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Selected low-T STM topographies of Tb2@C79N on Cu(111) 

 

Figure S1. STM topography of multilayer Tb2@C79N on Cu(111) (studied then by XPS). Measurement 

parameters: U = 0.8 V, I = 20 pA, T = 4.8 K. 

 

 

Figure S2. Tb2@C79N submonolayer on Cu(111) (studied then by XPS). Measurement parameters: U = 1 V, 

I = 20 pA (left); U = 0.8 V, I = 50 pA (right), T = 4.8 K. 
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Figure S3. Tb2@C79N on Cu(111). Measurement parameters: U = 0.8 V, I = 20 pA, T = 4.8 K. 

  

Figure S4. Tb2@C79N on Cu(111). Measurement parameters: U = 1 V, I = 20 pA (left), U = 0.8 V, I = 50 pA 

(right) T = 4.8 K. 
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STS studies of Tb2@C79N on Cu(111): first layer 

 

Figure S5. Left: STM topographies of Tb2@C79N islands on Cu(111) with positions, at which STS 

measurements were done (U = 0.8 V, I = 20 pA). Right: dI/dU curves measured over monolayer regions. 

The curves are grouped according to HOMO peak position. The bottom panel shows averaged curve for 

each group. T = 4.8 K 
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STS studies of Tb2@C79N on Cu(111): second layer 

 

Figure S6. Left: STM topographies of Tb2@C79N islands on Cu(111) with positions, at which STS 

measurements were done. Right: dI/dU curves measured over double-layer regions. T = 4.8 K 
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Selected low-T STM topographies of Tb2@C79N on Au(111) 

 

Figure S7. Low-T STM topography of Au(111) before deposition of fullerenes. T = 4.8 K. Left: U = −0.5 V, I 

= 100 pA. 

 

Figure S8. Low-T STM topographies of Tb2@C79N on Au(111). T = 4.8 K. Left: U = 0.6 V, I = 20 pA. Right: U = 

1 V, I = 20 pA. 
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STS studies of Tb2@C79N on Au(111) 

 

Figure S9a. STS curves measured over different molecules in Tb2@C79N monolayer island on Au(111) and 

averaged curves in three groups (with different brightness in the dI/dU map). Curves are normalized to the 

HOMO peak intensity. STM topography and dI/dU map of the same island at the bias voltage U = −0.632 V 

are shown on the left. Numbers on the molecules correspond to three types (1 – bright, 2 – normal, 3 – 

dark). T = 4.8 K. 
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Figure S9b. Non-normalized STS curves measured over different molecules in Tb2@C79N monolayer island 

on Au(111) (the same as in Fig. S9a; different colors corresponds to different brightness in the dI/dU map). 

STM topography with labeling of molecules and dI/dU map of the same island at the bias voltage U = 

−0.632 V are shown on the left.  
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STM topographies of Tb2@C79N on Au(111) and Cu(111) for samples used in XMCD studies 

 

Figure S10. STM topographies of the Tb2@C79N submonolayer on Cu(111) used in XMCD measurements. 

Room temperature, U = 1 V, I = 20 pA.  

 

Figure S11. STM topographies of the Tb2@C79N submonolayer on Au(111) used in XMCD measurements. 

Room temperature, U = 1 V, I = 250 pA (left); U = 0.7 V, I = 100 pA (middle); U = 0.7 V, I = 800 pA (right). 
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Relative energies of different Tb2@C79N configurations on different substrates 

To model geometrical configuration of Tb2@C79N molecule on surface, one needs to consider very 

different orientation of the endohedral Tb2 dimer, and, simultaneously, different positions of nitrogen 

atoms. In our previous works, we showed that Fibonacci sampling (logarithmic spiral indexes along z-axis) 

with 120 nodes provides a sufficient sampling for a single parameter space (i.e. when only cluster 

orientation is controlled).1-3 For Tb2@C79N molecule on a given substrate surface, with two parameters to 

control (ϕ(Tb2–z) and θ(N–CM–z), see Fig. 5a and Fig. S12), the number of compositions grows rapidly. For 

example, with only 10 grid points along two degrees of freedom one has 100 systems to consider and this 

grid is not even dense enough. One way to reduce the number of geometrical points and still have vast 

and homogenous sampling is independently moving along grid points. It is straightforward to realize in 2D, 

where the cluster and nitrogen are locked to one plane. With ϕ and θ changing from 0 to π clockwise (N) 

and anti-clockwise (Tb2 dimer), respectively, for every given number of grid points, ϕ and θ will have 

homogenous sampling, while hybrid (ϕ, θ)-pair will have a fair representation. Although such sampling is 

incomplete, it is better than just a random sampling on the same 10 points. To have this idea expand 

towards (ϕ(Tb2–z), θ(N–CM–z)) sampling for systems in 3D, we allow the Tb2 dimer axis and nitrogen to 

move along grid points of Fibonacci 120 nodes. Combination with independently moving N-site in two 

orthogonal directions to the cluster such logarithmic spiral gives immeasurable coverage of parametric 

space for the given 240 points. Figure S12 shows relative energies of different configurations plotted 

versus ϕ(Tb2–z) and θ(N–CM–z) values.  

 

Figure S12. DFT-computed relative energies of different Tb2@C79N configurations on Cu(111), Au(111), and 

MgO(100) as a function of ϕ(Tb2–z) and θ(N–CM–z) angles. Definition of the angles is shown on the left, 

CM is the center of mass, z is a normal to the surface. 
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DFT-computed density of states (DOS) 

 

Figure S13. DFT-computed electron density of states for Tb2@C79N as isolated molecule and in weakly-

interacting layer (intermolecular distance d = 11.54 Å), as a layer on Au(111) with two intermolecular 

distances (11.54 Å and 14.42 Å), and as a layer on Cu(111) with d = 12.76 Å. Note that Tb–Tb bonding MO 

is singly occupied in an isolated molecule and in Tb2@C79N absorbed on Au(111), but is two-fold occupied 

on Cu(111). 
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Charge redistribution after absorption of Tb2@C79N molecule 

 
 

 
 

 

Figure S14. Changes of Bader charges ΔQ of the whole Tb2@C79N molecule as well as its fullerene cage 

(C79N) and endohedral metal dimer (Tb2) after deposition on a substrate for all computed structures (240 

in each set). The data are sorted according to the relative energy of a given landing configuration.  
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Difference and spin density of Tb2@C79N on Cu(111) and Au(111) 

 

Figure S15. Difference electron density (Δρel) and spin density (Δρspin) for Tb2@C79N adsorbed on Cu(111) 

and Au(111). Note that the spin density for the molecule on Cu(111) is considerably lower than for the 

molecule on Au(111). 
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Magnetic hysteresis of drop-casted Tb2@C79N multilayer on Au measured by XMCD 

 

 

Figure S16. Top: magnetic hysteresis of Tb2@C79N multilayer drop-casted on Au measured at T≈2 K with 

three different values of X-ray flux (I: 0.3 10−2; II: 0.6 10−2; III: 2 10−2 photons nm−2 sec−1). Bottom: Magnetic 

hysteresis of Tb2@C79N multilayer drop-casted on Au measured with flux II at different temperatures. 

Opening of the hysteresis after decrease of the flux from III to II and I and further preservation of the shape 

during variable-temperature measurements indicate that the sample does not undergo radiation damage. 

The sample was prepared by drop-casting Tb2@C79N solution in toluene on Au crystal and letting it dry 

under flow of nitrogen, giving microcrystalline film. Analogous procedure was used for preparing the 

Tb2@C79N sample on quartz holder for SQUID measurements in Ref. 30 (the curve shown in Fig. 7a in the 

main text).  
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Linear and circular polarized XAS spectra of Tb2@C79N  

 

Figure S17. X-ray natural linear dichroism (XNLD) spectra of Tb2@C79N layer on Au(111) and Cu(111) 

measured at room temperature. Grazing incidence of X-ray beam, Iv and Ih are X-ray absorption intensities 

for vertical (v) and horizontal (h) orientation of polarization, respectively. 

 

Figure S18. X-ray natural linear dichroism (XNLD) spectra of Tb2@C79N layer on Cu(111) measured at room 

temperature and close to 2 K. Grazing incidence of X-ray beam, Iv and Ih are X-ray absorption intensities 

for vertical (v) and horizontal (h) orientation of polarization, respectively. Increase of the XNLD signal at 

low temperature may indicates that the motion of the Tb2 unit and probably whole molecule is hampered 

leading to increased degree of ordering. Note that Cu has strong background in the same energy range, 

which affects the shape of the spectra and complicates numerical analysis.  
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Figure S19. Tb-M4,5 XAS (top panels) and XMCD (bottom panels) spectra of Tb2@C79N evaporated onto on 

Au(111). T ≈ 2 K, µ0H = 6.8 T, grazing (30°) and normal (90°) X-ray and magnetic field incidence with respect 

to the surface. 
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Figure S20. X-ray natural linear dichroism (XNLD) spectra of Tb2@C79N layer on h-BN|Rh(111) measured 

at room temperature and close to 2 K, grazing incidence of X-ray beam. Iv and Ih are X-ray absorption 

intensities for vertical (v) and horizontal (h) orientation of polarization, respectively.  

 

Figure S21. Tb-M4,5 XAS (top panels) and XMCD (bottom panels) spectra of Tb2@C79N evaporated onto on 

h-BN|Rh(111). T ≈ 2 K, µ0H = 6.8 T, grazing (30°) and normal (90°) X-ray and magnetic field incidence with 

respect to the surface. 
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Figure S22. X-ray natural linear dichroism (XNLD) spectra of Tb2@C79N layer on MgO|Ag(100) measured at 

room temperature and close to 2 K, grazing incidence of X-ray beam. Iv and Ih are X-ray absorption 

intensities for vertical (v) and horizontal (h) orientation of polarization, respectively. Increase of the XNLD 

signal at low temperature may indicates that the motion of the Tb2 unit and probably whole molecule is 

hampered leading to increased degree of ordering. 

 

Figure S23. Tb-M4,5 XAS (top panels) and XMCD (bottom panels) spectra of Tb2@C79N evaporated onto 

MgO|Ag(100) (1.5 ML). T ≈ 2 K, µ0H = 6.8 T, grazing (30°) and normal (90°) X-ray and magnetic field 

incidence with respect to the surface. 
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Sum rule analysis  

 

Figure S24. Example of the sum rule analysis for Tb2@C79N evaporated onto MgO|Ag(100), T = 30 K, grazing 

incidence. Top and bottom panels show XAS and XMCD spectra at the Tb-M4,5 edge together with integral 

curves (red). Definition of integrals used in calculations below is also shown on the figures. 

Magnetic moment along direction of the beam, 𝜇z, can be calculated as 𝜇z = (〈�̂�z〉 + 2〈�̂�z〉)𝜇B/ℏ, where 

〈�̂�z〉 and 〈�̂�z〉 are expectation values of angular and spin momentum operators. These values can be 

estimated from XAS and XMCD spectra using sum rules:4, 5  

〈�̂�z〉 = 3(14 − 𝑛4f)
𝐼𝑀5

𝑋𝑀𝐶𝐷 + 𝐼𝑀4

𝑋𝑀𝐶𝐷

3/2(𝐼𝑀5

𝑋𝐴𝑆 + 𝐼𝑀4

𝑋𝐴𝑆)
           (Eq. S1a)  

〈�̂�z〉 + 3〈�̂�z〉 = 3/2(14 − 𝑛4f)
𝐼𝑀5

𝑋𝑀𝐶𝐷 − 3/2𝐼𝑀4

𝑋𝑀𝐶𝐷

3/2(𝐼𝑀5

𝑋𝐴𝑆 + 𝐼𝑀4

𝑋𝐴𝑆)

1

𝐶corr
Ln

           (Eq. S1b)   

Where 𝑛4f is the number of 4f electrons (8 for Tb), integrals such as 𝐼𝑀5

𝑋𝐴𝑆 are defined in Figure S22, 〈�̂�z〉 is 

the expectation values of spin dipole operator �̂�z, and 𝐶corr
Ln  is the correction factor from Ref. 6, which takes 

into account the deviation of the sum rules for spin momentum caused by partial mixing of 3d3/2 and 3d5/2 

multiplets (for Tb3+, the value is 0.882). 〈�̂�z〉 can be determined from Eq. S1b using the relation 〈�̂�z〉/〈�̂�z〉 =

−0.083 for Tb3+ tabulated in Ref. 6. The uncertainty in determined 𝜇z is mainly caused by baseline 

ambiguities, especially for XMCD integrals, and is estimated to be 0.2–0.5 µB.  
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Figure S25. Temperature dependence of the XMCD signal intensity at Tb-M5 edge in Tb2@C79N 

submonolayer on h-BN|Rh(111). The data show the same trend as on MgO|Ag(100). 
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