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Supplementary Note 1. Nuclear spin and rotational states of D2 molecules 

Individual D atoms have a nuclear spin, ID, of 1, which means that the total nuclear 

spin of a D2 molecule, I, can have values of 2, 1 or 0 depending on how the spins of the 

individual atoms couple. Molecules with even values of I correspond to ortho-D2, and with 

odd values of I, para-D2. As the D atoms are bosons, the molecular wave-function has to be 

symmetric with respect to interchange of the two nuclei, which restricts ortho-D2 to having 

even rotational states, and para-D2 to odd rotational states. Each I state has 2I + 1 nuclear spin 

projection states (mI), and each J state has 2J + 1 rotational projection states (mJ). 

Supplementary Fig. 1 illustrates the relation between the total nuclear spin states and the 

allowed rotational states.  

 

Supplementary Note 2. The Hamiltonian 𝓗𝑹(𝑩) 

The Hamiltonian for D2 in J = 2 interacting with a magnetic field can be written as1–3 
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where 𝐅 = 𝐈 + 𝐉, 𝑎 (653.6 Hz/gauss3) quantifies the interaction of the nuclear spin, 𝐈 with the 

applied magnetic field, 𝐁, 𝑏 (336.8 Hz/gauss3) the interaction of the rotational angular 

momentum 𝐉 with the applied field, 𝑐 (8723 Hz1) the spin-rotation interaction, 𝑑 (2725 Hz1) 

the spin-spin interaction and *+,
-

 (223.38 kHz1) the quadrupole interaction of the two nuclei. 

It is these last two (field independent) terms which couple the 𝐼 = 2 and 𝐼 = 0 states of 𝐽 = 2 



together in the absence of a magnetic field. The expressions for the last three terms and the 

associated zero field energies of the states are given in Tables II and IV of reference 1 

respectively.  

 

Supplementary Note 3. Constraints on the S-matrix due to reflection symmetry 

 Assuming that the scattering process is achiral, the collision of the D2 molecule with 

the Cu(111) surface should be symmetric with respect to the scattering (xz) plane4. As 𝐉 

behaves as a pseudovector under reflection, the x and z components of the vector change 

sign, but the y component remains unchanged5. This is shown schematically in 

Supplementary Fig. 3, where 𝐉 is the red arrow. 

The invariance of the distribution to reflection can be written as4,5 
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& (𝜃, 𝜙) for the (rotational part of the) wavefunction gives the following 

symmetry properties for the scattering matrix elements for achiral scattering.  
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For the case of scattering from 𝐽 = 2 to 𝐽′ = 0 considered here, it follows from Eq. (4) 

that 𝑠6( = 𝑠6/(, 𝑠6) = 𝑠6/), 𝑘6( = 𝑘6/( and 𝑘6) = 𝑘6/) + 𝜋. The S-matrix parameters were 

subject to these constraints during the fitting procedure.  

  



Parameter Value 
# points in Z 180 
# points in specular Z grid 384 
Start of Z grids -1.0 a0 
Step size of grids in Z 0.2 a0 
# points in r 64 
Start of grid in r 0.4 a0 
Step size of grid in r 0.15 a0 
# points in X (Y) 24 (24) 
Lattice constant 4.8764525 a0 
Maximum J value in basis set 14 
Maximum mj value in basis set 14 
Time step for propagation 2.5 a.u.t. 
Total propagation time 324300 a.u.t. 
Location of analysis line in Z 9.2 a0 
Location of analysis line on specular grid Z 20.6 a0 
Location of the initial wavepaket 22 a0 
Normal incidence energy range 15 meV to 45 meV 
Initial parallel incidence energy along [10-1] direction 7.3829 meV 
Range of optical potential on Z grid 25.6 a0 
Target energy for optical potential on Z grid 2.5 meV 
Range of optical potential on specular Z grid 40.8 a0 
Target energy for optical potential on specular Z grid 2.5 meV 
Range of optical potential on r grid 4.0 a0 
Target energy for optical potential on r grid 100 meV 
Mass of D atom 2.0156 u 
 
Supplementary Table 1. The parameters used for the quantum dynamics calculations for D2 
scattering from Cu(111).  
  



 
 
 
Supplementary Figure 1. Schematic representation of the nuclear spin states of D2 and the 
lowest rotational states that they can have. The I = 0, J = 0 is a singlet, whereas I = 0, J = 2 
splits into 5 non-degenerate states, I = 1, J = 1, into 9 non-degenerate states, I = 2, J = 0 into 5 
non-degenerate states and I = 2, J = 2 into 25 non-degenerate states. The experiments we 
perform isolate the J = 2 → J = 0 transition, and therefore involves 30 initial states, the field 
dependence of the eigen-energies is plotted in Fig. 3a of the main manuscript. Note that for a 
field of zero there are only 6 different eigen-energies, associated with 6 different hyperfine 
states1. 
  



 
 

 
 

Supplementary Figure 2. Fourier transform of the J = 2 to J = 0 rotationally inelastic 
diffraction (RID, black) and the elastic specular (red) scattering data presented in Fig. 2c of 
the main manuscript showing the frequencies that contribute to the experimental data. The 
error bars represent the standard error of the measurements from repeated B1 scans. 
 
  



 
Supplementary Figure 3. Schematic representation of the effect of a reflection on a 
rotational angular momentum vector 𝑱. 
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