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1   Electronic structures of nonmagnetic VO2 

The electronic structures of the nonmagnetic monoclinic (M) and rutile (R) phases of VO2 have 
been studied by using different types of exchange-correlation functionals 1-6, namely, the local 
density approximation (LDA) 7, the Perdew-Burke-Ernzerhof (PBE) exchange-correlation 
functional 8, PBE with on-site electronic Coulomb correlation term U 9, the strongly constrained 
and appropriately normed (SCAN) meta-GGA functional 10, the Heyd-Scuseria-Ernzerhof (HSE) 
functional 11, and the cluster dynamical mean-field theory (DMFT) 12,13. Supplementary Table 1 
lists the V-V dimerization and band gaps of nonmagnetic monoclinic and rutile VO2 in preceding 
theoretical studies 1-6 and the current theoretical study based on the revised PBE exchange-
correlation functional (R-PBE) 14 and HSE (⍺ = 0.1). The current R-PBE and HSE (⍺ = 0.1) 
calculations without U employ structural minimization by the corresponding functionals.  
      Supplementary Fig. 1 shows the first Brillouin zone for the band structure evaluation in Fig. 
2a,b for the nonmagnetic M phase. The rutile (in M-like unit cell) and monoclinic structures 
evaluated in Fig. 2a,b are shown in Supplementary Fig. 2a,b. In the rutile structure 
(Supplementary Fig. 2a), the V atoms form uniform straight V chains. In the monoclinic structures 
(Supplementary Fig. 2b), pairs of V atoms in the chain move close to each other to be dimerized 
with the orientations of V-V dimers deviating from the direction of the V chains (the a-axis of the 
crystal). Supplementary Fig. 3 shows that constraining the orientations of V-V dimers to be along 
the V chains will not change the insulating band gap significantly (from 0.14 eV in Fig. 2b to 0.15 
eV in Supplementary Fig. 3a) while maintaining the split-off flat bands (in bold red), suggesting 
that the V-V dimerization symmetry breaking induced band gap and split-off flat bands in VO2 are 
robust against variations of V-V dimer orientations. However, the change of V-V dimer 
orientation does change the band dispersion, as shown by Fig. 2b and Supplementary Fig. 3a.   
      Supplementary Fig. 4 shows the density of states of nonmagnetic monoclinic VO2 with a 
degree of bond alternation (DBA) of 26.3% obtained via structural minimization with HSE (⍺ = 
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0.1), predicting a band gap of 0.66 eV, in agreement with the experimental optical band gap of 
0.6-0.7 eV 15.  
 
Supplementary Table 1   Predicted versus assumed degrees of bond alternation and calculated 
band gaps of nonmagnetic monoclinic and rutile phases of VO2 based on different types of 
exchange-correlation functionals in preceding theoretical studies 1-6 and the current theoretical 
study.  
 

XC functional Monoclinic: DBA assumed or predicted 
from energy minimization 

Monoclinic:  
predicted band 

gap (eV) 

Rutile: 
band  

gap (eV) 

LDA a Predicted 21.9% and used in gap calc. 0 Not 
reported 

PBE b Predicted 14.7% and used in gap calc. 0 0 

PBE + U (U = 3.4 eV) c Predicted 22.5% and used in gap calc. 0.65 0 

SCAN c Predicted 24.5% and used in gap calc. 0.32 0 

HSE d Assumed 18.9% and used in gap calc. 1.1 Not 
reported 

Cluster DMFT (U = 4 
eV, J = 0.68 eV) based 
on LDA e 

Assumed 16.3% and used in gap calc. 0.6 Not 
reported 

Cluster DMFT (U = 2.2 
eV) based on LDA f 

Assumed 18.9% and used in gap calc. 0.7 0 

R-PBE (current work) Predicted 25.6% and used in gap calc. 0.14 0 

HSE (⍺ = 0.1) (current 
work) 

Predicted 26.3% and used in gap calc. 0.66 0 

aref. 1; bref. 2; cref. 3; dref. 4; eref. 5; fref. 6  
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Supplementary Fig. 1   The first Brillouin zone for the monoclinic lattice of VO2 with marked 
symmetry points and the k-path along which the band structure was calculated.  
 
 

 
Supplementary Fig. 2   Demonstration of the transition from the rutile to the monoclinic phase 
of VO2 in the nudged elastic band calculations of nonmagnetic VO2 in Fig. 4a. a Crystal structure 
of nonmagnetic rutile VO2 in the M-like unit cell relaxed by R-PBE. b Crystal structure of the 
nonmagnetic monoclinic VO2 relaxed by R-PBE. c,d Crystal structures of the intermediate images 
of the NEB calculations for the nonmagnetic configuration in Fig. 4a.  
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Supplementary Fig. 3   Formation of split-off bands in nonmagnetic monoclinic VO2 with 
untilted V-V dimers. a Electronic structure from R-PBE of nonmagnetic monoclinic VO2 with the 
same degree of bond alternation as the relaxed monoclinic structure from R-PBE (25.6%), but 
untilted V-V dimers (aligned along the V chains), as opposed to the tilted V-V dimers in the relaxed 
structure. b Crystal structure of the monoclinic VO2 showing only the V-V dimers, which is 
obtained by changing the orientations of the V-V dimers into the direction of the V chains (the a-
axis of the crystal) in the relaxed monoclinic phase from R-PBE and relaxing the structure 
internally while keeping the degree of bond alternation (25.6%) and the orientation of the V-V 
dimers (along the a-axis) constrained. c Crystal structure of the relaxed monoclinic phase from R-
PBE demonstrating only the tilted V-V dimers with orientations different than the direction of 
the V chains. 
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Supplementary Fig. 4   Density of states of nonmagnetic monoclinic VO2 with degree of bond 
alternation of 26.3% obtained via structural minimization with HSE. a Total density of states 
from HSE (⍺ = 0.1). Blue area indicates the occupied states. The split-off flat-band states are 
indicated by bold red boundary, which have a band width of 0.52 eV and are separated from the 
other d states in the conduction band by 0.66 eV (𝐸!). b Partial density of states. 
 
2   Relaxation of local magnetic moments in the monoclinic phase with large V-V dimerization  
The ground state monoclinic phase of VO2 is believed to be nonmagnetic 1,5,15,16. We found in our 
nudged elastic band (NEB) calculations (Fig. 4) with R-PBE that the large V-V dimerization in the 
M phase of VO2 suppresses local magnetic moments (Fig. 4b), leading to the nonmagnetic 
monoclinic phase. Similarly, the long-range ordered magnetic configurations (Mag-1, 2, 3, see Fig. 
4a) in the unit cell of monoclinic VO2 relax into the nonmagnetic configuration (i.e., initial local 
magnetic moments relax to zero) in HSE (⍺ = 0.1). To further confirm that large V-V dimerization 
in the M phase suppresses magnetic moments, we construct spin special quasirandom structure 
(spin-SQS) on the 1 × 2 × 2 supercell (48-atom) of the monoclinic structure and monitor the 
local magnetic moments during relaxation. Supplementary Fig. 5 shows that the initial spin-SQS 
magnetic configuration on the supercell of the M structure relax into the nonmagnetic 
configuration (i.e., initial local magnetic moments relax to zero) after cell-internal relaxation or 
combined cell-shape and cell-internal relaxations. We notice that ferromagnetic configuration is 
used in many DFT databases because it is the simplest magnetic configuration, but as found out 
in ref. 17 that it is a poor representation of paramagnetic phases. For VO2, the relaxed 
ferromagnetic configuration of the monoclinic phase is found to be 29 meV per atom (26 meV 
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per atom) lower-in-energy than the nonmagnetic configuration of the monoclinic phase from R-
PBE [HSE (⍺ = 0.1)], although the former has a rather small degree of bond alternation (DBA) of 
9.1% (10.1%) and a metallic electronic structure, let alone the macroscopic magnetic moment 
that was not observed in experiments 18,19. For comparison, the relaxed ferromagnetic 
configuration of rutile VO2 is found to be 29 meV per atom (23 meV per atom) lower-in-energy 
than nonmagnetic monoclinic VO2 from R-PBE [HSE (⍺ = 0.1)], although macroscopic magnetic 
moments were not observed in rutile VO2 18,19. 
 

 
Supplementary Fig. 5   Relaxation of local magnetic moments in monoclinic VO2 with large V-V 
dimerization. a Initial paramagnetic configuration of the monoclinic phase with DBA = 25.6%. b 
Final nonmagnetic configuration after cell-internal relaxation or combined cell-shape and cell-
internal relaxations with R-PBE. The initial paramagnetic configuration of monoclinic VO2 is 
modelled by the spin-SQS structure of the 1 × 2 × 2  supercell (48-atom) of the monoclinic 
structure relaxed by R-PBE. 
 
3   Structural transitions from the rutile to the monoclinic phase of VO2 

The transition from the R to the M phase of VO2 along the minimum-energy path of the nudged 
elastic band calculations of the nonmagnetic configuration (see Fig. 4a) is demonstrated in 
Supplementary Fig. 2, showing that as the degree of bond alternation increases, pairs of V atoms 
move close to each other to form dimers. The monoclinic structure with DBA of 11.3% as shown 
in Supplementary Fig. 2d is the single local-maximal-energy intermediate image in the NEB 
calculations for the nonmagnetic configuration (see Fig. 4a). The minimum-energy path for Mag-
1 (Mag-3) configuration also has a single local-maximal-energy intermediate image at 12.5% 
(14.1%) (see Supplementary Fig. 6). However, the minimum-energy path for Mag-2 configuration 
has two local maxima at degrees of bond alternation of 3.4% and 17.9%, respectively (see Fig. 4a 
and Supplementary Fig. 7). For calculating the phase transition barrier, we use the local maximum 
at DBA = 3.4% as the intermediate image with maximal energy of 0.034 eV per V-V dimer (higher 
than the rutile structure). The endpoint monoclinic (rutile) structure of the NEB calculations for 
the Mag-2 (Mag-1 or Mag-3) configuration is identical with (analogous to) the endpoint 
monoclinic (rutile) structure for the nonmagnetic configuration. As shown in Supplementary Fig. 
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2,6,7, the structural transition from the R to the M phase in the NEB calculations for the magnetic 
configurations (Mag-1,2,3) is analogous to the structural transition in the NEB calculations for 
nonmagnetic VO2. 
 

 
Supplementary Fig. 6   Crystal structures of the intermediate images with the maximal energies 
in the nudged elastic band calculations of VO2 in Mag-1 and Mag-3 configurations in Fig. 4a. a 
Crystal structure of the maximal-energy intermediate image for magnetic configuration Mag-1 
(see Fig. 4a). b Mag-3. 
 
 

 
Supplementary Fig. 7   Crystal structures of the intermediate images with the maximal energies 
in the nudged elastic band calculations of VO2 in the Mag-2 configuration in Fig. 4a. a DBA = 
3.4%. b DBA = 17.9%. 
 
 
4   Non-relativistic spin splitting in the magnetic rutile phase 
Surprisingly, we observe large spin splitting (for example reaching 0.39 eV in the valence band 
along M-Γ path) in the magnetic rutile phase of VO2, with the Mag-2 magnetic configuration as 
shown in Fig. 4a, which are non-relativistic spin splitting independent of spin-orbit coupling 20. 
The magnetic space group 𝑃4"!/𝑚𝑛𝑚# fulfills the symmetry requirement for non-relativistic spin 
splitting 20-22. The resulted spin splitting is shown in Supplementary Fig. 8. 
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Supplementary Fig. 8   Electronic structure with large spin splitting of rutile VO2 with the Mag-
2 magnetic configuration (see Fig. 4a) from R-PBE. Red (blue) curve: spin up (down). Black curve: 
spin degenerate. 
 
5   The d-bands splitting in monoclinic VO2 

In the monoclinic and rutile phases of VO2, the crystal field of the VO6 octahedral splits the V-d 
orbital into 𝑡"$  and 𝑒$  states. The crystal field in monoclinic VO2 further splits the 𝑡"$  and 𝑒$ 
states into the 𝑎%$, 𝑒$&, and 𝑒$'  states. Supplementary Fig. 9 shows the a1g partial density of states 
of nonmagnetic monoclinic VO2, demonstrating the splitting between the occupied bonding 𝑑|| 
bands and the unoccupied anti-bonding 𝑑|| bands.  
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Supplementary Fig. 9   Energy splitting of bonding and anti-bonding 𝒅|| bands in nonmagnetic 
monoclinic VO2. a Partial density of states of nonmagnetic monoclinic VO2 with DBA = 25.6% 
obtained via structural minimization from R-PBE, for the bonding 𝑑|| bands (split-off bands as 
shown by bold red curves in Fig. 2b) and the anti-bonding 𝑑|| bands that mainly consist of 𝑎%$ 
states. b Partial density of states for 𝑎%$  of nonmagnetic monoclinic VO2 with DBA = 26.3% 
obtained via structural minimization from HSE (⍺ = 0.1). Blue area indicates the occupied states. 
 
6   Constrained theoretical calculation for the magnetic monoclinic phase 
At ambient conditions, the dynamic variation of V-V dimerization could induce hidden magnetism 
in the transient monoclinic phases. To investigate the effect of hidden magnetism in the transient 
phases on the electronic structure of M VO2, we performed the constrained theoretical 
calculation for the spin-SQS structure on the 1 × 2 × 2 supercell of the experimental M structure 
23 from HSE (⍺ = 0.1) without structural relaxation. Supplementary Fig. 10 shows the partial 
density of states of the paramagnetic monoclinic phase on a spin-up V ion belonging to a spin 
parallel V-V dimer, and those on a spin-up V ion belonging to a spin anti-parallel V-V dimer, 
demonstrating that the spin parallel V-V dimer induces the large band width for the isolated split-
off bands (see Fig. 6). Supplementary Fig. 11 illustrates that in the spin parallel V-V dimer, the 
two 𝑎%$ states from the two V ions have the same spin and strongly couple with each other, 
leading to the large band width for the isolated split-off bands, whereas in spin anti-parallel V-V 
dimer, the two 𝑎%$ states from the two V ions have opposite spins and no strong coupling. 
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Supplementary Fig. 10   Partial density of states from HSE (⍺ = 0.1) of the fixed experimental 
monoclinic structure with degree of bond alternation of 18.9%. a V-d partial density of states 
on a spin-up V ion belonging to a spin parallel V-V dimer of the paramagnetic monoclinic phase 
of VO2 as modelled by the spin-SQS structure of the 1 × 2 × 2  supercell (48-atom) of the 
experimental monoclinic structure. b V-d partial density of states on a spin-up V ion belonging to 
a spin anti-parallel dimer. 
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Supplementary Fig. 11   Schematic diagram showing the splitting of the 𝒂𝟏𝒈  states in the 
magnetic phase of monoclinic VO2. a Spin parallel V-V dimer in magnetic monoclinic VO2. b Spin 
anti-parallel V-V dimer. 
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