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S1. Magne�c proper�es of complex 1 in the gas phase 
S1.1. CASSCF ac�ve space orbitals 
 

 

Figure S1.1. Ac�ve orbitals employed for the CASSCF calcula�on performed in this work. 

S1.2. Density Func�onal Theory (DFT) calcula�ons 
S1.2.1 Broken Symmetry (BS) theore�cal background 
The Spin Hamiltonian (SH) is a par�cular case of effec�ve Hamiltonian, used to study the interac�on 

between any kind of spin carrier. In this model all orbital coordinates are removed and replaced by only 

spin coordinates. For two magne�c centers in the absence of an external magne�c field it can be writen 

as: 

𝐻𝐻� = −𝐽𝐽�̂�𝑆1 ∙ �̂�𝑆2 + 𝐷𝐷 � ��̂�𝑆𝑖𝑖,𝑧𝑧2 −
1
3
𝑆𝑆(𝑆𝑆 + 1)�

𝑖𝑖=1,2

+ 𝑅𝑅 � ��̂�𝑆𝑖𝑖,𝑥𝑥2 − �̂�𝑆𝑖𝑖,𝑦𝑦2 �
𝑖𝑖=1,2

 

where �̂�𝑆𝑖𝑖 are the local spin operators, J is the isotropic coupling constant, D and R are the single-ion axial 

and rhombic zero field spli�ng parameters respec�vely, and S is the global spin of the system. In most 



cases the first term is dominant, and the remaining are included as perturba�ons, in this case the last 

equa�on is reduced to: 

𝐻𝐻� = −𝐽𝐽�̂�𝑆1 ∙ �̂�𝑆2 

also known as the ‘‘Heisenberg–Dirac–Van-Vleck Spin-Hamiltonian’’ (HDVV). The energy of each state 

with total spin S is given by:1 

𝐸𝐸(𝑆𝑆) =
𝐽𝐽
2

[𝑆𝑆(𝑆𝑆 + 1) − 𝑆𝑆1(𝑆𝑆1 + 1) − 𝑆𝑆2(𝑆𝑆2 + 1)] 

where the energy between adjacent spin levels can be expressed as: 

𝐸𝐸(𝑆𝑆 − 1) − 𝐸𝐸(𝑆𝑆) = 𝐽𝐽𝑆𝑆 

and J can be computed as: 

𝐽𝐽 =
𝐸𝐸(𝑆𝑆 − 1) − 𝐸𝐸(𝑆𝑆)

𝑆𝑆
 

By means of the DFT, the isotropic coupling constant J was calculated for 1 using the Broken Symmetry 

(BS) method introduced by Noodleman2. The orbitals used for the High Spin (HS) state were obtained from 

SCF op�miza�on of the S = 5, Ms = 5 unrestricted determinant. The BS determinant is constructed taking 

the HS determinant as a reference and flipping the spin density localized on one of the Fe(III) ions, followed 

by the corresponding SCF energy op�miza�on. The magnitude of the coupling constant J is then calculated 

in terms of the energy 𝐸𝐸𝐻𝐻𝐻𝐻,𝐵𝐵𝐻𝐻  and the spin expecta�ons value 〈𝑆𝑆2〉𝐻𝐻𝐻𝐻,𝐵𝐵𝐻𝐻 of this two determinants, using 

the expression proposed by Yamaguchi et al.3 : 

𝐽𝐽 =
2(𝐸𝐸𝐵𝐵𝐻𝐻 − 𝐸𝐸𝐻𝐻𝐻𝐻)
〈𝑆𝑆2〉𝐻𝐻𝐻𝐻 − 〈𝑆𝑆2〉𝐵𝐵𝐻𝐻

 

with 〈𝑆𝑆2〉𝐻𝐻𝐻𝐻 = �1
2
∙ 𝜇𝜇𝛽𝛽

𝐻𝐻𝐻𝐻� ∙ �1
2
∙ 𝜇𝜇𝛽𝛽

𝐻𝐻𝐻𝐻 + 1�  and  〈𝑆𝑆2〉𝐵𝐵𝐻𝐻 = �1
2
∙ 𝜇𝜇𝛽𝛽

𝐵𝐵𝐻𝐻� ∙ �1
2
∙ 𝜇𝜇𝛽𝛽

𝐵𝐵𝐻𝐻 + 1�, where 𝜇𝜇𝛽𝛽
𝐻𝐻𝐻𝐻/𝜇𝜇𝛽𝛽

𝐵𝐵𝐻𝐻  is the 

effec�ve magne�c moment of the complex in the High Spin (HS)/Broken Symmetry (BS) solu�ons. 

S1.2.2 PBE + U studies  
Although the inherent mul�reference nature of the different spin states wave func�ons makes Wave 

Func�on-based (WFT) the natural and most accurate way to e valuate the magne�c proper�es, it has 

shown that the BS method, in combina�on with hybrid exchange-correla�on (XC) func�onals, to be a 

viable alterna�ve to WFT at the �me of compu�ng J in several systems.4-6 However, both WFT and DFT 

methods employing hybrid func�onals are computa�onally costly, and their applica�on further than 



molecular systems and small extended systems is prohibi�ve, not to men�on in DFT-NEGF calcula�ons; 

thus, it is impera�ve to find DFT-based methods using the more affordable GGA XC func�onals capable of 

balancing accuracy and computa�onal cost to study the magne�c and transport proper�es in complex 

systems like the ones men�oned above. 

In order to establish a methodology that balances computa�onal cost with accuracy, we started by 

compu�ng complex 1 magne�c coupling constant J through the BS methodology u�lizing the PBE0 hybrid 

XC func�onal.7 We used the obtained J value (-207.89 cm-1) as a reference for our future tests, on the one 

hand, because there is no experimental data available, and on the other, based on recent study where it 

is shown that the PBE0 func�onal provides accurate J values in both dinuclear and poly nuclear Fe2(III) 

complexes.8 In addi�on, the obtained J value is in line with experimentally reported ones (ranging from -

160 to -215 cm-1) in similar µ-oxo bridged Fe2(III) pentacoordinate complexes. 9-12 

Next, we performed a series of DFT calcula�ons on the isolated complex, employing the computa�onally 

efficient Perdew–Burke–Ernzerhof (PBE)13 exchange-correla�on (XC) func�onal along with an on-site 

Hubbard U correc�on to the iron d-type orbitals,14-16 with the aim of finding an appropriate value of Ueff 

capable of describing the magne�c proper�es of the complex but at low computa�onal cost. This 

methodology, known as PBE+U, has been widely employed to study the magne�c proper�es of 

organometallic complexes deposited over different substrates,17-19 as well as to probe their transport 

proper�es as molecular ac�ve elements in molecular junc�ons architectures through DFT+U-NEGF 

methods.20-23  Our tests determined  that a value of Ueff = 4.0 eV not only accurately reproduced the J value 

computed with the hybrid PBE0 XC func�onal (Table S1) but also the fron�er orbitals shape (Figure S4.2), 

as well as to dras�cally improved the HOMO-LUMO gap (with respect to the GGA PBE func�onal) (Figure 

S1.2), in both the high spin (HS) and the broken symmetry (BS) states. Moreover, it is worth remarking that 

they significantly differ from the MOs obtained employing the PBE func�onal without Hubbard correc�on, 

so cau�on is advised at the �me of evalua�ng proper�es highly dependent on the shape of these orbitals 

like, for instance, the transport proper�es in molecular junc�ons. We adopted the PBE+U approach in all 

the following studies focused on the interac�on of 1 with an Au(111) surface, an STM �p, and the effects 

that the voltage has on J employing a surface-complex-STM molecular junc�on like setup.  

All the above calcula�ons were performed by means of the Quantumwise ATK so�ware package,24 

represen�ng all atoms using a double-ζ-polarized (DZP) basis set, along with PseudoDojo norm-conserving 

pseudopoten�als.25 The mesh cut-off energy was set to 210 Rydberg for both the real and reciprocal space 



grids in all calcula�ons, with a self-consistency tolerance for the convergence of the Hamiltonian and 

density matrices of 1.0x10-4 eV. 

Table S1 Calculated values of J on complex 1 employing different XC func�onals and methodologies. 

Methodology J (cm-1) 

PBE -405.97 

PBE + U(4 eV)  -214.02 

PBE0 -207.89 

 

 

Figure S1.2. Coupling constant J dependance on the u�lized Ueff parameter.  

 



Figure S1.3. Fron�er orbitals diagrams computed for complex 1 in the High Spin (HS) and Broken Symmetry 
(BS) solu�ons, employing the PBE0 hybrid XC func�onal, PBE GGA XC func�onal, and the PBE XC func�onal 
along with Ueff= 4.0 eV. 

S2. Deposi�on of complex 1 over the Au(111) surface 
S2.1. Computa�onal details 
 

All the geometry op�miza�ons required for the deposi�on of 1 over the Au(111) surface, as well as the 

NEGF-DFT studies conducted on the surface-complex-STM molecular junc�ons, were performed using the 

Quantumwise ATK so�ware package employing the PBE+U methodology described in sec�on S1.2 for the 

isolated complex. In addi�on, the Van der Waals interac�ons were considered through the DFT-D3 method 

of Grimme26.  

 

We study the deposi�on of 1 over the Au(111) surface in four ini�al orienta�ons (Figure S2.1), employing, 

in all cases, a gold slab of 3 layers of 8x8 Au atoms. All of the complex 1 atoms were allowed to relax in 

addi�on to the 64 gold atoms of the first layer of the surface, and fixing the posi�ons of the atoms of the 

lower two layers (Figure S3.1.a). The coupling constant J was computed in the deposited systems through 

the BS methodology, as is described above for the isolated complex case.   



 
Figure S2.1 Op�mized geometry adopted by complex 1 a�er the deposi�on over the Au(111) surface in 
the four studied orienta�ons. 



Before studying the effects that the applied bias voltage would have on complex 1 magne�c proper�es in 

a surface-complex-STM-like setup, simula�ng an open system through the NEGF-DFT methodology, we 

probe the effects that a pyramidal-like Au cluster would have in the electronic structure of the 

molecule@Au(111)-slab system. Using the same unit cell, but increasing the C la�ce vector length, we 

study the effects of an STM on the complex in orienta�ons 1 and 4, adding a pyramidal 39 Au-atoms cluster 

at 3 Å from the higher H atoms of the molecule (Figure S3.1.b). The main reason behind this analysis is 

that, due to the size of the molecular junc�on setup, added to the high computa�onal cost of the NEGF-

DFT calcula�ons (especially when a finite voltage is applied),  we had to “cut” the size of the Au surface 

slab in the direc�ons perpendicular to the transport direc�on (from 64 to 30 Au atoms), adding the 

corresponding empty space to avoid the interac�on of the scatering zone periodic images; and we wanted 

to check the impact that this approxima�on would have in the electronic structure of the deposited 

complex. As shown in Figure S3.2 and in Sec�on S5, both the fron�er orbitals energies and wavefunc�ons 

are prac�cally unaffected by adop�ng the approxima�on stated above, where the only observable 

difference is a slight stabiliza�on of the fron�er orbitals in the molecular junc�on setup at zero bias. In 

addi�on, it is also observed that the addi�on of the Au pyramidal cluster does not have a differen�al effect 

on the electronic structure of the deposited complex in the slab configura�on, as well as in the magnitude 

of the computed J value (Table S2). 

Table S2. Calculated values of J (cm-1) for complex 1 for each deposi�on orienta�on in the three 
configura�ons employed throughout this work. 
 

 Surface Slab + pyramid cluster Junc�on 
Orienta�on 1 204.60 204.50 204.54 

Orienta�on 2 197.27 - - 

Orienta�on 3 200.02 - - 

Orienta�on 4 196.89 196.72 197.67 
 

S3. Effects of the applied bias voltage on the magne�c coupling 
S3.1 Descrip�on of the employed surface-complex-STM molecular junc�on setup 
 

To probe the effects an applied voltage bias would have on the deposited complex, we simulated a surface-

molecule-STM molecular-junc�on-like setup (Figure S3.1.c), simula�ng an open system through the NEGF-

DFT methodology.27 For the scatering zone of the molecular junc�ons, we u�lized a por�on of the Au(111) 



surface consis�ng of six layers of 6 × 5 atoms as the le� electrode extension and 8 interleaved layers of 12 

and 13 gold atoms ending in a pyramid shape consis�ng of three layers of 9, 4, 1 atoms each, to simulate 

the STM �p, as the right electrode extension. A vacuum space of 20 Å has been added in the transverse 

direc�ons for both the electrodes and the scatering zone, in order to avoid interac�ons with the 

corresponding periodic repe��ons in these axes. 

 

 
Figure S3.1. Depic�on of the different unit cells employed in the present work. (a) Slab configura�on with 
1 deposited over Au(111). (b) Slab configura�on with complex 1 deposited over Au(111)  interac�ng with 
Au pyramidal cluster of 39 atoms. (c) Open system employed in the NEGF-DFT calcula�ons. In this setup, 
the influence of the Au semi-infinite electrodes over the central zone is included through the electrode's 
self-energies via the scatering zone Green’s func�on. 
 



S3.2 Complex 1 fron�er orbitals diagrams in the three employed architectures 

 

 

Figure S3.2 Compara�on of the fron�er molecular projected self-consistent Hamiltonian (MPSH) states of 
the complex in the High Spin (HS) and Broken Symmetry (BS) solu�ons, deposited over the Au(111) surface 
in (top) orienta�on 1 and (botom) orienta�on 4 employing three different configura�ons (See Figure 
S3.1). 



S3.3 Hay, Thibeault and Hoffmann (HTH) model 
 

The rela�onship between the single occupied molecular orbitals of the complex with the coupling constant 

J can be studied theore�cally using the model introduced by Hay, Thibeault and Hoffmann.28 In this model, 

the J value can be directly related to the energy difference between the in-phase (𝜓𝜓𝑠𝑠 = 𝜓𝜓𝑑𝑑𝐴𝐴 + 𝜓𝜓𝑑𝑑𝐵𝐵) and 

out-of-phase (𝜓𝜓𝑎𝑎 = 𝜓𝜓𝑑𝑑𝐴𝐴 − 𝜓𝜓𝑑𝑑𝐵𝐵) magne�c orbitals of the complex, where 𝜓𝜓𝑑𝑑𝐴𝐴, 𝜓𝜓𝑑𝑑𝐵𝐵 are d-type orbitals 

localized on two metallic centers A and B respec�vely.  In the case of just two electrons on two orbitals, 

centered on sites A and B, respec�vely, the J value can be expressed as: 

𝐸𝐸𝐻𝐻 − 𝐸𝐸𝑇𝑇 = 𝐽𝐽 = 2𝐾𝐾𝐴𝐴𝐵𝐵 −
(𝜀𝜀𝑠𝑠 − 𝜀𝜀𝑎𝑎)2

𝐽𝐽𝐴𝐴𝐴𝐴 − 𝐽𝐽𝐴𝐴𝐵𝐵
 

where 𝐽𝐽𝐴𝐴𝐴𝐴 , 𝐽𝐽𝐴𝐴𝐵𝐵  and are the one and two centered Coulomb repulsion integrals of the localized 𝜓𝜓𝑑𝑑𝐴𝐴, 𝜓𝜓𝑑𝑑𝐵𝐵 

orbitals, and 𝐾𝐾𝐴𝐴𝐵𝐵   is the exchange integral between 𝜓𝜓𝑑𝑑𝐴𝐴, 𝜓𝜓𝑑𝑑𝐵𝐵. In the general case of 𝑚𝑚 unpaired electrons 

on each center they introduced two expressions for the ferromagne�c (𝐽𝐽𝐹𝐹) and the an�ferromagne�c (𝐽𝐽𝐴𝐴𝐹𝐹) 

contribu�ons to J: 

𝐽𝐽𝐹𝐹 = ��𝐾𝐾𝑖𝑖𝑖𝑖
𝑖𝑖∈𝐵𝐵𝑖𝑖∈𝐴𝐴

 

𝐽𝐽𝐴𝐴𝐹𝐹 = −
1
𝑚𝑚2�

�𝜀𝜀𝑠𝑠𝑖𝑖 − 𝜀𝜀𝑎𝑎𝑖𝑖 �
2

𝐽𝐽𝐴𝐴𝑖𝑖𝐴𝐴𝑖𝑖 − 𝐽𝐽𝐴𝐴𝑖𝑖,𝐵𝐵𝑖𝑖

𝑚𝑚

𝑖𝑖=1

 

 

 



 

Figure S3.3. Molecular projected self-consistent Hamiltonian (MPSH) states on the Fe ions, oxygen bridge 
and nitrogen atoms of complex 1, in the molecular junc�on with the later deposited in orienta�on 1, 
employed in the Hay, Thibeault and Hoffmann (HTH) analysis. These states correspond to the single 
occupied magne�c orbitals obtained through CASSCF calcula�ons. 
 



 

Figure S3.4 Molecular projected self-consistent Hamiltonian (MPSH) states on the Fe ions, oxygen bridge 
and nitrogen atoms of complex 1, in the molecular junc�on with the later deposited in orienta�on 4, 
employed in the Hay, Thibeault and Hoffmann (HTH) analysis. These states correspond to the single 
occupied magne�c orbitals obtained through CASSCF calcula�ons. 
 

 



 

Figure S3.5. Voltage dependence of the energy difference between the symmetric (𝜓𝜓𝑠𝑠) and an�symmetric 
(𝜓𝜓𝑎𝑎) d-type molecular orbitals employed in the Hay, Thibeault and Hoffmann (HTH) analysis. 
 



 
Figure S3.6. Voltage dependence stabiliza�on and destabiliza�on (with respect to their corresponding 
energies at zero bias) of the 𝑑𝑑𝑧𝑧2, 𝑑𝑑𝑥𝑥𝑧𝑧 and 𝑑𝑑𝑦𝑦𝑧𝑧  molecular orbitals employed in the Hay, Thibeault and 
Hoffmann (HTH) analysis. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 



S3.4 Effects of a homogeneous electric field in the complex in gas phase 
 

 

 

Figure S3.7. (a) Coupling constant J computed through the BS methodology in complex 1 in gas phase, 
employing the molecular geometry adopted by it on each deposi�on orienta�on, under the effects of an 
homogeneous electric field, simulated by placing the complex between two large metallic square plates 
separated by 90 Å, at a poten�al difference of 1,2, and 3 V. (b) Voltage dependence of the sum of the 
energy differences between the corresponding symmetric (𝜓𝜓𝑠𝑠) and an�symmetric (𝜓𝜓𝑎𝑎) d-type molecular 
orbitals employed in the Hay, Thibeault and Hoffmann (HTH) analysis. (c, d) Induced charge densi�es and 
electrosta�c poten�al isolines applying a bias voltage of 3V. In the plots, magenta/cyan represent 
excess/deficiency of charge with respect to respec�ve system at zero bias. All the iso surfaces were set to 
3.5E-4 1/bohr3. 
 
 
 



S3.5 Poten�al iso-isolines and voltage-induced charge density in the junc�on setup 
S3.5.1 Orienta�on 4 

 

Figure S3.8 Induced charge densi�es and electrosta�c poten�al isolines in the junc�ons featuring complex 
1 deposited over the Au(111) surface in orienta�on 4, in both HS and BS states, and applying a bias voltage 
of -1V and +1V. In the plots, magenta/cyan represent excess/deficiency of charge with respect to 
respec�ve system at zero bias. All the iso surfaces were set to 3.5E-4 1/bohr3. 
 

 

 

 

 

 

 



S3.5.2 Orienta�on 1 

 

Figure S3.9 Induced charge densi�es and electrosta�c poten�al isolines in the junc�ons featuring complex 
1 deposited over the Au(111) surface in orienta�on 1, in both HS and BS states, and applying a bias voltage 
of -1V and +1V. In the plots, magenta/cyan represent excess/deficiency of charge with respect to 
respec�ve system at zero bias. All the iso surfaces were set to 3.5E-4 1/bohr3. 
 

 

 

 

 

 

 



S4. Fron�er orbitals of the isolated complex 
S4.1. High Spin (HS) spin up fron�er orbitals 
 

 

 

 

 

 

 

 

 

 



S4.2. High Spin (HS) spin down fron�er orbitals 
 

 

 

 

 

 

 

 

 

 

 

 



S4.3. Broken Symmetry (BS) spin up fron�er orbitals 
 

 

 

 

 

 

 

 

 

 



S4.3. Broken Symmetry (BS) spin down fron�er orbitals 
 

 

 

 

 

 

 

 

 

 

 

 



S5. Molecular projected self-consistent Hamiltonian (MPSH) states of the 
complex 
S5.1. Orienta�on 1  
S5.1.1 High Spin (HS) spin up fron�er orbitals 
 

 



S5.1.2 High Spin (HS) spin down fron�er orbitals 
 

 
 



 

S5.1.3 Broken Symmetry (BS) spin up fron�er orbitals 
 

 



 

S5.1.4 Broken Symmetry (BS) spin down fron�er orbitals 

 

 



S5.2. Orienta�on 4  
S5.2.1 High Spin (HS) spin up fron�er orbitals 

 

 



S5.2.2 High Spin (HS) spin down fron�er orbitals 
 

 



S5.2.3 Broken Symmetry (BS) spin up fron�er orbitals 
 

 



S5.2.4 Broken Symmetry (BS) spin down fron�er orbitals 
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