spin-tuning through the functionalization with axial 
ligands [39–41], and of metal-porphyrins on ultrathin Co and Ni mag
netic films on Cu(001) substrates, where films are partially oxidised to 
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couple antiferromagnetically with the molecule [42], or of a Fe(II) 
complex on SiO2 and Al2O3 dielectric substrates, spin-locked in a low- 
spin state and excited through light at temperatures beyond their 
typical spin-crossover temperature [43]. 

In this work, we study the interface between the magnetic Fe- 
phthalocyanine (FePc) molecule and antiferromagnetic NiO(001) by 
applying Hubbard-corrected density-functional theory (DFT + U) 
[44,19] calculations. We determine the adsorption configurations and 
investigate the electronic hybridization between molecular and surface 
states highlighting the changes to their magnetic structures. We further 
evaluate optical spectra of free and adsorbed molecules. 

2. Computational Methods 

The ground state and its properties are studied through a plane- 
waves Density Functional Theory (DFT) approach, as implemented in 
the Quantum ESPRESSO distribution [45,46]. We use the vdW-DF-C09 
exchange–correlation (xc) functional [47,48], that includes van der 
Waals molecule-surface interactions. We apply the Hubbard correction 
in the Dudarev’s formalism (a single parameter Ueff = U − J, denoted 
simply U in the following) to the d orbitals of the metal atoms (Ni and 
Fe), with UNi = 4.0 eV and UFe = 5.0 eV [49–52], to correct the self- 
interaction error which tends to de-localize the electrons. The value of 
UNi was chosen following Ref. [49] where the DFT+U electronic density 
of states is matched to the many body GW one, to preserve the good 
alignment of O and Ni states in the bulk, at the cost of an underestimated 
gap. We compute a spin magnetic moment of Ni of 1.6 μB, in good 
agreement with previous theoretical calculations. That of UFe follows the 
choice of Ref. [52], in which a comparison between DFT + U and hybrid 
DFT calculations and experimental results is considered, taking into 
account electronic and structural properties. The Hubbard correction 
has been chosen in order to reproduce the Mott–Hubbard insulator 
character of NiO, and the low-magnetic state of the FePc. We use Van
derbilt ultrasoft pseudopotentials (GBRV) [53] with semi-core correc
tions. The kinetic energy cutoffs were set to 45 Ry and 270 Ry for the 
plane-wave expansion of the wavefunctions and of the charge density, 
respectively. Given the moderately large surface supercell with lattice 
vectors amounting to 1.77 and 2.01 nm, we sample the Brillouin zone by 
the Γ point. The substrate is modelled by a slab approach, including 3 
NiO(001) layers. Equilibrium geometries are obtained by structural 
optimization of the molecule and of the topmost two NiO(001) layers. 
Optical spectra of the FePc/NiO(001) system, of the clean NiO(001) 

surface and of the gas phase FePc molecule are obtained from the 2D 
polarizability, which is extracted from the imaginary part of the 
dielectric function. This is evaluated at the independent particle (IP) 
level through the Kohn–Sham states and dipole moments, i.e. through 
the matrix elements of the commutator [r, H]. These calculations are 
done using Yambo [54], a plane wave code interfaced with Quantum 
ESPRESSO. As Yambo is not currently compatible with ultrasoft pseu
dopotentials nor the vdW-DF-C09 exchange correlation functional, these 
spectra are evaluated within the Perdew-Burke-Ernzerhof [55] (PBE)+U 
approach with norm-conserving pseudopotentials (Pseudo-Dojo [56]), 
from the previously determined geometry. In the evaluation of the 
dipole moments, the DFT + U Kohn–Sham states are used, while in a 
simplifying approximation, we neglect the Hubbard term in the 
Hamiltonian inside the commutator [r,H] (not implemented in Yambo). 
We verified that such an approximation yields qualitatively analogue 
results to the full calculation (“covariant dipoles” in Yambo), at lower 
computational cost. 

3. Results 

3.1. Adsorption configurations 

Before discussing interface systems, we recall a few results about 
FePc in the gas phase. This is an open d-shell molecule, and consistently 
with the literature [57] we find that its minimum energy configuration 
corresponds to a D2h symmetry where the in-plane degeneracy of d-or
bitals (dxz,dyz) is lifted by Jahn–Teller (JT) effect with a small distortion 
in the geometry with respect to the corresponding symmetric confor
mation (D4h), with a difference in the nonequivalent Fe-N bond length of 
1%. We find that the D2h molecule is characterized by a lower magnetic 
moment on the iron atom (2.17 μB) with respect to the D4h one (2.27 μB), 
while the difference in energy amounts to 0.25 eV. Moreover, the elec
tronic density of states (DOS), spectra and, in particular, the occupancy 
of m-resolved d orbitals exhibit remarkable changes. In the following, 
the D2h molecule is taken as a reference for comparison with the gas 
phase results. 

We investigate the adsorption of FePc on NiO(001) by considering a 
((60)(33)) surface supercell, as referred to the surface magnetic unit cell 
as depicted in Fig. 1. Within such a supercell, the simulations explore 
adsorption configurations for a diluted FePc overlayer; in fact, the dis
tance between Fe centers (17.68 Å) of nearby molecules is more than 3 Å 
larger than that for dense Pc layers [58,59]. In particular, in the 

Fig. 1. Surface supercell adopted for the calculations (black line), having epitaxy matrix ((60)(33)) with respect to the surface primitive cell of antiferromagnetic 
NiO(001) (shaded-blue). Color scheme as follows. Light and dark green: Ni atoms, according to their magnetization; Red: O; Brown: Fe; Blue: N; Dark-gray: C; Light- 
gray: H. 
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minimum energy adsorption configuration, the distance between the H 
of the two molecules is at least 5.73 Å. We take into account adsorption 
with the Fe atom of FePc on top of surface Ni and surface O atoms, and 
different molecular orientations, namely with a N-Fe-N axis forming 
with the [110] direction an angle of 0∘, 22.5∘, and 45∘. For each 
adsorption site, we can distinguish two possible magnetic configurations 
for the molecule: one where the Ni atom underneath has the same spin 
(that we denote as ferromagnetic, “FM”), or opposite spin (antiferro
magnetic, “AF”) of Fe. For adsorption on the O atom, the spin of the 
second-layer Ni is considered, taking into account that the super- 
exchange interaction metal-O-metal in metal oxides is stronger than 
the metal–metal exchange one. We report in Fig. 2 optimized structures 
and in Table 1 the corresponding adsorption energies, defined as the 
difference between the total energy of the full system and that of the 
clean substrate and free molecule. As shown in Table 1, we find that the 
O configurations are generally lower in energy than Ni ones. Moreover, 
configurations with the starting intermediate rotation angle of 22.5∘ (in 
Table 1 the optimized angle is reported) are generally lower in energy, 
with the only exception of the FM Ni case where 0∘ and 22.5∘ yield very 
similar energy. Considering the magnetic orientation, it is remarkable 
that the energy difference between the adsorption energy in AF and FM 
cases depends not only on the adsorption site but also strongly on the 
angle, proving that the coupling with the surface magnetization is also 

mediated by the specific positioning of the molecular macrocycle. At 
almost all cases, the AF coupling is preferred. The minimum energy 
configuration overall, above O in the AF configuration at intermediate 
angle, exhibits a smaller dependence on spin alignment than other cases, 
testifying the relevance of other kind of interactions beyond the mag
netic one. For this configuration, the AF coupling may be expected 
following the superexchange path Fe-O-Ni at 180∘ [60]. This is further 
detailed in the section discussing magnetic properties. Coming to 
adsorption geometries, in the Ni configurations the molecule atoms keep 
the same distance of 2.92 ± 0.01 Å (average height) from the top surface 
layer irrespectively of the angle. Conversely, in the O configurations the 
Fe atom approaches the surface, causing a molecule deformation. This 
effect is most important in the most stable O 31∘ case where the Fe atom 
sits at 2.46 Å height from the surface, with a Fe-O distance of 2.37 Å, 
also pulling the N atoms at 2.65 Å (see Fig. 3(a)). The small distance 
between the molecule and the substrate of the O configuration at 31∘ 

approaches the typical length of the Fe-O bond (2.14 Å) in bulk FeO. The 
Fe-N distances amount to 1.962 Å and 1.960 Å (1.944 Å and 1.938 Å for 
free FePc), reducing the difference but maintaining a JT distortion that 
emerges in the Fe electronic densities of states (see Section 3.2 below). 

3.2. Electronic properties 

Hereafter we focus on the most stable adsorption configuration. We 
discuss electronic properties by looking at the projected density of states 
(PDOS) reported in Fig. 4. We can observe that the lowest-unoccupied 
molecular orbital (LUMO) of FePc lies within the substrate bandgap, 
exhibiting similar characteristics as in the free molecule, see dash-dotted 
line in Fig. 4(a) (there, the molecule has negative spin as in the adsorbed 
configuration). Hence, the overall gap of the adsorbed system is reduced 
with respect to the pristine system. Conversely, the highest occupied 
molecular orbital (HOMO) lies within the valence band of NiO. A type-II 
interface is then formed, with an overall gap smaller than that of free 
FePc and of pristine NiO, as reported in Table 2. One also observes a 
small molecular contribution to the PDOS in correspondence of the 

Fig. 2. Optimized geometry for FePc/NiO(001) on a Ni site (a-c) and on a O one (d-f), with optimized azimuthal angle (see text) equal to 0∘ (a,d), 22∘ (b), 31∘ (e), and 
45∘ (c,f). Color scheme as in Fig. 1. 

Table 1 
Adsorption energy for FePc/NiO(001) as a function of adsorption site and 
optimized angle, for FM and AF orientation of the Fe spin with respect to un
derlying Ni. Values in eV.  

Site Angle EFM
ads EAF

ads EAF
ads − EFM

ads 

Ni 0∘ − 4.39 − 4.21 0.18 
Ni 22∘ − 4.38 − 4.59 − 0.21 
Ni 45∘ − 4.34 -4.51 − 0.16 
O 0∘ − 4.57 − 4.70 − 0.13 
O 31∘ − 5.12 − 5.18 -0.05 
O 45∘ − 4.68 − 4.71 -0.03  
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valence band maximum and a substrate one in correspondence of the 
LUMO as a result of adsorption. Adsorption modifies the molecular 
levels following hybridization with substrate states to a different extent. 

This is most evident for Fe orbitals that are further detailed in Fig. 5. In 
particular, while the in-plane dx2 − y2 and dxy orbitals only show some 
broadening of the peaks, the dxz/dyz and even more the dz2 state shift and 
spread over wide energy ranges, evidencing a strong coupling with the 
surface. The LUMO and HOMO, that have mostly C character, are mildly 
affected but other molecular states with strong C and N weight (e.g., 
those around − 2.5 eV) broaden significantly (Fig. 4 (b) and (c)). 

3.3. Magnetic properties 

We now describe the variations in the magnetic structure in the 
substrate and in the molecule as a result of adsorption, collected in 
Fig. 6. Looking to Fig. 6 for the first substrate layer, effects of the 
molecule on the substrate are mostly localized under the molecule. We 

Fig. 3. (a) Side view of FePc/NiO(001) in the most stable (O 31∘ AF) configuration and height over the surface of the Fe atom and of the average CHN atoms (Å). (b) 
Spin-density variation (red: increase; blue: decrease); isolines in the range from − 0.02 to 0.02 Å− 3. 

Fig. 4. Electronic PDOS of FePc/NiO(001), summed over: (a) all molecule atoms; (b) C; (c) N; (d) Fe; (e) substrate atoms. Substrate color codes: Black: all substrate 
atoms; Blue: all Ni atoms (d orbitals); Green: Ni atoms of one spin component (“Ni+”, d orbitals); Red: O atoms (p orbitals). Solid/dash-dotted lines indicate adsorbed 
and gas phase molecules, respectively. Negative spin components are shown as negative values. All values in states/eV/cell. 

Table 2 
Electronic gap of the full FePc/NiO(001) system in comparison to free FePc and 
to the clean NiO(001) surface.  

System Spin channel Gap (eV) 

free FePc up 1.27 
free FePc down 1.46 

FePc/NiO(001) up 0.69 
FePc/NiO(001) down 0.80 

NiO(001) up/down 1.80  
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observe a lowering of the absolute value of the Ni magnetic moments 
below the center of the molecule up to about 30 × 10− 3 μB (≈ 2%). 
Simultaneously, the magnetic moment of O atoms changes by up to 10 ×

10− 3 μB, apart for the O below the iron center of the molecule, which 
reduces by 43 × 10− 3 μB. This behavior can be rationalized considering 
the super-exchange between Ni atoms through the oxygens: in the bulk, 
each O atom bridges three Ni pairs [61], whereas in the surface no Ni 
atom is present above O, so that surface O acquire magnetization 
themselves and bridge surface Ni with molecule Fe, as previously 
pointed out for Fe-porphyrin on O-passivated magnetic metals [42]. The 
O atom below Fe thus participates to a Fe-O-Ni bridge, partially 
restoring its bulk-like non-magnetic character as evidenced by a detailed 
spin density difference shown in Fig. 3(b). Looking to the molecule 
variations in Fig. 6 (d), the main change occurs at the Fe atom which 
reduces its magnetic moment by 40 × 10− 3 μB (from − 2.17 to − 2.13μB). 
Smaller but non-negligible changes are also seen on the other atoms. In 
particular, the magnetic moment on the full molecule changes from 
− 2.0 to − 1.95 μB, while considering an average on molecule atoms 
excluding Fe, the magnetic moment changes from 0.172 to 0.176 μB. We 
remark that variations do not exhibit the C2 symmetry of the molecule 
because of the different symmetry of the underlying substrate. In specific 
cases, these modifications in the magnetic moment correlate to the 
corresponding ones of the charge, depicted in Fig. 6 (e) and (f). Espe
cially, there is a transfer of 0.04 electrons to the Fe atom, hence 
increasing the filling of the spin-minority population and reducing the 
magnetic moment. As for the substrate, Ni atoms exhibit a similar 
behavior acquiring charge and reducing their magnetic moment. 
Conversely, O atoms under the molecule see a decrease in electron 
density that is not strictly related to changes in the magnetic moments. 
Looking at the molecule, the C and N atoms most frequently lose elec
tron density (with a charge displacement pattern reminiscent of JT 
distortion), so that overall we compute a transfer of 0.25 electrons from 
the molecule to the substrate, which we attribute to an average 
displacement of the molecular orbitals towards the substrate. . 

3.4. Optical properties 

We study the optical absorption spectrum of FePc/NiO(001) in the 
minimum energy adsorption configuration. As a preliminary step, we 

Fig. 5. Electronic PDOS on the Fe atom in FePc/NiO(001). (a) all d orbitals; (b) 
projected on dz2 ; (c) dx2 − y2 + dxy; (d) dxz + dyz. Blue solid/dash-dotted lines 
indicate adsorbed and gas phase (D2h) molecules, respectively. Red dash-dotted 
lines indicate the gas phase molecule in the D4h configuration. Negative spin 
components are shown as negative values. All values in states/eV/cell. 

Fig. 6. Values of the atomic magnetic moments for the clean surface NiO(001) (a) and the isolated molecule FePc (b); variations in the atomic magnetic moments for 
FePc/NiO(001), with respect to the isolated systems, on the surface (c) and on the molecule (d). Corresponding variations in the electron density (e)-(f) (positive =
increase in electron population). The position of molecule atoms is marked by green letters in panels (a), (c), and (e). 
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analyse the free molecule. We average optical spectra at normal inci
dence among two orthogonal in-plane light polarizations and report the 
results in Fig. 7(a). Looking at the first peak, we can identify four main 
contributions (sticks in the figure, two nearly degenerate) in the interval 
energy from 1.29 to 1.53 eV. Compared to experimental results where 
the low energy peaks are observed at 1.73, 1.96 and 2.18 eV [62], these 
values underestimate the excitation energy as a result of the indepen
dent particle (DFT + U) approach (hybrid functionals would give a 
larger HOMO–LUMO gap [52]). These identified contributions (Table 3) 
are characterized by transitions from the HOMO level, having C nature, 
to unoccupied levels having also contributions from the Fe (≈ 2 − 5%) 
and N (≈ 30%) orbitals, i.e., with a consequent accumulation of electron 
density in the magnetic center of the molecule during the excitation. In 
particular, looking at the Fe atom (magnetic moment equal to − 2.16 μB 
to reflect the antiferromagnetic coupling upon adsorption), all transi
tions contribute to a different extent into filling states having dxz/dyz 

symmetry. For the transitions at 1.29 and 1.53 eV (“up spin”, minority 
channel) there is an increase of the number of spin-minority electrons 
and a decrease of the Fe magnetic moment. Conversely, the nearly 
degenerate transitions at 1.46/1.47 eV (“down spin”, majority channel) 
increase the number of majority electrons. Overall, given the largest 
contribution of Fe in minority spin transitions, a reduction of the Fe 
magnetic moment could be expected in this IP approach built upon a 
DFT+U ground state, hinting to a small coupling between the optical 
excitation and the spin properties of the molecule. 

Spectra for FePc/NiO(001) system are reported in Fig. 7 (b) and 
compared to the ones of the clean NiO(001) substrate and of a free- 
standing FePc layer. This highlights a set of peaks appearing for the 
adsorbed system at energies below the absorption edge both of NiO and 
of FePc. Indeed, these peaks are related to the interface, i.e., to effects of 
hybridization between the molecular orbitals and the substrate ones as 
discussed above. In detail, we identify contributions at 1.19,1.33,1.36, 
and 1.41 eV analogue to the free-molecule ones. These are transitions 
from FePc valence states of C nature, to empty molecular states with 

mainly C (62%) and N contributions (25%) and a smaller contribution 
from the Fe atom (2% in the minority spin channel and 1% in the ma
jority spin channel). For the latter, we hence compute a filling of the 
empty dxz/dyz in the minority spin channel that reflects the above 
analysis for the free molecule, with the differences that energy levels are 
now shifted toward lower energies and the contributions from the Fe 
atom to the conduction levels are smaller. Additionally, we single out a 
secondary peak around 0.9 eV that is ≈ 1/7 as intense as the above 
structures. This is given by transitions where the conduction state still 
corresponds to molecular LUMO/LUMO + 1 orbitals, whereas the 
valence state is mostly of substrate origin, with a small molecular 
contribution (C at 3%) corresponding to the interface state at ≈ − 0.4 eV 
in Fig. 4(a). 

4. Conclusions 

In this study we have characterized theoretically the electronic 
interface states between a paradigmatic organo-metallic molecule and 
transition-metal monoxide. We have identified the minimum energy 
adsorption configuration of FePc on NiO(001), noticing a remarkable 
energy dependence on the adsorption site and orientation of the mole
cule. In particular, specific adsorption angles enable a molecular lock-in 
into the surface lattice, with the Fe atom pulled towards a surface O, and 
viceversa. O-mediated super-exchange between Fe and subsurface Ni 
favors an antiferromagnetic alignment between their respective spin. 
We have shown that molecular states hybridize with substrate ones, 
especially those involving the out-of-plane Fe d orbitals. 

Local variations of magnetization and charges, both at the molecule 
and the substrate, occur as a result of interaction. In particular we 
observe a reduction of the Fe and Ni magnetic moments, with electron 
transfer from molecule to substrate and from O to Ni atoms within the 
first surface layer. Optical spectra computed at the independent particle 
level show that the first transitions of the free molecule are also present 
for adsorbed ones, with additional structures at lower energy in the 
latter, corresponding to transitions from hybrid states of mostly sub
strate character to molecular ones. Transitions having a final state with 
Fe contribution underline a possible mechanism to alter its magnetic 
configuration through light. 
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