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A B S T R A C T

By means of Mn-Cu transmetalation, we incorporated Mn atoms in an array of TCNQ (7,7,8,8-tetracyanoqui-
nodimethane) grown on Cu(100), forming a long range ordered and commensurate metal–organic coordination 
network (MOCN). Preliminary Sn alloying of the Cu(100) surface allowed us to control the degree of substrate 
reactivity, thus preventing the chemical interaction of the Mn-TCNQ MOCN with the substrate. Mn2+ ions are 
stabilized in an artificial tetra-pyrrolic coordination, which mimics the macrocyle configuration of Mn- 
phthalocyanines/porphyrins. X-ray absorption spectroscopy at the Mn L2,3-edge indicates that the Mn ions are 
in a high-spin state (S = 5/2), in agreement with DFT + U calculations which also shows that the electronic 
structure of this Mn-TCNQ MOCN is very similar to that of the corresponding unsupported MOCN.   

Low dimensional structures based on arrays of molecular magnets 
have a high potential for their integration in magnetic recording, spin-
tronic and sensing devices thanks to the possibility of tuning the mag-
netic and chemical properties of the individual subunits by suitable 
choice of the metallic centre. A considerable effort is dedicated to grow 
and investigate two-dimensional (2D) metal–organic coordination net-
works (MOCNs) confined on surfaces, where the periodically arranged 
metal centers are magnetically coupled by the organic ligands. 

A consolidated strategy to produce modular 2D-MOCNs was devel-
oped, which consists in the co-deposition of the building blocks, i.e. 
atoms and organic molecules, directly on crystalline surfaces of coinage 
metals [1,2]. This method constitutes a powerful tool for the engineering 
of surface-supported 2D metal–organic materials with magnetic order 
[3–8]. A prototypical case of 2D-MOCN with anti-ferromagnetic order is 
the rectangular Mn-TCNQ network grown on Au(111) by Faraggi et al. 
[5,7,8]. The experimental observations are in agreement with the results 
of DFT (density functional theory) calculations for the corresponding 
unsupported rectangular Mn-TCNQ (7,7,8,8-tetracyanoquinodi-
methane) network [8,9] and other similar structures [10], which predict 
a high-spin (HS) configuration (S = 5/2) for Mn2+ ions coordinated to 

nitrogen atoms in a tetraplanar geometry. 
So far, the study of magnetic properties of MOCNs has been limited to 

noble metal substrates, such as Au and Ag, whereas the direct or indirect 
coupling to a ferromagnetic substrate would be much useful to study the 
dynamics of magnetism and magnetization (reversal, reorientation). The 
intercalation of non-magnetic layers between magnetic films (either 
organic or inorganic) is a common practice in the engineering of spin 
valve structures. In this regard, copper is ideally suited to grow buffer 
layers on the most relevant magnetic metals thanks to its optimal 
structural coupling (pseudomorphism) to Co, Fe, Ni crystals and films 
[11–17], thus preserving surface flatness and, eventually, long range 
order, which are prerequisites in a bottom-up self-assembly strategy. As 
a consequence, the possibility of producing magnetic MOCN, as well as 
molecular films, on copper would be highly desirable. On the other 
hand, the relatively large reactivity of Cu strongly affects the self- 
assembly and electronic structure of organic molecules [10], thus 
limiting the on-surface synthesis of a MOCN. In addition, even the metal 
centres of chemically robust organo-metallic complexes, such as metal- 
porphyrins and derivatives, have been demonstrated to strongly interact 
with Cu substrates, yielding dramatic changes of the metal electronic 
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structure [18], or metal replacement by substrate Cu atoms (trans- 
metalation) [19–22]. 

These limitations can be overcome by tailoring the surface alloying 
of Cu(100) with Sn atoms in order to tune the degree of reactivity of the 
substrate [23–26]. In particular, the (3

̅̅̅
2

√
×

̅̅̅
2

√
)R45◦ reconstruction of 

the Sn/Cu(100) interface (from hereafter the 3
̅̅̅
2

√
), consisting of 0.5 ML 

of Sn atoms embedded in the top surface layer of the Cu(100) crystal, is a 
robust substrate for self-assembled supramolecular structures. We have 
recently reported the molecular self-organization of Mn and TCNQ into a 
rectangular MOCN onto the 3

̅̅̅
2

√
, whose geometry is very similar to that 

observed on Au(111), but with the additional advantage of displaying 
long range order [27]. This organo-metallic compound, with a 1 : 1 
stoichiometry ratio, displays Mn atoms in a quasi-planar tetra coordi-
nation to nitrile ligands, closely resembling that of Mn-phthalocyanine/ 
porphyrin. 

In order to study the potential relevance for magnetism of this 
MOCN, we studied the near-edge X-ray absorption fine structure 
(NEXAFS) at the Mn L2,3-edge of the Mn-TCNQ/3

̅̅̅
2

√
interface. The X-ray 

absorption spectroscopy (XAS) technique is unanimously recognized as 
a powerful tool able for probing the molecular unoccupied electronic 
structure through the excitation of the core electrons of the absorbing 
species to the low-lying empty molecular orbitals (MOs). One of the 
most relevant XAS peculiarities is the local character of core excitations, 
which makes K- and L-edge spectra sensitive to both the electronic 
structure and the local surroundings of the target species. Transition 
metal (TM) L2,3-edges features are determined by electronic states 
generated by the electric-dipole allowed 2p→3d excitations, and even 
though a huge amount of chemical information may be mined from 
them, a demanding theoretical analysis is needed to this end. As a matter 
of fact, besides ligand-field and TM-ligand covalency effects, the 
spin–orbit coupling (SOC) among the possible many final-state multi-
plets should be considered [28–31]. 

Despite the periodicity of the surface-supported Mn-TCNQ 2D 
pattern, the localized character of the core excitations and, most 
importantly, the negligible adsorbate/substrate interactions allowed us 
to model the XAS resonances by means of a small cluster, whose co-
ordinates were obtained by periodic calculations. Notably, the model 
reproduces the main features of the experimental Mn L2,3-edge 
remarkably well and clearly favours Mn2+ ions with a high-spin (HS) 
state (5 unpaired electrons). 

1. Methods

The scanning tunneling microscopy (STM) image shown in Fig. 1 was

obtained at room temperature using an ultrahigh vacuum system from 
Omicron Nanotechnology. See reference [27] for details. We performed 
the XAS experiments at the ALOISA beamline of the Elettra Synchrotron 
(Trieste) [32]. The MOCN films were prepared in situ, following the 
protocols described in Ref. [27]. In particular, the TCNQ molecules were 
first sublimated on the 3

̅̅̅
2

√
substrate kept at 150 ◦C, followed by cooling 

to enable the formation of ordered networks of TCNQ molecules coor-
dinated to Cu adatoms [33]. Subsequently, Mn atoms were deposited on 
the prepared Cu-TCNQ/3

̅̅̅
2

√
surface kept at a fixed temperature be-

tween 80◦C and 150◦C. In this temperature range, no significant dif-
ferences were observed neither in the measured core-level 
photoemission spectra (see reference [27]) nor in the NEXAFS ones. 

The XAS measurements were performed with a linearly polarized 
photon beam, while keeping the surface at constant grazing angle of 6◦

and rotating the sample around the photon beam axis in order to change 
the surface orientation from transverse-Magnetic (TM, or nearly p-po-
larization) to transverse-Electric (TE, or s-polarization) polarization 
[34]. We measured the NEXAFS resonances in partial electron yield by 
means of a channeltron, which is equipped with a grid polarized to 
− 590 V in order to reject low energy secondary electrons. The absolute 
photon energy calibration was performed by measuring a reference 
photoemission spectrum at the beginning of each NEXAFS scan. 

The structure of the MOCN complex on the 3
̅̅̅
2

√
substrate was 

formerly computed by DFT + U theory using Quantum ESPRESSO [35]. 
The calculation details can be found in our previous study of the TCNQ 
assembly on the Sn/Cu alloy [27]. The spin-resolved projected density of 
states (PDOS) on the MOCN components is shown in the SI file. The DFT 
structural details of the Mn-TCNQ complex have been used to derive a 
small cluster for the simulations of the Mn L2,3 NEXAFS resonances. The 
modeling of the L2,3-edge spectra has been carried out by exploiting the 
ORCA program package [36]. We adopted the meta-hybrid M06 func-
tional [37] in connection with the def2-TZVP(-f) basis set [38], which 
we demonstrated to be the most performing among exchan-
ge–correlation (XC) functionals for reproducing the L2,3-edge spectra of 
Mn complexes [30,39,40]. We evaluated the Mn L2,3 excitation energies 
(EEs), transition dipole moments and their intensities by employing the 
DFT/ROCIS method [41], which includes SOC in a molecular Rus-
sell–Saunders fashion. The combined use of DFT and CI needs three 
semi-empirical parameters (c1 = 0.18, c2 = 0.20, and c3 = 0.40) [42]. 
Throughout the numerical experiments, we adopted the zeroth order 
regular approximation (ZORA) to treat the scalar relativistic effects 
[43], and we used the resolution of the identity approximation [44] with 
the def-TZVP/J basis set. The simulated spectra have been shifted to 
superimpose the highest intensity feature of the experimental L3-edge. 

Fig. 1. Mn-TCNQ metal–organic coordination 
network formed on the 3

̅̅̅
2

√
reconstruction. (a) STM 

image of the surface obtained after deposition of Mn 
on a TCNQ/3

̅̅̅
2

√
interface kept at ∼ 80 ◦C. 

Tunneling conditions: (+2 V/ 150 pA). (b) Top and 
side views (top and bottom, respectively) of the 
structure obtained by minimization-energy calcula-
tions [27]. Grey, white, blue and green spheres 
correspond to C, H, N and Mn atoms, respectively. 
3

̅̅̅
2

√
reconstruction: light-grey (orange) spheres 

correspond to Sn(Cu) atoms. (For interpretation of 
the references to colour in this figure legend, the 
reader is referred to the web version of this article.)   
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This region, differently from L2 one, does not suffer of extra broadening 
and distortion due to the Coster-Kronig Auger decay process [45,42]. 
Finally, we applied a Gaussian broadening to model the L2,3-edge 
NEXAFS spectra. 

2. Results

We have previously demonstrated that deposition of TCNQ mole-
cules on the 3

̅̅̅
2

√
Sn/Cu(100) reconstruction leads to the formation of 

several kind of MOCNs made of TCNQ molecules coordinated to native 
Cu adatoms [33]. When molecular deposition takes place at a surface 
alloy temperature of 150 ◦C, two coexisting ordered-phases β and γ are 
observed, where the Cu ions are coordinating 2 and 3 nitrile groups, 
respectively. Subsequently, the Cu adatoms are replaced by the 
incoming Mn atoms and, at the same time, a TCNQ rearrangement/ 
reorientation takes place resulting in the MOCN structure formed by a 
1 : 1 metal to TCNQ ratio with Mn in a nearly planar, squared, fourfold 
coordination to TCNQ [27]. A representative topographic STM image of 
the Mn-TCNQ MOCN appearance is shown in Fig. 1(a). The corre-
sponding unit cell derived from LEED patterns displays a (3

̅̅̅
2

√
×

2
̅̅̅
2

√
)R45, which corresponds to a nominal molecular coverage of 1/12 

ML (1 ML defined by the Cu atomic density in the (100) plane). 
In contrast with the equivalent Mn-TCNQ structure formed on the Au 

(111) surface, the present MOCN is commensurate with the substrate 
and forms large and long range ordered domains [27]. Most impor-
tantly, this experimental evidence allows us to model the interface by 
means of a precise atomic model in the framework of periodic DFT 
calculations. Fig. 1(b) shows top and side views of the relaxed atomic 
structure derived from DFT calculations including the 3

̅̅̅
2

√
substrate 

[27]. The Mn ions are located very close to the plane of the molecular 
backbone (0.25 Åbelow the C-rings, which implies a large Mn-substrate 
distance (∼ 3.4 Åfrom the Sn layer). Remarkably, the same calculation 
framework for a free-standing Mn-TCNQ unit cell yields very similar 
structural and electronic configurations to the supported film. In 
particular, not only the squared molecular geometry, but also the Mn to 
nitrogen atoms distance is preserved (∼ 2.1 Å), as well as the charac-
teristic twisting of the CN groups with respect to the C-ring plane, where 
two N atoms fall below and two above the aromatic plane (see Figure S1 
for the DFT calculated structure of the unsupported layer) [27]. 

As expected, the projected density of states (PDOS), obtained by DFT 
+ U calculations, of both Mn and TCNQ shows that the differences be-
tween the supported and free-standing films are very small for the 
occupied electronic states, meaning that the substrate does not affect 
significantly the Mn-ligand hybridization (see Fig. S2 of SI file). The 
comparison of the d-decomposed PDOS on the Mn atoms (see Figure S3 
of SI) shows that also the ligand-field is unchanged by the substrate. 

In order to measure the unoccupied electronic states, we measured X- 
ray absorption spectra. Although corresponding to excited states, the 
NEXAFS resonances are a direct probe of the empty molecular orbitals 
with specific chemical sensitivity. The experimental absorption spectra 
at the K-edge of carbon and nitrogen, as well as at the manganese 
L2,3-edge, are shown in Figs. 2 and 3, respectively. Fig. 2 compares the N 
and C NEXAFS resonances obtained from a Mn-TCNQ MOCN with those 
corresponding to the initial Cu-TCNQ MOCN. Clearly, adding Mn to the 
Cu-TCNQ MOCN does not induce any significant change in either of the 
two absorption edges. Peaks 2a and 2b of the nitrogen NEXAFS spectra 
(top panel of Fig. 2) are associated with two orthogonal π*-orbitals of the 
CN group [46,47]. The nitrogen NEXAFS spectra of bulk TCNQ mole-
cules is known to bear an additional peak at about 397–398 eV (position 
marked by an arrow in the top panel of Fig. 2), also associated with the 
ring [46,47]. In agreement with the X-ray photoelectron spectroscopy 
(XPS) results reported in our prior article on this system [27], we 
interpret the absence of this extra peak in the nitrogen K-edge adsorp-
tion spectrum as the result of charge-transfer populating the LUMO 
orbital. The resonances 6 and 7 of the carbon NEXAFS spectra (see 

bottom panel of Fig. 2) are associated with the molecular ring, whereas 
resonances 8a and 8b stem from two orthogonal π*-orbitals of the CN 
group [46,47]. The change of intensity of the resonances with the 
orientation of the polarization, as observed at the N and C K-edge, are 
consistent with an adsorption geometry of the TCNQ molecules closely 
planar and parallel to the surface. 

Fig. 3 compares typical L2,3-edge absorption spectra of the Mn- 
TCNQ/3

̅̅̅
2

√
interface (top panel), with the one corresponding to 1/9 ML 

of Mn deposited on the bare 3
̅̅̅
2

√
substrate (bottom panel). We note that 

Mn/3
̅̅̅
2

√
spectra display a broad and unresolved tail of both the L2 and 

L3 peaks, which is typical of a metallic state Mn0. The spectra corre-
sponding to the Mn-TCNQ network present an overall narrowing of the 
spectral resonances and a well-defined multiplet fine structure. The L3 
line is found at an excitation energy (EE) of 640.7 eV for any orientation 
of the polarization. Additional shoulders and satellites are clearly 
observed at both sides of the peak, namely at EEs of ∼ 639.9, ∼ 642,2 
and ∼ 644.4 eV. On the other hand, the L2 line is composed of two main 
resonances at EE = 651.0 eV and EE = 652.9 eV. 

The multiplet structure at the Mn L2,3-edge reflects not only the metal 
ionization state, but also the local spin orbit configuration [48,49]. In 
particular, the spin configuration of the Mn2+ ions in a coordinative 
environment with four nitrogen atoms can yield different total spin 
values depending on the particular molecule considered. In fact, the 
total spin value computed for free Mn-porphyrins is S = 5/2, which 
corresponds to the high-spin (HS) electronic configuration that is ex-
pected for a half-filled 3d shell with strong Hund’s rule coupling [50]. In 

Fig. 2. Comparison of the experimental absorption spectra at the N and C K 
edges corresponding to the Mn-TCNQ/3

̅̅̅
2

√
sample prepared with ∼ 1/10 ML of 

Mn with those corresponding to the Cu-TCNQ/3
̅̅̅
2

√
one. The obtained Mn- 

TCNQ was obtained after deposition of Mn on a TCNQ/3
̅̅̅
2

√
interface kept at 

150 ◦C. 
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contrast with the latter class of molecules, the total spin found in Mn- 
phthalocyanines is S = 3/2 (intermediate-spin, IS) [51,52]. In this 
case, however, Stepanow et al. showed that the IS configuration of the 
Mn ions in Mn-phthalocyanines molecules adsorbed on Ag(111) can be 
changed to HS by reducing the crystal field through Li doping [51]. Our 
DFT + U calculations suggest that the Mn2+ ions in the Mn-TCNQ 
monolayer are in a HS state. The corresponding magnetic moment of 

5 μB per unit cell is predicted to be localized at the Mn2+ ion (∼ 80%) 
and partly at the coordinated nitrogen atoms (see Fig. S3 of SI). We 
remark that, despite the close similarity of the present Mn-N bond length 
(2.1 Å) to that of Mn-porphyrins [50], the coincidence of the HS state is 
simply accidental, because of the very different structural and electronic 
configuration of the nitrogen ligands: embedded in a conjugated mac-
rocycle for porphyrins, belonging to four distinct molecules for the Mn- 
TCNQ complex. 

In order to unequivocally determine the effective ionization and spin 
state of the Mn ion, we simulated the NEXAFS resonances at the Mn 
L2,3-edge for the two most relevant configurations, namely Mn2+ in 
either intermediate or high spin state. The very weak interaction of the 
MOCN with the SnCu(100) surface and the localized character of the 
core excitations allowed us to model the Mn L2,3 spectra by means of a 
small cluster, whose relevant coordinates were derived from the relaxed 
DFT model of the adsorbed Mn-TCNQ network, as depicted in Fig. 4. We 
considered a positively charged (+2) cluster with the central Mn2+ ion 
carrying either five (HS) or three (IS) unpaired electrons. The simulated 
Mn L2,3 NEXAFS spectra are compared with the experimental ones in 
Fig. 5. 

The simulated spectra of the IS state do not display the complex 
satellite structure observed experimentally. In particular, a major 
discrepancy appears at the L2 edge, whose experimental splitting in two 
equivalent components is missing in the IS state simulation. On the 
contrary, the simulated spectra for the HS state reproduce the following 
experimental observations: (i) the excitation energy (EE) separation 
between the L2 and L3 main features (10.7 eV compared with an 
experimental value of 11.6 eV); (ii) the change of intensity of the reso-
nances between spectra recorded in s- and p-polarization; iii) the two 
main resonances at the L2 edge, (iv) the satellite features observed at 
both the higher and lower EE side of the L3 most intense line. Most 
importantly, although the relative intensity of the main L3 line with 
respect to its satellite resonances shows minor discrepancies (see Fig. 6), 
the intensity dependence on polarization orientation of both satellites 
and main line are correctly reproduced, which prove the reliability of 
our calculations. The observed good agreement between the HS simu-
lated and the experimental spectra consigues a strong support to the 
results of DFT + U calculations, which predict that the atomic and 
electronic structures of the Mn-TCNQ MOCN synthesized on the modi-
fied Cu(100) surface are very close to those of the unsupported 
counterpart. 

We can thus enter into details of the nature of the multiple transitions 

Fig. 3. (a) Typical L2,3-edge absorption spectra of the Mn-TCNQ/3
̅̅̅
2

√
interface 

prepared with 1/10 ML of Mn coverage. The vertical lines indicate the main 
observed structures. The obtained Mn-TCNQ was obtained after deposition of 
Mn on a TCNQ/3

̅̅̅
2

√
interface kept at 150 ◦C. (b) L2,3-edge absorption spectra 

corresponding to 1/9 ML of Mn atoms diluted in the bare 3
̅̅̅
2

√
surface. 

Fig. 4. (A) Environment of the Mn atoms in the synthetized Mn-TCNQ periodic structure. (B) Cluster model used to simulate the experimental Mn L2,3-edges XAS 
resonances. Grey, white, blue and green spheres correspond to C, H, N and Mn atoms, respectively. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.) 
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(.i.e. origin and localization). The analysis of the electronic transitions 
associated with electronic states generating the L3-edge region indicates 
that, for both polarizations, only single electronic excitations are 
involved. From a close view of the simulated L3 edge in the 638–644 eV 
range, we can recognize three main groups of excitations (see Fig. 6), 
that can be associated with the corresponding experimental NEXAFS 
resonances in p- and s-polarization. More specifically, the L1

3 shoulder at 
639.9 eV arises exclusively from states having the ground state spin 
multiplicity (i.e. S = 5/2, ΔS = 0) and involving Mn 2p transitions into 
four single occupied molecular orbitals (SOMOs), namely 3dx2− y2, 3dz2, 
3dyz and 3dxz. The five SOMOs as well as the most relevant virtual 
molecular orbitals (VMOs) are displayed in Fig. 7. 

The most intense resonance L2
3 at 640.7 eV includes states with ΔS =

0 (82% and 61% in s- and p-polarization, respectively) and ΔS = − 1 
(18% and 29% in s- and p-polarization). Similarly to the L1

3 transitions, 
the electronic states having ΔS = 0 (S = 5/2) correspond to Mn 2p 
transitions to the SOMOs; in this case, all of them yield a contribution, 
even considering that the transition to the 3dxy SOMO is only present in 
s-polarization. Instead, the states with ΔS = − 1 (S = 3/2) are associated 
with Mn 2p transitions to π*- (VMOs) having a metal-to-ligand-charge- 
transfer (MLCT) character (namely LUMO, LUMO + 1 and LUMO +
2). See Fig. 7. As far as the L3

3 feature (642.2 eV) is concerned, our 
simulations suggest to assign it to electronic states with ΔS = − 1 (69% 

and 75% in s- and p-polarization) involving MLCT transitions that span 
quite a large number of ligand-based π*-symmetry VMOs (from LUMO to 
LUMO + 6). Minor contributions due to ΔS = 0 (S = 5/2) involve the Mn 
2p→3dz2,3dxz,3dyz transitions for both polarizations. 

In conclusion, the overall high spin (S = 5/2) state of the Mn2+ has to 
be ascribed mainly to the first two leading resonances of the L3 ab-
sorption line, while the resonance at higher EE is largely contributed 
from transitions (charge-transfer) to ligand-base VMOs with S = 3/2 
intermediate spin character. From an experimental point of view, the 
low energy shoulder at ∼ 639.9 eV (more pronounced in p-polarization) 
thus represents the most clear footprint of the high spin state of Mn in 
the MOCN complex. 

3. Conclusions

We have studied the detailed electronic structure of a MOCN syn-
thetized on copper, where the central Mn ion is coordinated to four 
nitrile groups in a square closely-planar geometry, which mimics the 
tetrapyrrolic pocket of porphyrins/phthalocyanines. We have shown 
that the ionization and spin state of the Mn ion can be unambiguously 
determined by polarization dependent measurements of the Mn L2,3 

NEXAFS resonances, as simulated by the DFT/ROCIS method. The Mn2+

ions are found in a high-spin state (S = 5/2), which is characteristic of 
this specific Mn-TCNQ squared complex in a free-standing, or highly 
decoupled, configuration [5–9], and makes this MOCN a very attractive 
molecular film for the integration in a layered architecture. Most 
importantly, the Sn alloying of the copper substrate is shown to be a 
promising strategy for a widespread use of Cu as a buffer layer on 
ferromagnetic substrates/crystals in order to integrate molecular mag-
nets of diverse nature into layered architectures. 

Fig. 5. Comparison of experimental (black) with the simulated Mn2+ IS (green) 
and Mn2+ HS (red) Mn L2,3 NEXAFS spectra. Top and bottom panels correspond 
to p- and s-polarization, respectively. The simulated spectra have been shifted 
by 9.2 eV (Mn2+ IS) and 9.5 eV (Mn2+ HS) in order to align (s-polarization) the 
maxima of the simulated L3 lines with the corresponding experimental one. A 
Gaussian broadening of 1 eV has been applied to all simulated spectra. The 
vertical lines indicate the main features of the experimental spectra, as in Fig. 3 
(b). (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 

Fig. 6. Comparison of the measured Mn2+ L3 absorption lines (top panel) with 
the corresponding simulated ones obtained by assuming a HS configuration 
(bottom panel). See text for a detailed analysis of the main contributions to 
this line. 
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