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XAS/XMCD measurements on the FePc/Si(111)-(√7√3)-In heterostructure 

Note: In this section, θ represents the incident angle of X-ray beam, not the coverage as used in the 

main text of the paper.   

XAS at N K-edge  

Figure S1(A) shows the N K-edge XAS spectra obtained for a FePc monolayer on the (√7√3)-In 

surface with  = 0° and  = 55°. They exhibit eight peaks similar to those reported for vanadium 

phthalocyanine1. The four peaks on the low- and high-energy sides are attributed to transitions from 

N 1s to * and * molecular orbitals, respectively, both of which have p orbital characters 2,3. At  = 

0° the peaks of * orbitals are negligibly small, while those of * orbitals are enhanced. This means 

that the FePc molecules were adsorbed in the in-plane geometry, because a dipolar transition from 1s 

to pz-like * orbitals is suppressed due to the selection rule when the X-ray beam is in the normal 

direction (see Fig. S1(B)). As shown in Figs. S1(C) and S1(D), the intensity of each peak is 

approximately proportional to the molecular coverage.  

 

 

 

  

Figure S1   (A) N K-edge XAS spectra of FePc monolayers on the (√7×√3)-In surface obtained 

with θ = 0° (red) and θ = 55° (blue). Filled (open) triangles indicate the positions of peaks 

corresponding to excitations from N 1s to π* (σ*) molecular orbitals. (B) Schematic illustration for 

the configuration of the XAS/XMCD measurement of FePc molecules. (C,D) N K-edge XAS 

spectra of FePc at θ = 0° (C) and θ = 55° (D) measured at different coverages. 



3 
 

Details of the sum rule analysis 

The effective spin magnetic moment 〈𝑚մ
΄ΒΒ(𝜃)〉 is obtained from the XAS data by using the sum 

rule 4, 

 〈𝑚մ
΄ΒΒ(𝜃)〉 = −𝑛փ

9𝑝(𝜃) − 6𝑞(𝜃)

𝑟(𝜃)
𝜇գ, (7) 

where nh is the number of holes in the d orbitals (assumed to be 4 for FePc) and μB is the Bohr 

magneton. The three functions p(θ), q(θ), and r(θ) are given by 

 𝑝(𝜃) = ௷ [𝐼+(𝐸, 𝜃) − 𝐼−(𝐸, 𝜃)]𝑑𝐸
խϯ

, (8) 

 𝑞(𝜃) = ௷ [𝐼+(𝐸, 𝜃) − 𝐼−(𝐸, 𝜃)]𝑑𝐸
խϯӴϵ

, (9) 

 𝑟(𝜃) = ௷ [𝐼+(𝐸, 𝜃) + 𝐼−(𝐸, 𝜃) + 𝐼Ј(𝐸, 𝜃)]𝑑𝐸
խϯӴϵ

. (10) 

Here, 𝐼+(𝐸, 𝜃) and 𝐼−(𝐸, 𝜃) are the XAS intensities measured with the photon helicity parallel and 

antiparallel to the applied magnetic field, respectively. 𝐼Ј(𝐸, 𝜃) corresponds to the XAS intensity 

measured with a linear photon polarization parallel to the magnetization, which is approximated as 

described later. Note that r(θ) is an isotropic term and thus is independent of θ in principle.  

The quantity 〈𝑚մ
΄ΒΒ(𝜃)〉 is composed of two terms: 

 〈𝑚մ
΄ΒΒ(𝜃)〉 = 2〈𝑆〉 + 7〈𝑇 (𝜃)〉, (11) 

where 〈𝑆〉 is the isotropic spin component and 〈𝑇 (𝜃)〉 is the intra-atomic dipolar moment. The latter 

reflects the anisotropic distribution of spins within an atom and, in a system with a symmetry higher 

than D2h, cancels out at the 'magic angle' of θ = 54.7°5. This cancellation of the 〈𝑇 (𝜃)〉 term at the 

magic angle has been demonstrated previously for FePc thin films on noble metals6,7. For the 

discussions on the spin magnetic moments in the main text, we used θ = 55° to minimise the 

contribution from the 〈𝑇 (𝜃)〉 term. 

The 𝑟(𝜃) term was evaluated for FePc as follows. Since the angular dependence of 𝐼+(𝐸, 𝜃) +

𝐼−(𝐸, 𝜃) is small for FePc, I0 can be approximated by 𝐼Ј = (𝐼+ + 𝐼−)/2. Then, 𝑟(𝜃) is given by 

 𝑟(𝜃) =
3

2
௷ [𝐼+(𝐸, 𝜃) + 𝐼−(𝐸, 𝜃)]𝑑𝐸
խϯӴϵ

. (13) 

 

Figure S2(A) shows the XAS spectrum of a FePc monolayer. An atomic background was simulated 

by integrating two Voigt functions placed at the L3,2 peaks and was subtracted from the XAS spectrum 

before applying the sum-rule. The result of XAS integration is also plotted by the red curve in Figs. 

S2(A) where the small circles indicate the upper bound of the 𝑟(𝜃) integration range. Figure S2(B) 

shows the XMCD spectrum, 𝐼+(𝐸, 55°) − 𝐼−(𝐸, 55°) , and its integral evaluated for FePc. The 

integration ranges for 𝑝(𝜃) and 𝑞(𝜃) are indicated by the small squares and triangles, respectively.  
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Figure S2 (A) XAS spectrum (I+ + I−) of FePc at θ = 55° (gray curves). The atomic backgrounds 

are plotted in thin black curves. The integrals of XAS spectra are plotted in red and the points 

defining the r(𝜃) integration is marked by circles. (B) XMCD spectra (I+ − I−) of FePc. The points 

defining the integrations for 𝑝(𝜃) and q(𝜃) are marked by squares and triangles, respectively. 
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