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Experimental methods 

p-terphenyl-4,4′-dicarboxylic acid (TDA) molecules were purchased from BLDpharm. The molecules 
were deposited on a clean Cu(111) substrate, prepared by cycles of sputtering (Ar+, 1.5 keV) and 
annealing (723 K, 10 min), by organic molecular beam epitaxy (OMBE) with a Kentax evaporator 
with the substrate heated to 373 K. Er atoms were deposited by e-beam evaporation from a metal 
rod (EFM3Ts evaporator) with the substrate still maintained at 373 K. The samples were post-
annealed at 400 K. All the experiments were performed in-situ in UHV chambers with base pressures 
below 5x10-10 mbar. Scanning tunneling microscopy (STM) and spectroscopy (STS) experiments were 
carried out on an Omicron LT-STM at 4 K using tungsten tips. dI/dV spectra were measured with an 
open feedback loop and dI/dV maps with a closed feedback loop. 

The synchrotron sample was prepared with an excess of molecules to ensure that all Er atoms were 
coordinated with molecules and there was no magnetic signal from Er clusters. Before  the magnetic 
measurements the sample morphology and the absence of Er clusters were checked using a RHK 
Pan Flow STM operating at liquid nitrogen temperatures (LN2) using tungsten tips. 

X-ray absorption spectroscopy (XAS), X-ray linear dichroism (XLD) and X-ray magnetic circular 
dichroism (XMCD) experiments were performed at the BOREAS beamline of the ALBA synchrotron 
light source, Spain.[S1] The measurements were done in the total electron yield (TEY) mode, with a 
90% circularly polarized beam and applying magnetic fields up to 6 T in the direction of the X-ray 
beam incidence. XLD is defined as the difference between XAS spectra measured with vertical and 
horizontal polarizations (𝜇𝜇𝑉𝑉 − 𝜇𝜇𝐻𝐻). The spectra were measured at 0.05 T and 6 T and normalized at 

the maximum of Er M5-edge of the isotropic spectra: 𝑋𝑋𝑋𝑋𝑋𝑋𝑋𝑋𝐼𝐼𝐼𝐼𝐼𝐼 = (1
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determined by the difference between the circularly polarized XAS spectra taken with negative and 
positive polarizations (𝜇𝜇− − 𝜇𝜇+), and were normalized by the maximum of the Er M5-edge of the 

average absorption spectra: 𝑋𝑋𝑋𝑋𝑋𝑋𝐴𝐴𝐴𝐴𝐴𝐴 = �𝜇𝜇++𝜇𝜇−
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�.  

The magnetization curves are constructed by evaluating the XMCD intensity of M5-edge. The curves 
presented in figure 3c (main figure) were measured by a script that automatically changes the 
applied magnetic field and evaluate the signal at the maximum of M5-edge and the pre-edge, which 
allows the calculation of the dichroic signal at different fields. In the case of the inset in figure 3c the 
curves were constructed by measuring XMCD spectra at some selected fields. This procedure 
reduces the number of points, but the resulting curves does not present the noise observed in the 
curves generated by the script. 

Sum-rule analysis[S2,S3]   was used to calculate the expectation values of the effective spin 〈𝑋𝑋𝑧𝑧𝐴𝐴𝑧𝑧𝑧𝑧〉 =
 〈𝑋𝑋𝑧𝑧〉 + 3〈𝑇𝑇𝑧𝑧〉 and orbital 〈𝑋𝑋𝑍𝑍〉 magnetic moments (in units of ћ). The spin moment 〈𝑋𝑋𝑧𝑧〉 was 

determined assuming a theoretical value 〈𝑇𝑇𝑧𝑧〉〈𝑆𝑆𝑧𝑧〉
= +0.213 for Er+3.[S4] The relation 𝑚𝑚𝑇𝑇 = 2〈𝑋𝑋𝑧𝑧〉 + 〈𝑋𝑋𝑧𝑧〉 

was used to calculate the total magnetic moment per atom in µB. The moment anisotropy of 𝑚𝑚𝑇𝑇 is 
defined as the difference between the projections of the magnetic moments at grazing and normal 
incidences in a field of 6 T and at a temperature of 1.7 K, ∆𝑚𝑚𝑇𝑇 = 𝑚𝑚𝑇𝑇(70°) −𝑚𝑚𝑇𝑇(0°).  

 



Stability at room temperature 

STM measurements performed at room temperature (RT) confirmed the stability of the network at 
this temperature, as can be observed in Figure S1. 

 

 

Figure S1. STM image of the Er-TDA network. Scanning parameters: Vb = 2.0 V and It = 50 pA, T = 300 
K, image size: 17x17 nm2. 



UPS and ARPES results 

An Er-TDA network has been measured by Ultraviolet Photoelectron Spectroscopy (UPS) and Angle-
Resolved Photoemission Spectroscopy (ARPES). The sample was prepared in the same UVH chamber 
as the STM samples and transferred to the UPS/ARPES chamber in a UHV suitcase. The sample was 
measured at room temperature (RT), with a photon energy of hv = 21.2 eV. STM measurements 
were performed at RT before the transference to ensure the stability of the system at this 
temperature (see Fig. S1 in the previous section). The UPS/ARPES measurements are presented in 
Fig. S2. All displayed spectra have been measured along the ΓK direction of the Cu(111) Surface 
Brillouin Zone parallel to the entrance slit of the analyser.  

In panel S2a both overall UPS spectra from a clean Cu(111) surface and the Er-TDA network grown 
on Cu(111), spanning the whole valence band (VB) of Cu(111) are presented. By comparing the 
spectra, several additional states can be observed in the Er-TDA network in the energy region from 
7 to 12 eV, a multipeak structure that is associated to Er 4f states. A decrease in the intensity of the 
Cu(111) 3d VB states is also evident, as a consequence of the presence of the network. In the region 
closer to the Fermi level (FL) an energy shift downwards at the bottom of the Cu surface state (SS) 
is also observed.  This energy shift, ∆E, towards the FL is better displayed in the ARPES maps in 
panels S2b and S2c and their corresponding Energy Distribution Curves (EDCs) in panels S2d and 
S2e.  

The energy minimum of the parabola, E0, of the surface state is  E0 = (244 ± 4) meV for the Er-TDA 
sample, while for pristine Cu(111) is  E0 = (357) ± 4 meV, resulting in an energy shift, ∆E ∼ 110 meV. 
The wave vector at FL, kF, is preserved after the molecular network formation, which indicates that 
it is not a mere effect of doping or charge transfer, but rather that it is coupled to an increment of 
the effective mass: from m*SS Cu(111) = (0.54 ± 0.09) me- to m*SS Er-TDA = (0.75 ± 0.01) me.. Both effects 
have been previously described in similar metal-organic networks on noble metal surfaces and have 
been related to a partial confinement of the SS because of the supramolecular array.[S5-S7] 



 

 

Figure S2. (a) UPS spectra for Er-TDA/Cu(111) and Cu(111). (b) and (c) SS ARPES band map for Er-
TDA/Cu(111) and Cu(111), respectively. (d) and (e) EDCs extracted from spectra in panels (b) and 
(c).   

 



Additional STS results 

Short range STS measured close to Fermi are also indicative of a confinement of the surface state. 
As can be observed in Figure S3, there is a strong peak in the network pore (blue curve) around -
0.18 V, shifted in energy when compared to the surface state of the Au(111) reference spectrum 
(green curve). STS spectra of the molecule and metallic centers (red and black curves, respectively) 
also present peaks at the same energy but featuring a much lower intensity. This peak is associated 
to the first resonance of the confined state. A peak resonance is observed around +0.14 V and is 
associated to the higher order resonance of the confined state. These results are similar to the 
observed in other porous metal-organic networks.[S8-S10]  

 

 

Figure S3. STS spectra taken at network pore (blue), TDA molecule (red), Er center (black), and Cu 
substrate (green). The dashed lines indicated the energies of the resonance peaks. The inset 
presents a reference STM image indicating the positions were the STS where taken. Scanning 
parameters: Vb = 500 mV and It = 20 pA, T = 4 K, image size: 30x30 nm2. STS parameters: tip 
stabilization at Vb = 500 mV and It = 1.0 nA; lock-in modulation of 20 mV. 
 



Theoretical Framework 

All ab initio calculations have been performed by Density Functional Theory (DFT) as implemented 
in the plane-wave QUANTUM ESPRESSO simulation package.[S11] One-electron wave-functions were 
expanded in a plane-waves basis with energy cutoffs of 500 and 600 eV for the kinetic energy and 
the electronic density, respectively. For accounting for the exchange and correlation effects we have 
adopted the revised generalized gradient corrected approximation PBESol, [S12,S13] as well as for the 
Kresse-Joubert projector-augmented-wave pseudopotentials[S14] to model the ion–electron 
interaction for all the involved atoms (H, C, O, Cu, and Er) in order to include the spin-orbit coupling 
effect and a potential non-collinearity of spins. 22 valence electrons have been considered for the 
Er atom in order to check the role of the lanthanide 4f12 electrons in the subtle interfacial chemistry. 
Brillouin zone has been sampled by using optimal Monkhorst–Pack grids:[S15] (2×2×1) for structural 
optimizations and (4×4×1) for the computation of the electronic properties. To include dispersive 
forces within conventional density functionals we have adopted a perturbative van der Waals (vdW) 
empirical R-6 correction (DFT+D3).[S16] Atomic relaxations, carried out by using a conjugate gradient 
minimization scheme, were performed until the maximum force acting on any atom was below 0.02 
eV Å−1. The Fermi level was smeared within the Methfessel–Paxton parametrization[S17] with a 
Gaussian width of 0.01 eV, and all energies were extrapolated to T=0 K. Self-consistency in the 
electron density was converged to a precision in the total energy better than 10−6 eV. 

 

 

 

 

 

    



Additional DFT results 

In figure S4 is shown a simulated STM image together with an experimental one taken at the same 
tunneling current and bias voltage.   

Figure S5 presents the calculated projected density of states (PDOS) onto the TDA molecule for the 
Er-TDA network on Cu(111). The PDOS is similar to the one calculated for Dy-TDA network on 
Cu(111)[S19] and also presents the LUMO resonance shifted to higher energies when compared to 
non-coordinated TDA molecules (see Fig. 2d of ref. [S19]). 

 

 

Figure S4. (a) Simulated STM image. (b) Experimental STM image. Scanning parameters: Vb = 500 
mV and It = 100 pA, T = 4 K, image size: 8x nm2. 

 

Figure S5. Computed density of states projected onto the TDA molecule for Er-coordinated 
TDA/Cu(111) interfaces. 

 



Multiplet calculations 

XAS, XMCD and XLD spectra were simulated using the MultiX code.[S18] MultiX uses a point charge 
model where the crystal field (CF) is simulated by the interaction of the magnetic atom with the 
charges of the surrounding atoms. DFT coordinates were used as a reference for the CF modelling. 
The CF was modelled considering the O and Cu atoms closest to the Er atom (see Figure S6). The O 
atoms were simulated with a -1.8 charge and the Cu with +0.05 based on the averaged values 
resulting from the DFT calculations. The Er3+ ion was simulated considering a 3d104f11 ground state, 
a temperature of 1.7 K, and magnetic fields of 0.05 for XLD and 6 T for XMCD and XLD. The Hartree-
Fock parameters were rescaled by factors of 1.00 for the Coulomb interaction and 0.98 for the spin-
orbit coupling, and a core-hole broadening of 0.60 eV was used to reproduce the experimental 
resolution and a scaling factor of 1.5 was applied to the CF.  

 

 

 

Figure S6. Front and side views of the crystal field used in the multiplet calculations. O, Er and Cu 
atoms are represented by red, green, and orange balls, respectively. 
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