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and emerging science and technology for 
photonics, energy conversion, telecommu-
nications, sensing, catalysis, magnetism, 
superconductivity, biomedicine, and 
quantum engineering.[1–11]

In this regard, single-molecule mag-
nets (SMMs) based on lanthanides have 
been intensively studied in the last few 
years aiming the stabilization of mag-
netic moments at the molecular level 
and the development of higher density 
storage applications.[5,12–19] The slow relax-
ation times, high magnetic moments, 
and bistable ground state of lanthanides 
make them very suitable for molecular 
spintronic applications.[5,12,13] A logical 
extension of the lanthanide-driven SMM 
approach would be the engineering of 
periodic networks containing lanthanides, 
which could act as the active magnetic 
information units.

In the past decades, metallosupra-
molecular protocols have emerged as a 
powerful strategy to engineer functional 
reticular materials embedding metal  

elements.[20–22] Such synthetic paradigm has also been 
developed on surfaces, being able to engineer 2D metal–
organic designs, mostly employing transition and alkali 
metals.[23–25]

The design of lanthanide multinuclear networks is an emerging field of 
research due to the potential of such materials for nanomagnetism, spin-
tronics, and quantum information. Therefore, controlling their electronic 
and magnetic properties is of paramount importance to tailor the envisioned 
functionalities. In this work, a multidisciplinary study is presented combining 
scanning tunneling microscopy, scanning tunneling spectroscopy, X-ray 
absorption spectroscopy, X-ray linear dichroism, X-ray magnetic circular 
dichroism, density functional theory, and multiplet calculations, about the 
supramolecular assembly, electronic and magnetic properties of periodic 
dinuclear 2D networks based on lanthanide-pyridyl interactions on Au(111). 
Er- and Dy-directed assemblies feature identical structural architectures sta-
bilized by metal–organic coordination. Notably, despite exhibiting the same 
+3 oxidation state, there is a shift of the energy level alignment of the unoc-
cupied molecular orbitals between Er- and Dy-directed networks. In addition, 
there is a reorientation of the easy axis of magnetization and an increment of 
the magnetic anisotropy when the metallic center is changed from Er to Dy. 
Thus, the results show that it is feasible to tune the energy level alignment 
and magnetic anisotropy of a lanthanide-based metal-organic architecture by 
metal exchange, while preserving the network design.
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1. Introduction

The physics and chemistry of lanthanides are receiving now-
adays widespread attention due to their relevance in modern 
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Despite the functional properties of lanthanides, which arise 
from the localized character of f-electrons, big atomic size, and 
inherent high spin-orbit coupling, only in the past decade the 
synthesis of lanthanide-directed coordinative architectures have 
been developed on surfaces.[26–34] Notably, due to the inner 
character of f-electrons, metal-organic interactions therein are 
based on a dominant ionic character with a partial covalent 
character.[1] As a result, the lanthanide coordinative sphere 
maximizes the coordination number, only limited by the steric 
interactions imposed by the ligand design. In fact, by a careful 
ex-professo synthesis of molecular building blocks and selec-
tion of functional groups, distinct lanthanide 2D nanoarchitec-
tures comprising mononuclear coordination motifs could be 
achieved on surfaces. Only recently, non-periodic dinuclear Dy 
nanomeshes[28,30] on Cu(111) and periodic Au/Ce heteronuclear 
networks on Au(111) could be achieved.[35] In addition, the study 
of the electronic and magnetic properties of lanthanide-directed 
coordinative architectures is at its infancy and limited to mono-
nuclear designs. Thus, it is crucial for the development of the 
field to design all-lanthanide multinuclear periodic metal–
organic architectures on surfaces, in order to inspect their 
structures as well as their electronic and magnetic properties 
derived from their multinuclear character.

Here, we introduce lanthanide-directed dinuclear metal–
organic architectures synthesized on a coinage metal, which 
are inspected and rationalized by a multidisciplinary study 
combining scanning tunneling microscopy (STM), scanning 
tunneling spectroscopy (STS), X-ray absorption spectroscopy 
(XAS), X-ray linear dichroism (XLD), X-ray magnetic circular 
dichroism (XMCD), density functional theory (DFT), and 
multiplet calculations. The sublimation of ditopic linear spe-
cies equipped with terminal pyridyl functional groups on 
Au(111) followed by deposition of Er or Dy at convenient stoi-
chiometries allows the design of rhombic or Kagome networks. 
Both lanthanides direct the same atomistic nanoarchitectures 
at a selected stoichiometry and coverage, which are based on 
dinuclear nodes. The inspection of their electronic properties 
by XAS, complemented by multiplet calculations, reveals a +3 
oxidation state for both metal centers. STS measurements show 
a shift of the energy level alignment of the unoccupied orbitals 
between the structurally identical Er- and Dy-directed networks. 
Regarding the magnetic properties, inspected by XMCD, we 
show that Er-directed networks feature a tilted anisotropy axis, 
whereas Dy-directed architectures exhibit an in-plane anisot-
ropy, which arises from the distinct distribution of the charge 
of the lanthanide center and the concomitant stabilization of 
the magnetic moment. Remarkably, the magnetic anisotropy of 
Dy is 2.6 times higher than Er.

Thus, we demonstrate the feasibility of engineering the mag-
netic anisotropy of lanthanide-directed dinuclear networks, as 
well as the energy level alignment, by metal exchange, while 
preserving the atomistic metal-organic coordination.

Our results open perspectives for the design of periodic 
multinuclear lanthanide-directed 2D materials, anticipating 
fascinating avenues for tailoring the electronic properties and 
magnetic anisotropy of the nanomaterials and, consequently, 
the envisioned optoelectronic and magnetic functionalities 
for applications in molecular optoelectronics, spintronics, and 
quantum technology.

2. Results and Discussion

The deposition of species [1,4-bis(4-pyridyl)-biphenyl] (DPBP) 
on Au(111) and subsequent annealing to 425 K gives rise to dis-
ordered reticular architectures based on Au-pyridyl coordina-
tive interactions and NH bonds between pyridyl functional 
groups and hydrogen of adjacent molecular species (Figure S1, 
Supporting Information).

This scenario drastically changes with the addition of a lan-
thanide element to the sample. As illustrated in Figure  1a,b, 
the deposition of Er or Dy on a close to monolayer cov-
erage (the surface fully covered by the network) of DPBP at  
1:1 lanthanide:ligand stoichiometry, and subsequent annealing 
to 425 K, results in the formation of rhombic-like porous archi-
tectures spanning hundreds of nanometers (see Figure  S2, 
Supporting Information). Within each supramolecular domain, 
there is a minority of molecular species (<10%) featuring an 
offset of approximately 5° with respect to the major molecular 
orientation, thus allowing supramolecular flexibility. Impor-
tantly, our experiments did not show any difference between 
the rhombic Er- or Dy-DPBP metallosupramolecular networks, 
and, thus, both architectures are structurally identical and fea-
ture the same orientation (and probably registry) with respect 
to the substrate.

High resolution microscopy with a CO-functionalized tip 
reveals that the nodes are dinuclear (see Figure 1c). The Er–Er 
and Dy–Dy intermetal distances are (2.9 ±  0.5) Å. As a result, 
the Er–N and Dy–N distance (between the metal and the pyridyl 
group) is (2.4  ±  0.5) Å. At this point, it is worth pointing out 
that the Er+3 and Dy+3 ionic radii are very similar (see below for 
determination of the oxidation state), which justifies the iden-
tical network structure, as probed by STM. Such experimental 
internodal distances are in good agreement with our DFT 
calculations, which are 3.6  Å for Er–Er and 3.4  Å for Dy–Dy, 
respectively ( Figure 1a–c; Figure S3, Supporting Information).

In addition, our high-resolution images also reveal that the aryl 
constituents feature a dihedral rotation to minimize steric hin-
drance, as previously seen for related species on surfaces.[36] The 
DFT-optimized structures for the rhombic networks exhibit dihe-
dral rotation angles of ≈ 32° and 44° for the central and terminal 
rings, respectively, independently for the Er- or Dy- networks. 
Thus, the DFT structural characterization matches very well with 
experiments and provides very similar structures for both Er- and 
Dy- networks. Furthermore, as illustrated in Figure  S3 (Sup-
porting Information), the calculations reveal a buckling of 0.6 Å 
of two substrate atoms beneath the dinuclear node, which inter-
action helps to stabilize the supramolecular assembly.

Importantly, by maintaining a 1:1 lanthanide:ligand stoichi-
ometry, but halving the amount of deposited molecular species 
and lanthanide atoms, i.e., reducing the supramolecular pres-
sure, a lanthanide-directed Kagome network could be achieved 
for both Er and Dy (see Figure  1d–f). Again, no significant 
differences in structure are found while employing the dis-
tinct lanthanides. High-resolution images acquired with a CO-
functionalized tip reveal that the Kagome networks are based 
on Er/Dy dinuclear nodes, featuring three distinct orientations 
with respect to the substrate. Statistical analysis of the networks 
shows Er–Er and Dy–Dy distances of (3.3 ± 0.5) Å, resulting in 
Er–N and Dy–N projected distances of (2.4 ± 0.5) Å.
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Next, we have inspected the electronic properties of Er and 
Dy-DPBP networks. To this aim, we have first focused on 
the rhombic networks and performed STS at selected points 
on the substrate, metal centers, and linkers. As illustrated in 
Figure 2a for the rhombic Er-DPBP network, at negative bias 
voltages (occupied density of states) no resonance related to 
the assembly was detected within this voltage range. For posi-
tive bias voltages, probing the unoccupied density of states, a 
clear resonance at 1.78 V was observed on the ligand (grey line), 
tentatively assigned to the lowest unoccupied molecular orbital 
(LUMO). The nodes also feature a broad peak at 2.52  V. To 
assess the distribution over the network of the electronic den-
sity of such states, dI/dV mapping was performed at selected 
bias voltages (Figure  2c). At 1.78  V, it is manifested that the 
LUMO of the ligand is located on the pyridyl units, visualized 
as two bright lobes, one at each molecular termini. In addition, 
at 2.52 V the bimetallic node is seen as two bright protrusions 
decaying away into the molecular ligands, being such state 
assigned to the metallic centers.

Remarkably, analogous experiments on the rhombic Dy-
DPBP network reveal a very similar electronic structure, just 
featuring a small shift towards Fermi energy of the resonances 
associated to the molecule and to the metal center of 0.29 V 
and 0.51 V, respectively (cf. bottom panel of Figure 2a and asso-
ciated dI/dV maps). Such shift is well reproduced by the DFT 
simulations in the Projected Density of States (PDOS) profiles 
as shown in Figure  S4 (Supporting Information), confirming 
our rationalization of the electronic structure of both Er-DPBP 
and Dy-DPBP networks.

In addition, we have explored the electronic properties of the 
Kagome Er- and Dy-DPBP networks. As illustrated in the STS 
of Figure  2b and associated dI/dV maps in Figure  2d, the Er- 
and Dy-directed assemblies display similar energy alignment of 
unoccupied frontier orbitals as their rhombic counterparts. The 
Kagome Dy-DPBP network also shows a shift of the states as 
compared to the Kagome Er case (see bottom part of Figure 2b).

Thus, it is feasible to tune the energy level alignment of the 
orbitals of the networks, while preserving the structure, by 
simply metal exchange, which heralds avenues for tailoring 
injection barriers for potential applications in organic optoelec-
tronics and spintronics.

Subsequently, the magnetic properties of rhombic Er- and 
Dy-DPBP networks were investigated by XAS/XMCD/XLD. The 
quality of the networks was inspected by STM prior to beam 
exposure. Figure  3a,b presents experimental and simulated 
XAS and XMCD spectra for Er centers of the rhombic Er-DPBP 
network for both normal (NI - 0°) and grazing (GI – 70°) inci-
dences. XAS spectra are characteristic of Er+3, featuring the 
second peak of the M5-edge the most intense.[37] XMCD spectra 
for NI and GI are almost identical with a slightly larger signal 
at normal incidence. Magnetization curves for both incidences 
are also very similar (Figure 3c). However, the curve at GI inci-
dence seems to be more squared, indicating an easy axis of 
magnetization closer to the surface plane. In order to confirm 
the anisotropy orientation, additional field-dependent XMCD 
measurements were performed in the range of 1 T to -1 T and 
are presented as an inset in Figure 3c. The higher slope of the 
XMCD versus field curve at GI also indicates that the anisotropy 

Small 2022, 18, 2107073

Figure 1. Er- and Dy-DPBP metallosupramolecular architectures on Au(111). a,b) STM images of rhombic Er- and Dy-DPBP networks, respectively. c) 
High-resolution STM image of rhombic Dy-DPBP network taken with a CO functionalized tip and the corresponding atomistic model. Green circles 
represent Dy atoms. White, cyan, and dark blue balls depict the H, C, and N atoms, respectively. The inset shows a top pictorial view of the DFT-
based optimized rhombic Dy-DPBP network. d,e) STM images of Kagome Er- and Dy-DPBP networks, respectively. f) High-resolution STM image of 
the Kagome Dy-DPBP network taken with a CO functionalized tip, with an atomistic model superimposed. Scanning parameters: a) Vb = 0.50 V and  
It = 100 pA, b) Vb = -1.00 V and It = 50 pA, c) Vb = 0.005 V and It = 50 pA, d) Vb = 0.50 V and It = 200 pA, e) Vb = -0.30 V and It = 200 pA, f) Vb = -0.10 V 
and It = 1500 pA. Scale bars: a,d) 3nm, b,e) 4 nm, c) 1 nm, and f) 2 nm.
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axis is closer to the surface plane. Sum rules[38,39] were used to 
extract the expectation values of spin (⟨Sz⟩), orbital (⟨Lz⟩), and 
total (⟨Jz⟩) moments, as well as the total magnetic moment (MT; 
see Table 1). The smaller magnetic moments at GI when com-
pared to the values at NI are within the experimental error, but 
could be attributed to an incomplete saturation of the sample. 
The XMCD measurement is an average of the different supra-
molecular domains displayed by Er-DPBP networks on Au(111), 
as typically encountered for metallosupramolecular architec-
tures on surfaces. As a result, it is not feasible to achieve a com-
plete saturation at GI in our experimental conditions.

A series of multiplet calculations using the MultiX code[40] 
were performed in order to achieve a deeper understanding of 
the magnetic behavior of Er-DPBP networks (see Figures  S5 
and  S6, Supporting Information). The simulated XAS/XMCD 
curves are presented together with the experimental data and 
display an excellent agreement, with both the peaks structure 
and intensity being successfully reproduced (see left panels 
of Figure  3; Figure  S6, Supporting Information). Taking into 
account the existence of metallosupramolecular domains in the 
sample, the GI spectra were simulated by an azimuthal average 
of different in-plane orientations. These simulations indi-
cate that there is a strong azimuthal anisotropy of the XMCD 

intensity (see Figure  S5, Supporting Information) and thus 
the experimentally observed similar intensity of the XMCD at 
GI is the result of the azimuthal average of domains with dif-
ferent orientations. Moreover, simulations of the polar angular 
dependence of the XMCD signal indicates that the magnetiza-
tion presents a tilted easy axis, which is oriented at 50° with 
respect to the surface normal (see Figure S8, Supporting Infor-
mation), being slightly closer to the surface plane, in agreement 
with the magnetization curves described above. These results 
are consistent with the recently reported magnetic behavior of 
dinuclear Er atoms,[13,41] whose easy axis was located in the tran-
sition between in-plane and out-of-plane.

Furthermore, XAS/XMCD/XLD experiments were per-
formed for the rhombic Dy-DPBP network to investigate the 
effect of metal exchange on the magnetic properties, while 
maintaining the same structural environment. XAS spectra 
(Figure  3e) also indicate a +3 oxidation state. Nevertheless, in 
this case, the system presents a high in-plane anisotropy, clearly 
observable in the XMCD spectra and magnetization curves 
(Figure 3f,g), demonstrating that it is possible to tune the easy 
axis of magnetization, while preserving the network structural 
integrity. In addition, the multiplet calculations match very 
well to the experimental data, reproducing the peaks structure 
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Figure 2. Electronic structure of Er- and Dy-DPBP rhombic and Kagome networks on Au(111). a) STS on Er- (upper panel) and Dy-directed rhombic 
networks (lower panel). b) STS on Er- (upper panel) and Dy-directed Kagome networks (lower panel). The spectra correspond to a metallic node (blue) 
and to the geometric center of DPBP species (red). The insets are high-resolution STM images of an Er-directed rhombic network (upper panel) and 
a Dy-directed Kagome network (lower panel), with blue and red circles displaying the positions of acquisition of STS. The dashed lines highlight the 
energy shift between Er and Dy networks. c) Topography and dI/dV maps of the corresponding states of the Er- and Dy-directed rhombic networks. An 
atomistic model is superimposed on the maps. d) Topography and dI/dV maps of the corresponding states of the Er- and Dy-directed Kagome net-
works with atomistic models superimposed on the maps. Scanning parameters: c) Upper left: Vb = 1.78 V and It = 100 pA, Upper right: Vb = 2.52 V and  
It = 100 pA, Lower left: Vb = 1.40 V and It = 50 pA, Lower right: Vb = 2.00 V and It = 50 pA; d) Upper left: Vb = 1.60 V and It = 150 pA, Upper right:  
Vb = 2.20 V and It = 150 pA, Lower left: Vb = 1.40 V and It = 200 pA, Lower right: Vb = 2.00 V and It = 200 pA. Scale bars: c) 1 nm, d) 2 nm.
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and intensity (see Figure S7, Supporting Information). Finally, 
simulations of the polar angular dependence indicate that for  
Dy-DPBP the magnetic anisotropy axis is very close to the 
surface plane (80° with respect to the surface normal, see 
Figure  S8, Supporting Information). These results are rein-
forced by experimental data of the polar angle dependence 
of XMCD of Dy-DPBP networks, which is in agreement with 
theoretical simulations including azimuthal averaging (see 
Figure S9, Supporting Information).

Expectation values of ⟨Sz⟩, ⟨Lz⟩, ⟨Jz⟩, and MT for Dy centers 
of the rhombic Dy-DPBP network are presented in Table 1. As 
discussed for Er, the supramolecular orientational domains do 
not allow a full saturation and the values calculated by sum 
rules are lower limits for the saturation magnetic moments. 
These limit values imply that Er should have Jz  = 11/2 or 
higher and Dy should have Jz = 13/2 or higher. According to the  

multiplet calculations, the values are Jz = 15/2 for both Er- and  
Dy-DPBP networks, and the lower experimental values are due 
to the azimuthal averaging of different domains. Notably, our 
multiplet simulations reveal that the magnetic anisotropy in 
Dy-DPBP is 2.6 times greater than in Er-DPBP (see Discussion 
in Supporting Information).

Finally, it is worth pointing out that in a general simplifica-
tion about the electronic and magnetic properties of lantha-
nides, any hybridization of the 4f orbitals with the environment 
is neglected and the magnetic moments are closely related to 
the charge distribution of the 4f electrons.[32,33] Such charge dis-
tribution will adapt to face the interactions with the crystal field, 
trying to diminish electrostatic repulsion, and thus stabilizing 
one of the allowed Jz quantum numbers for each specific coor-
dination environment. Following this assumption, it should be 
expected that Er+3 would have a prolate charge density for large 
Jz, whereas Dy+3 would display an oblate charge density for high 
values of Jz.[13,41] In the rhombic Er- and Dy-DPBP networks, the 
coordination symmetry is the same. However, the XLD meas-
urements, which peak orientation is well reproduced by the 
simulations (see Figure 3d–h), indicate that the charge densities 
of the metallic centers are inverted. These distributions of the 
charge together with the expression of high magnetic moments 
can be rationalized within such general simplification picture 
of the relationship between charge and magnetic moment. Fol-
lowing this assumption, for Dy+3, the oblate charge would be 
out-of-plane with a high in-plane magnetic moment, whereas 
for Er+3 the prolate charge would be closer to the plane than to 
the normal, in a tilted fashion following the anisotropy orienta-
tion, as well as the high magnetic moment.

Small 2022, 18, 2107073

Figure 3. Magnetic structure of Er- and Dy-DPBP rhombic networks on Au(111). a–d) Er-DPBP; e–h) Dy-DPBP. a,b,e,f) XAS with positive (μ+, blue) 
and negative (μ-, red) circularly polarized light and XMCD (μ-  -  μ+) taken at the Er/Dy M4,5-edges at a,e) normal (0°, purple) and b,f) grazing  
(70°, orange) incidences (B = 6 T, T = 1.6 K). c,g) Magnetization curves constructed by measuring the XMCD intensity at the most intense peak of the 
M5-edge. The inset shows field dependent measurements of XMCD intensity for fields ranging from 1 T to -1 T (T = 1.6 K). d,h) XAS spectra acquired 
with vertical (μV, pink) and horizontal (μH, black) linearly polarized light and XLD (μV - μH, green) taken at the Er/Dy M5-edge at grazing (70°) incidence 
(B = 0.05 T, T = 1.6 K).

Table 1. Expectation values of spin (⟨Sz⟩), orbital (⟨Lz⟩) and 
total (⟨Jz⟩  =  ⟨Sz⟩  +  ⟨Lz⟩) moments, and total magnetic moment  
(MT = 2⟨Sz⟩ + ⟨Lz⟩) extracted by XMCD sum rules for normal (0°) and 
grazing (70°) incidences for Er and Dy centers on the rhombic Er-DPBP 
and Dy-DPBP networks on Au(111).

Incidence angle [°] Er centers on DPBP Dy centers on DPBP

0 (NI) 70 (GI) 0 70

⟨Sz⟩ (ℏ) 1.00(10) 0.95(10) 0.99(10) 1.99(20)

⟨Lz⟩ (ℏ) 4.69(47) 3.89(39) 1.91(19) 4.46(45)

⟨Jz⟩ (ℏ) 5.69(57) 4.84(48) 2.90(29) 6.45(64)

MT (μB) 6.70(67) 5.79(58) 3.88(39) 8.44(84)
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In a recent work, we have demonstrated that the anisotropy 
of lanthanide systems is very complex, with the coordination 
symmetry and the interaction with the charges of the crystal 
field playing decisive roles.[42] As a result, minute differences 
in the distribution of the charge imply critical changes in the 
resulting magnetic anisotropy. Consequently, for the more out-
of-plane oblate charge density of Dy+3 the magnetic anisotropy 
is in-plane, whereas for the prolate density of Er+3 the easy axis 
assumes a tilted orientation.

3. Conclusion

In summary, we describe the on-surface synthesis of lantha-
nide-directed porous networks based on dinuclear nodes. Two 
distinct architectures could be achieved by controlling the 
molecular and lanthanide coverage on the surface, i.e., rhombic 
and Kagome networks. Importantly, such architectures based 
either on Er or Dy display the same network structure.

Despite presenting identical +3 oxidation state and structure, 
the experimental fingerprints of the unoccupied density of states 
reveal a shift between the Er- and Dy-directed networks, thus antic-
ipating fascinating ways to engineer the energy level alignment of 
lanthanide-directed networks, while preserving the structure. In 
addition, the inspection and rationalization of the magnetic prop-
erties show that it is feasible to tailor both the orientation of the 
easy axis of magnetization and the magnetic anisotropy, while 
exchanging the lanthanide metal, i.e., moving from Er to Dy.

Our study opens avenues to design bi-dimensional metal-
organic materials that keep the same structure, but allow tun-
able energy level alignment and magnetic anisotropy by metal 
exchange. Taking into account that the family of lanthanides 
is formed by 14 elements, our discovery reveals pathways for 
regulating the functional properties of lanthanide-directed 
nanomaterials.

4. Experimental Section

IMDEA Nanoscience: The scanning tunnelling microscopy (STM) and 
scanning tunnelling spectroscopy (STS) experiments were performed in 
IMDEA Nanoscience in an ultra-high vacuum (UHV) setup with a base 
pressure of 1 × 10–10 mbar, hosting a commercial low-temperature STM 
from Omicron held at cryogenic temperatures (4.3 K). The images have 
been taken in constant current mode, with a bias voltage (Vb) applied to 
the sample, employing electrochemically etched Au tips. dI/dV curves 
were recorded with the feedback loop opened, and dI/dV maps with a 
closed feedback loop, both using the lock-in technique (SRS830) with a 
typical modulation voltage of 20 mVrms.

Prior to start the experiments, the Au(111) crystal was prepared by 
repeated cycles of standard Ar+ sputtering (1.5  keV, 10  µA, 10  min) and 
subsequent annealing to 723 K during 10 min. Then, the DPBP species were 
deposited on top of the pristine substrate by molecular beam epitaxy from a 
quartz crucible held at 410 K (Kentax TCE-BSC). Molecular flux was checked 
with a quartz crystal microbalance (LewVac). Er/Dy atoms were deposited 
from a Focus EFM3Ts evaporator using degassed Er/Dy rods. During this 
stage of the growth, the substrate was held at room temperature (300 K). 
Finally, the samples were annealed to 425 K during 30 min.

Atomistic models employed in this work were obtained by optimizing 
the DPBP structure in gas phase in the HyperChem software package[43] 
(MM+ method) and superimposing it on the calibrated STM images. The 
intermetallic distances (Er–Er and Dy–Dy) and the bond length between 

the pyridyl groups and the metallic centers were obtained from these 
models by measuring: i) the projected distances between centers of 
metallic atoms in the same node, and ii) the distances from the center of 
the metallic atom and the terminal nitrogen of the surrounding ligands.

ALBA Synchrotron: The samples were prepared following the same 
procedures described in the previous section, in a UHV set-up located 
at ALBA synchrotron with base pressure below 5  ×  10–10  mbar. For 
synchrotron samples, special care was taken with respect to the proportion 
of molecules/metal in the samples. They were prepared with an excess of 
molecules in order to guarantee that all metallic atoms were coordinated. 
This ensures that the magnetic signal was generated integrally by 
coordinated metallic centers. After the sample preparation, the morphology 
of the networks was checked with an RHK Pan Flow STM operating at 
liquid nitrogen temperatures using electrochemically etched W tips.

X-ray absorption spectroscopy (XAS), X-ray magnetic circular 
dichroism (XMCD), and X-ray linear dichroism (XLD) experiments were 
done at BOREAS beamline of ALBA synchrotron light source, Spain.[44] 
The measurements were performed with a 90% circularly polarized 
beam in total electron yield (TEY) mode at a nominal temperature of 
1.6  K. Absorption spectra with circular polarizations were taken at  
Er (Dy) M4,5-edges at fields of 6 T with normal (NI, 0°) and grazing  
(GI, 70°) incidences. XMCD is the difference between spectra with negative  
and positive polarizations (μ-  -  μ+). The spectra were normalized 
to the maximum in the M5-edge of the average absorption spectra, 

Ave
2XAS

µ µ= +





+ − . Absorption spectra with linear polarizations were 

taken at Dy and Er M5-edges at fields of 0.05 T at GI. XLD is the difference 
between spectra with vertical and horizontal polarizations (μV - μH). The 
spectra were normalized to the maximum in the M5-edge of the isotropic 

absorption spectra, Iso
1
3

2
3XLD V Hµ µ= +



 .

Expectation values of the orbital moment ⟨Lz⟩ and effective spin 
moment effS z  in units of ℏ were calculated using sum rules[38,39] with 
a number of holes equal to 3 for Er+3 and 5 for Dy+3. The expectation 
values of the spin moment ⟨Sz⟩ in units of ℏ were determined by the 
relation 3effS S Tz z z= + , and assuming that the ratio ⟨Tz⟩/⟨Sz⟩ 
was constant and equal to - 0.053 for Dy+3 and + 0.213 for Er+3.[45] The 
expectation values of the total moment ⟨  Jz⟩ = ⟨Sz⟩ + ⟨Lz⟩ in units of ℏ, 
and MT = 2⟨Sz⟩ + ⟨Lz⟩ in μB were also calculated.

It is important to point out that the calculated expectation values 
were the projection of the magnetic moments at the direction of the 
X-ray incidence at the experimental conditions of 6 T and 1.6  K and 
represent lower limits to the real values of the magnetic moments. As 
the sample was composed by supramolecular domains with six possible 
orientations, what was measured was an average of these domains and 
it was not possible to achieve a full saturation at the surface plane. This 
effect was especially relevant for samples with in-plane anisotropy.

Despite the Ln–Ln distance was short enough for establishing 
magnetic exchange interactions, neither STS nor XMCD detected any 
fingerprint of them.

Theoretical Methods: Density Functional Theory: The first-principles 
atomistic simulations of the two rhombic Dy- and Er-DPBP networks, to 
compute optimized interfacial structures and electronic properties, had 
been performed by DFT as implemented in the plane-wave QUANTUM 
ESPRESSO simulation package.[46]  One-electron wave-functions 
were expanded in a plane-waves basis with energy cutoffs of 550 and 
650  eV for the kinetic energy and the electronic density, respectively. 
Exchange and correlation had been computed in the revised generalized 
gradient corrected approximation PBESol.[47,48]  Kresse-Joubert projector 
augmented wave pseudopotentials[49] were adopted to model the ion-
electron interaction for all the involved atoms (H, C, N, Dy, Er, and Au). 
Besides, 20 and 22 valence electrons were accounted for the Dy and Er 
atoms, respectively, to include the role of the lanthanide 4f10  electrons 
in the subtle interfacial chemistry. These numerical implementations 
were necessary to obtain binuclear nodes Dy–Dy and Er–Er within the 
networks with distances consistent with the experimental results. In all 
the calculations Brillouin zones were sampled using optimal (2 × 2 × 1) 
Monkhorst-Pack grids.[50] A perturbative van der Waals (vdW) correction, 
with an empirical vdW-R–6 correction, was used to add dispersive forces 
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to the conventional density functional (DFT+D3).[51] All the calculations 
were performed by considering spin-polarization. Atomic relaxations 
were carried out using a conjugate gradient minimization scheme until 
the maximum force on any atom was lower than 0.02 eV Å-1. The Fermi 
level was smeared out using the Methfessel-Paxton approach[52] 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.

Theoretical Methods: Multiplet Calculations: XAS, XMCD, and XLD 
spectra of Er- and Dy-DPBP networks have been simulated by means 
of multiplet calculations using the code MultiX.[40] Er3+ and Dy3+ ions 
were simulated with 3d104f11 and 3d104f9 ground states, respectively. 
The Hartree–Fock parameters for Er (Dy) were rescaled by factors of 
0.98 (0.98) for the spin-orbit coupling and 0.93 (0.80) for the Coulomb 
interaction and a core–hole broadening of 0.55 eV (0.50 eV) was used to 
reproduce the experimental resolution.

MultiX used a point charge model where the crystal field (CF) acting 
in the magnetic center was simulated by the interaction of surrounding 
atoms by indicating their coordinates and charges. DFT data was used 
as a reference for the CF modeling and the charges were adjusted to 
fit the simulations to the experimental data. The code only allows the 
simulation of one magnetic atom and the second metallic center of the 
binuclear nodes was simulated as a point charge with the same +3 charge  
as the magnetic one.
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