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Hidden magnetism and split off flat bands
in the insulator metal transition in VO2
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Transition metal d-electron oxides with an odd number of electrons per unit cell are expected to form
metals with partially occupied energy bands, but exhibit in fact a range of behaviors, being either
insulators, or metals, or having insulator-metal transitions. Traditional explanations involved
predominantly electron-electron interactions in fixed structural symmetry. The present work focuses
instead on the role of symmetry breaking local structural motifs. Viewing the previously observed V-V
dimerization in VO2 as a continuous knob, reveals in density functional calculations the splitting of an
isolated flat band from thebroadconduction band. This leadspast a critical percent dimerization to the
formation of the insulating phase while lowering the total energy. In VO2 this transition is found to have
a rather low energy barrier approaching the thermal energy at room temperature, suggesting energy-
efficient switching in neuromorphic computing. Interestingly, sufficient V-V dimerization suppresses
magnetism, leading to the nonmagnetic insulating state, whereas magnetism appears when
dimerization is reduced, forming a metallic state. This study opens the way to design novel functional
quantum materials with symmetry breaking-induced flat bands.

Unlike metal sp-orbital oxides, cation d-orbital oxides manifest a specific
selectivity between being either persistent insulators, or persistentmetals, or
transitioning between the two phases. For example, under ambient condi-
tions, the early 3dmetal oxides LaTiO3 and LaVO3 are persistent insulators
bothbelowandabove themagnetic ordering temperature1–3,whereas SrVO3

and CaVO3
4 are persistent metals, while VO2

5–9 shows reversible insulator-
metal transition (IMT) near room temperature holding promising appli-
cations for neuromorphic computing. Understanding such distinct choices
made by undoped quantum materials has occupied physical chemists and
condensed matter theorists1–3 for a long time. Such trends can be gleaned
phenomenologically from the composition-weighted sumof formal valence
charges (FVC). In conventional sp-electron oxides—such as Al2MgO4—the
FVC is zero, consistent with being charge-neutral insulator with the Fermi
level (EF) located between the occupied valence and empty conduction
bands. Yet, in Sr2+V5+(O2−)3, La

3+Ti4+(O2−)3 or V
5+(O2−)2 the FVC are+1.

Thus, in the absence of any structural ormagnetic symmetry breaking, these
FVC > 0 compounds would be expected to have a metallic band structure
with EF residing in the principal conduction band. Whether or not sym-
metry breaking is sufficient to convert the initial hypothetical metal into a
real insulator10–12, depends on the balance between the energy gained by
lowering EF from the conduction band into the gap region vs. the energy
invested in breaking bond symmetry. For example, the fact that LaTiO3 and
LaVO3 are persistent insulators under ambient conditions could be
explained by magnetic symmetry breaking in the antiferromagnetic and

paramagnetic phases10,12; whereas SrVO3 remains metallic has been
explained10,11 by the insufficient magnitude of the magnetic and octahedral
(tilting) symmetry breaking.

Attempts to understand the origin of insulating as well as metallic
phase of vanadium dioxide has attracted interests for over 60 years5, in part
because its transition temperature (TIMT) is conveniently positioned near
room temperature (340 K5), offering interesting applications9,13,14. The
foregoing discussion raises the dilemma of why the quintessential insulator-
metal transition system VO2 is an insulator at low T and metal at higher T
even though it is believed to lack magnetic symmetry breaking6,7,15,16 or
octahedral (tilting) symmetry breaking. The current paper studies this
question, pointing to relevant mechanisms for the existence of both insu-
lating (Fig. 1a) andmetallic (Fig. 1b) phases in VO2, namely the emergence
of “split-off flat bands” as a consequence of symmetry breaking, as well as
potential hidden magnetism.

Early density functional theory (DFT) band structure calculations
of non-magnetic monoclinic VO2 by Wentzcovitch, Schulz, and Allen15

predicted a vanishing band gap despite the assumed presence of V-V
dimers that might have produced a Peierls band gap. Also, photoemis-
sion measurements by Shin et al. 17 indicated that the measured d-d
bonding-to-antibonding splitting in the insulating phase is ~2.5 eV,
which was much larger than the value of ~0.5 eV found in the molecular
cluster calculation of Sommers and Doniach18. These discrepancies
between experiments5–7,17 and mean field calculations (lacking strong
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correlation)15,18 drew attention to alternative explanation of the elec-
tronic structure of VO2, such as strong electron correlation1,3 where on-
site electronic Coulomb correlation U plays a dominant role. For
example, as the different types of insulating phases of VO2 with different
dimerization arrangements are found to have comparable interband
transition energies across the band gap, ref. 19 concludes that V-V
dimerization may not be an important factor for opening the band gap.
However, such conclusions may be premature given that they were
based on calculations with largeU values (5.7 eV) that could overwhelm
other symmetry breaking effects. (Indeed, it was noted recently that
applying large U terms to DFT could lead to insulating electronic
structures even in the otherwise metallic rutile phase20). A compromise
hybrid approach of Coulomb-assisted mechanism for the phase tran-
sition in VO2was offered recently

16,21. However, other density functional
band calculations of dimerized and nonmagnetic monoilinic phase with
a better description of the compactness of d orbitals excluding the on-
site coulomb repulsion termU predicted correctly the monoclinic phase
to be an insulator22–24. These theoretical advances15,22–24 implied that
neither strong correlation nor long-range ordered magnetism are
necessarily required to form the gap in monoclinic VO2. However, how
the electronic states associated with insulator-metal transition are
influenced by V-V dimerization and magnetism, and how V-V dimer-
ization interacts with magnetism in VO2 still remain unclear.

In the present work we study insulating andmetallic phases in VO2 by
using themonoclinic and rutile periodic structures (Fig. 1) in the framework
of mean-field-like density functional theory. Whereas this approach can
include (electron-gas like) correlation effects, it does not include

degeneracy-removal “strong correlation”25. A popular application of DFT
band theory involves using as input a high symmetry ‘averaged configura-
tion’, often deduced by X-Ray Diffraction. However, it is possible to extend
such DFT applications by allowing structural or magnetic symmetry
breaking, should it lower the total (internal) energy of the system. We thus
start from the symmetry unbroken nonmagnetic rutile phase of VO2, and
study the symmetry breaking associated with atomic positions (V-V
dimerization) or magnetic moments (paramagnetism) in the initial insu-
lating and final metallic phases. We take this approach specifically to
examine whether local structural and/or magnetic symmetry breaking
effects, can explain the mechanism of insulating vs metallic phases. Such
effects might include different degrees of V-V bond alternation as well as
different distributions of local magnetic moments in the supercell26. Details
of the method of calculation are provided in the Methods section.

We find that, in the framework of DFT, as V-V dimers form in VO2,
rather narrow “flat bands” split off the partially occupied broad metallic
conduction band of the symmetry unbroken structure (Fig. 2a), resulting in
occupied isolated d bands below the now empty conduction band. This
process of forming split-off flat bands due to structural symmetry breaking
creates the insulatingphase (Fig. 2b,where the yellowhighlight indicated the
insulating bandgap). Thed-dbonding-to-antibonding splittingpredicted in
our DFT study without U is consistent with the experimental
measurement17. We find that strong dimerization will suppress the mag-
netism, leading to the nonmagnetic insulating state with split-off flat bands.
In contrast, magnetism appears when dimerization is weakened, indicating
hiddenmagnetism in the transient monoclinic phases during the insulator-
metal transition as well as the metallic rutile phase. We predict a rather low

Fig. 1 | Experimental Crystal structures of VO2.
aMonoclinic (M) VO2 (space group: P21=c)

48 with
alternating short (shown by blue bond) and long
(shown by dashed line)V-Vbonds along theV chain
(in the direction of the a axis of the monoclinic
lattice) due to V-V dimerization. b Rutile (R) VO2

(space group: P42=mnm)46 with uniform V-V bond
length along theV chain (in the direction of the c axis
of the rutile lattice) and absence of V-V dimeriza-
tion. The cartesian axes used in electronic structure
calculations are given (a, b).

Fig. 2 | Formation of split-off flat bands in nonmagnetic monoclinic VO2.
a, b Electronic structures of nonmagnetic VO2 from the revised Perdew-Burke-
Ernzerhof (PBE) exchange-correlation functional (R-PBE)51. DBA = 0% corre-
sponds to the symmetry unbroken rutile structure in the M-like unit cell subject to
structural minimization with R-PBE.ΔEint in a indicates the internal gap between the
principal conduction band and the principal valence band. DBA = 25.6% in b was

obtained via structural minimization of the M phase with R-PBE. Bold red curves
indicate the bands that are split off from the principal conduction band as the DBA
increases. The yellow highlight in b indicates the gap between the lowest conduction
band and the highest, split-off valence band. c Partial charge density of the split-off
bands shown by bold red curves in b (isosurface: 0.01 ej jbohr�3).
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energy barrier between the nonmagnetic monoclinic phase and the mag-
netic rutile phase from DFT approaching the thermal energy at room
temperature. The present study suggests the existence of hiddenmagnetism
in the process of insulator-metal transition inVO2, and reveals the interplay
between the hiddenmagnetism and V-V dimerization as well as their roles
in the transition associated with the formation of split-off flat bands. This
opens the way of designing functional quantum materials with exotic
physical properties enabled by split-off flat bands.

Results and discussion
Structural symmetry breaking in VO2 without magnetism
Flat Bands splitting off from the metallic principal conduction band
in response to V-V dimerization. We first focus on the physical prop-
erties of the nonmagnetic VO2 phases. As pointed out by Koster and
Slater27, isolated subbands can split off from a continuum of bands into a
band gap region in response to specific perturbations, once the latter
exceed a critical miniml magnitude. The structural perturbation (V-V
dimerization) in VO2 leads to a V chain with alternating short and long
V-V bonds (see Fig. 1a), where all V atoms are dimerized. We define the
“degree of bond alternation” (DBA) as

DBA ¼ 2 dlongV�V � dshortV�V

� �
= dlongV�V þ dshortV�V

� �
ð1Þ

based on the two V-V bond lengths (dlongV�V and dshortV�V). The DBA is
denoted in percentage for clarity. The maximal value of DBA in VO2 is
estimated to be 81.8% based on the hard-sphere model of the monoclinic
phase by using the ionic radii28 of 0.58 Å for V4+ and 1.36 Å for O2-, with the
minimum value being zero for the rutile phase. To explore the electronic
structure by continuously monitoring its variation at different DBA values,
we appoint the rutile phase (see Fig. 1b) and the monoclinic phase (Fig. 1a)
as two end-point structures, which are relaxed by DFT, and averagely
separate the different corresponding atomic positions of the two end-point
structures into a number of “snapshots” of intermediate structures.

Figure 2a shows the electronic structure of the symmetry unbroken
phase (DBA= 0%), where the Fermi level EF lies in a broad principal con-
duction band, leading to a metallic electronic structure. The k-path used is
shown inSupplementaryFig. 1 and the structureused (rutile phase inM-like
unit cell) is shown inSupplementaryFig. 2.Note inFig. 2a the existenceof an
“internal energy separation” ΔEint between the principal conduction band
(V-d) and the principal valence band (O-p). This provides an incentive for
symmrty breaking by lowering EF from the conduction band into the
internal gap area. We see that as the DBA increases, two narrow V-d bands
split off from the broad conduction bands, forming isolated split-off “flat
bands” that become the occupied upper valence band (the bold red curves in
Fig. 2b). The squared wavefunction of the occupied split-off flat bands,
shown in Fig. 2c, are localized near the V atoms and V-V bonds of the V-V
dimers (tilted away from the direction of the V chains, see also Fig. 1a)
trapping V-d electrons. It is interesting to study the effect of the tilting of
V-Vdimers on the electronic structure ofVO2.Wefind thatwhen changing
theorientationsof theV-Vdimers into thedirectionof theVchains in theM
structurewhilemaintaining theDBA, the split-offflat bands aremaintained
and the insulating band gap changes negligibly, as shown in Supplementary
Fig. 3. Our results suggest the robustness of the insulating states against
variations of the V-V dimer orientations in monoclinic VO2. We will thus
focus on the effect of DBA on the formation of the insulating states.

Figure 3 follows the process of emergence of flat bands from the
continuum as the DBA increases gradually [see Fig. 3a–c for the density of
states (DOS) of monoclinic VO2 with given % dimerization]. Supplemen-
tary Fig. 2 demonstrates that the rutile structure in themonoclinic-like unit-
cell is connected to themonoclinic structure by small atomic distortions and
small cell-shape variations. The intermediate structures with different DBA
values calculated in Fig. 3 are generated by gradually applying these atomic
distortions and cell-shape variations to the rutile structure as a linear
interpolation between the rutile andmonoclinic structures. As the degree of

bond alternation increases, a portion of the V-d states gradually split off the
continuum conduction band forming the isolated split-off flat bands with a
band gap opened between the split-off flat bands and the conduction bands
(see Fig. 3c fromR-PBE and Supplementary Fig. 4 fromHSE). Fig. 3d shows
the energy gap between the occupied split-off states and the empty above
continuum V-d states as a function of V-V dimerization. Different
exchange-correlation functionals have different threshold DBA values at
which the perturbation is large enough to split off flat bands into the
principal gap. This is reminiscent of the way that impurity levels split off
the continuum broad band past a critical impurity potential strength in the
Koster-Slater work27. As shown in Fig. 3d, the Heyd-Scuseria-Ernzerhof
(HSE) functional29 has theminimal thresholdDBA to expelflat bands from
the continuum into the gap, followed by the strongly constrained and
appropriatelynormed (SCAN)meta-GGAfunctional30 and the local density
approximation (LDA)31. Note that the LDA functional requires a larger
DBA than the valueused in theLDAstudyof ref. 15,whichmay explainwhy
ref. 15 did not produce a band gap. Details of band gaps from preceding
theoretical studies are provided in Supplementary Table 1.

Onemighthave thought that the appearanceof relativelynarrowbands
is not unexpected in systems with d orbitals that have the capacity to be
localized, and that thisfinding is therefore not surprising ornew. In our view
this is, however not the correct expectation. Note that the conduction band
of VO2 in the absence of symmetry breaking dimerization is a rather broad
band (Figs. 2a and 3a) even though it contains significant d-orbital character
that has the capacity to localize. Thus, a system of d orbitals of ions such as
V4+ can be intrinsically delocalized and cannot be expected to represent
“heavy bands”. What is, in our view, new and surprising, is that a threshold

Fig. 3 | Emergence of split-off bands due to the formation of V-V dimers in
nonmagnetic monoclinic VO2. a–c Density of states from R-PBE exchange-cor-
relation functional of nonmagnetic monoclinic VO2 with given degrees of bond
alternation. The crystal structures with different DBA values are generated by linear
interpolation of the relaxed (by R-PBE) rutile and monoclinic structures. The
majority states are indicated in a–c. Blue area indicates the occupied states. The split-
off flat-band states in c are indicated by bold red boundary, which have a band width
of 0.43 eV and are separated from the other d states in the conduction band by
0.14 eV (Eg). 4djj in c indicates the splitting energy between the bonding and
antibonding djj bands mainly consisting of a1g states. d Band gaps of the monoclinic
structures generated by linear interpolation of theR andMstructures as a function of
DBA from different types of exchange-correlation functionals29–31,51,55 without U.
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magnitude of symmetry breaking (measured by the DBA in Fig. 3d) splits
fromthis broaddelocalizedemptymetallic band amuchnarrower sub-band
(highlighted by the bold red band in the band structure of Fig. 2b and the
bold red DOS peak in Fig. 3c), which becomes the flat band-like valence
bandmaximum in the insulating phase. It is this sub-band, that is created by
symmetry breaking—not via topology (as in Kagome lattices32–35) or via
strong correlation (we use U = 0) that gives rise to the insulating phase. In
this respect the study of the electronic structure as a function of the DBA
provides conceptually new insight into the insulator-metal transition
of VO2.

Difference between symmetry breaking-induced split-off flat bands
and flat topological bands (FTBs). The symmetry breaking-induced
split-off flat bands presented here are different from the flat topological
bands (i.e. flat bands with nontrivial topological properties) discussed
recently in the literature32–35. The FTBs are analyzed via model Hamil-
tonians for certain lattice topologies32. For example, the bipartite lattice
(AnBm)

32,36, as one of the topological lattice geometries, does not consider
homopolar A-A or B-B bonds that are formed by symmetry breaking,
such as metal-metal dimerization. Indeed, the FTBs originate from the
geometrical topology andweak atomic orbital couplings32,33, and are often
connected by dispersion to other bands32. In contrast, the isolated split-
offflat bands found here inVO2, arise from structural symmetry breaking
that creates homopolar bonds (V-Vdimerization). The FTBs predicted in
the symmetry unbroken phase of VO2 are different in many ways from
the symmetry breaking-induced flat bands. For example, the FTBs pre-
dicted in the symmetry unbroken rutile phase of VO2 is the lowest
principal conduction band with a wide overall band width of ~1.2 eV32,36.
Whereas, the isolated split-off flat bands in the symmetry broken
monoclinic phase are the upper valence bands with a much narrower
overall band width of 0.43 eV (17 meV along the Z-E k-line) (see Fig. 2b
and Fig. 3c). Furthermore, the isolated split-off flat bands in the mono-
clinic phase can be switched on and off by tuning the magnitude of
symmetry breaking as a knob. On the other hand, the FTBs persist for
certain lattice topologies32–35.

The appearance of magnetism with reduced V-V symmetry
breaking
V-V dimerization counters magnetism. In the above section, we
assumed that the monoclinic phase with strong V-V dimerization to be
nonmagnetic. The following issue is how dimerization influences mag-
netism and when magnetism is suppressed. We test the three ordered
magnetic configurations with zero global magnetic moment in the
monoclinic unit cell (see the Insets to Fig. 4a), and examine suchmagnetic
configurations in the M phase with strong dimerization. We find the
initial non-zero local magnetic moments on the V sites are all relaxed to
zero, which demonstrates that strong V-V dimerization suppresses
magnetism. We further examine the disordered magnetic moments by
applying the spin special quasi-random (spin-SQS) magnetic config-
urations on the 1 × 2 × 2 supercell (48 atoms) of themonoclinic structure.
The initial local magneticmoments on the V sites are also relaxed to zero.
The initial and final states of the above supercell calculations are given in
Supplementary Fig. 5. Our results coincide with the fact that the ground
state monoclinic phase of VO2 is believed to be nonmagnetic6,7,15,16.

Next, we investigatewhethermagnetism can appear inVO2whenV-V
dimerization is reduced. To address this issue, we employ the climbing
image nudged elastic band (NEB) method37 to search for the minimum-
energy transition path between the monoclinic phase and rutile phase (see
Fig. 4a) and monitor the local magnetic moments (Fig. 4b) as well as band
gaps (Fig. 4c) along the path. The structures derived by linear interpolation
of the relaxed rutile (inM-like unit cell) andmonoclinic structures are used
as initial structures for the NEB calculations.We consider the three ordered
magnetic configurations (see the Insets in Fig. 4a) by using the relaxed rutile
structure in themonoclinic-like unit cell and themonoclinic structure as the
two endpoint phases for the nudged elastic band calculations. The structural

transition from the rutile to the monoclinic phase along the minimum-
energy paths of the nudged elastic band calculations is demonstrated in
Supplementary Figs. 2, 6, 7, which also show the intermediate images that
are the local maxima of the minimum-energy paths. We find that although
the strong V-V dimerization in monoclinic VO2 leads to a nonmagnetic
phase, when the dimerization is significantly reduced, e.g., in the rutile
phase, non-zero local magnetic moments are found in DFT calculations.
Certain types of magnetism lead to interesting spin splitting in the energy
bands, namednon-relativistic spin splitting (NRSS)38–40.Wefind largeNRSS
in the calculated electronic structure of theMag-2 configuration (see Fig. 4a)
of the rutile phase as shown in Supplementary Fig. 8. Furthermore, Fig. 4b
shows that: (i) the overallmagnitudes of the localmagneticmoments for the
threemagnetic configurations (Mag-1, 2, 3, see Insets of Fig. 4a) at the same
DBA are close to each other; (ii) the local magnetic moments fall down
towards vanishing as DBA increases up to the threshold around 20%. Our
results based on DFT without U demonstrate the compensation between
V-V dimerization andmagnetism, i.e., strong dimerization suppresses local
magnetic moments whereas weak or zero dimerization enhances the for-
mation ofmagnetic moments, leading to hidden forms ofmagnetism in the
transient phases during IMT as well as the final metallic rutile phase. The
spin splitting and spin polarization arising from the hiddenmagnetism can
be switched on (off) by the forward (backward) insulator-metal transition,

Fig. 4 |Minimum-energy transition trajectory between the rutile andmonoclinic
phases of VO2. a Energy barriers for the transition paths between rutile and
monoclinic VO2 obtained from climbing image nudged elastic band with R-PBE.
The relaxed (by R-PBE) rutile structure in the M-like unit cell and the monoclinic
structure are used as the endpoints for the nudged elastic band calculations. The
nonmagnetic configuration and the three magnetic configurations with zero global
moment in the monoclinic-like unit cell (see Insets) are considered. b Average
magnetic moment magnitudes over the V4+ ions in VO2 that are equivalent for the
nonmagnetic configuration but can separate into non-equivalent groups for mag-
netic configurations along the phase transition paths for the three magnetic con-
figurations shown in a. c Band gaps of VO2 along the phase transition paths for the
three magnetic and nonmagnetic configurations.
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shedding light on the potential technological application of the hidden spin
physics in the IMT of VO2.

Ultra-low energy barrier for the insulator-metal transition from the
nonmagnetic monoclinic phase to the magnetic rutile phase. We
next discuss the phase transition between nonmagnetic monoclinic to
magnetic rutile phase. The rutile phase is found to be metallic with or
without magnetism (see Fig. 4c). As shown in Fig. 4a, the phase transition
barrier betweenmonoclinic and rutileVO2 in theMag-1 (Mag-2 orMag-3)
ordered configuration is found to be 0.041 (0.034 or 0.040) eV per dimer
from R-PBE, lower than the phase transition barrier (0.046 eV per dimer)
for the nonmagnetic configuration. Such ultra-low phase transition bar-
riers approaching the thermal energy of the insulator-metal transition
temperature (kBTIMT, TIMT = 340 K5) not only coincide with the low TIMT

of VO2 but also suggest the low energy cost of IMT in VO2 near room
temperature. It is interesting to notice that for the Mag-2 configuration
(see Fig. 4a), the structure with amediumDBA (~11.5%) is a metallic local
minimum on the phase transition path—such higher-energy metallic
magnetic monoclinic phase could be detected during the process of pho-
toinduced phase transition41–43.

Possible paramagnetism in the rutile phase. Due to the small energy
difference between nonmagnetic and ordered magnetic configurations
(4–9 meV per f.u., see Fig. 4a), the rutile phase is not likely to be mag-
netically ordered near TIMT (340 K5). Recent magnetic susceptibility (χ)
measurements reported a sharp drop at TIMT from a temperature-
dependent large χ to a negligible χ as temperature decreases, suggesting a
transition from a high-T paramagnetic state to a low-T nonmagnetic or
weakly magnetic state44,45. To model the paramagnetic rutile phase, we
construct a spin-SQS on the 2 × 2 × 2 supercell of the experimental rutile
phase46, and find that the localmagneticmoment onV (μV) in the relaxed
structure has an average magnitude of 0.75 μB with a distribution of 0.35
μB ~ 1.00 μB. As shown in Fig. 5a, the paramagnetic rutile phase ismetallic
with the Fermi level residing in the principal conduction band, although
the strong variation of magnetization density across the crystal reflects
the symmetry breaking induced by paramagnetism (see Fig. 5b). The
failure to open the band gap in the paramagnetic rutile phase shows that
paramagnetism is still not strong enough to shift the localized states

within the principal conduction band down to form split-off bands. Our
results demonstrate that the metallic rutile phase with zero V-V dimer-
ization is paramagnetic with non-zero μV. Therefore, the IMT in VO2 is a
transition from the nonmagnetic insulating phase (Fig. 3c) to the para-
magnetic metallic phase (Fig. 5a), which is different from the transitions
in other IMT systems8.

Comparing with experiments and the role of hidden magnetism
on the band width of the split-off bands
Next, we compare the fundamental physical properties arising from sym-
metry breaking in VO2 with experimental values. The calculated band gap
for symmetry broken nonmagnetic monoclinic phase depending on the
exchange-correlation functional used is in the range of 0.66 eV to 0.14 eV, in
comparison with the experimental optical band gap of 0.6–0.7 eV7 [see the
density of states of monoclinic VO2 from HSE (with optimized large
DBA= 26.3%) in Supplementary Fig. 4 and those from R-PBE (with opti-
mized large DBA= 25.6%) in Fig. 3c, respectively, demonstrating the band
gaps]. As shown in Fig. 4a, the magnetic configurations with zero global
moment in themonoclinic unit cell (antiferromagnetic) relax into the above
nonmagnetic configuration. On the other hand, the relaxed ferromagnetic
configuration of themonoclinic phase has a rather small DBA compared to
the experimental value as well as a metallic electronic structure (see Sup-
plementary Section 2).

Figure 3c also indicates for large DBA a large energy splitting between
d-d bonding and anti-bonding states (shown by 4djj in Fig. 3c) that were
observed by photoemission measurements17. Information regarding the
orbital components are provided in Supplementary Fig. 9. This splitting is
formedby thea1g states: theV ions inVO2 reside in theVO6octahedral local
environment, which splits the V-d orbital into t2g and eg states. The crystal
field in the monoclinic phase further splits the t2g and eg states into the a1g ,
eπg , and eσg states. The formation of V-V dimer results in a strong coupling
between two equivalent V ions and a pronounced repulsion between the
bonding and anti-bonding a1g states (also referred to as the bonding and
anti-bonding djj states), leading to a large d-d bonding and anti-bonding
splitting 4djj. The R-PBE results in Fig. 3c give a d-d splitting 4djj of
2.10 eV, while the HSE results in Supplementary Fig. 9 gives a 4djj of
2.59 eV, in good agreement with the experimental value 2.5 eV17.

On the other hand, we find that the experimentally measured band
width of the split-off bands in monoclinic VO2 ( > 1 eV)

47 is much larger
than the value predicted from DFT calculations (0.43 eV, see Fig. 3c). The
increase of the band width of split-off bands could be related to the above
discussed hidden magnetism in the monoclinic phases with reduced V-V
dimerization. As shown in Fig. 4, we found that from the insulating
monoclinic phase to the metallic rutile phase, as the V-V dimerization is
gradually reduced, local magnetic moments appear. At ambient conditions,
there could be dynamic variation of V-V dimerization and the associated
variation of local magnetic moments. For paramagnetic rutile VO2, such
dynamic process could constantly change the local magnetic moments,
making the material behave like a Pauli paramagnet as discussed in
experiments44,45, which however possesses hidden magnetization. Such
dynamic process could also induce weak magnetism in the monoclinic
phase as demonstrated by the temperature-dependent magnetic suscept-
ibility observed in experiments44,45. Further investigation of the magne-
toresistance and magnetic susceptibility along with resistivity in VO2 with
tuned V-V dimerization could reveal rich spin physics from hidden mag-
netism in the transient phases of the insulator-metal transition as well as a
type of paramagnetism in the rutile phase that behaves like both Curie-
Weiss paramagnetism andPauli paramagnetism. To study the effect of such
hidden magnetism on the electronic structure of monoclinic VO2, we
performed a constrained theoretical calculation by modelling the potential
transient magnetic monoclinic phase with a spin-SQS structure on the
1 × 2 × 2 supercell of the experimental monoclinic structure48 from HSE
using the fixed crystal structure from experiments. The density of states of
such magnetic monoclinic phase, as shown in Fig. 6, in comparison with
those of the nonmagnetic configuration of the fixed experimental

Fig. 5 | Electronic structure of paramagnetic rutile VO2. aDensity of states of the
paramagnetic rutile phase of VO2 modelled by the cell-internal relaxed (by R-PBE)
spin-SQS structure of the 2 × 2 × 2 supercell (48-atom) of the experimental rutile
structure with R-PBE exchange-correlation functional. The majority states are
indicated in a. bMagnetization density of the paramagnetic rutile phase from
R-PBE. Yellow (blue) iso-surface indicates positive (negative) magnetization density
(isosurface: 0.02 ej jbohr�3).
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monoclinic structure, demonstrates the increase of the split-off band width
by a factor of two (from 0.58 eV to 1.14 eV) due to the appearance of
magnetism.

The increase of band width of the isolated split-off bands arises from
the quasirandom distribution of magnetic moments in the magnetic
monoclinic phase with reduced V-V dimerization. Such magnetic
monoclinic phase hosts the local magnetic environment with spin parallel
V-V dimers that induce large band width for the isolated split-off bands
(see the wide-spread partial density of states of the isolated split-off bands
on a spin-up V ion belonging to a spin parallel V-V dimer in Supple-
mentary Fig. 10). In the spin parallel V-V dimers, the two a1g states from
the two V ions have the same spin and strongly couple with each other,
leading to the increased band width. Whereas, in spin anti-parallel V-V
dimer, the two a1g states from the two V ions have opposite spins and no
strong coupling. A schematic diagram illustrating the strong (weak)
coupling between the two a1g states of spin parallel (anti-parallel) V-V
dimers is provided in Supplementary Fig. 11. Such mechanism for mag-
netism enhanced split-off band width could be related to the experimen-
tally observedbroadbandwidth of the split-off bands inmonoclinicVO2

47.
Direct observation of the hidden magnetism in this flat band material
could open the door to the rich physics of potential hidden magnetism in
transition-metal flat band systems.

Discussion
We studied the symmetry breaking associated split-off flat bands and
insulator-metal transition in VO2 based on DFT free from the strong
correlation interactions. We found that once the structural symmetry
breaking (V-V dimerization) exceeds a thresholdmagnitude, narrow “flat
bands” split off from the broad principal conduction band giving an
insulating phase. We predicted rather low phase transition barrier for the
insulator-metal transition and found an interesting compensation effect
between magnetic symmetry breaking and structural symmetry breaking
during the IMT, i.e., strong dimerization suppresses magnetic moments

whereas reduced dimerization enhances the formation of magnetic
moments, leading to the hidden magnetism in the transient phases of the
IMT as well as the final metallic rutile phase. Such hidden magnetism is a
result of the interplay between magnetic and structural symmetry
breaking. The interplay between different types of symmetry breaking is
commonly found in quantummaterials such as YNiO3

49. The interplay of
magnetic and structural symmetry breaking is extremely strong in VO2 as
the structural symmetry breaking has the capability to completely quench
the magnetic symmetry breaking (see Fig. 4b). Such strong interplay in
VO2 leads to a type ofmagnetic system thathas a phase transition fromthe
paramagnetic phase with non-zero local magnetic moments to the non-
magnetic phase as temperature decreases. This type of magnetic systems
could offer knobs to completely switch off a random distribution of
magnetic moments and then switch on another distribution with pro-
mising applications in stochastic computing.Our study reveals the roles of
V-Vdimerization andmagnetism in the insulator-metal transition inVO2

associated with the formation of isolated split-off flat bands, shedding
light on the phase transition mechanism in this prototypic IMT system
that does not require the degeneracy-removal strong correlation25,
bringing this essential quantum material closer to the technologically
essential semiconductors, opening the arena for designing novel func-
tional quantum materials with split-off flat bands for energy-efficient
neuromorphic computing.

Methods
Electronic structure method
To evaluate the electronic structures of the insulating andmetallic phases of
VO2, we apply the generalized gradient approximation (GGA) to density
functional theory using the projector-augmented wave (PAW)
pseudopotential50 with the revised Perdew-Burke-Ernzerhof exchange-
correlation functional51 as implemented in the Vienna Ab initio Simulation
Package (VASP)52,53, without the on-site electronic Coulomb correlation
term U. We use the basis set energy-cutoff of 520 eV, and reciprocal space
grids of 8 × 10 × 10 and 8 × 5 × 5 for the monoclinic structure and its
1 × 2 × 2 supercell (as well as the 2 × 2 × 2 supercell of the tetragonal rutile
structure), respectively. For the calculation of density of states in metals
(insulators),weuse theGaussian smearingmethodwithawidthof smearing
of 0.05 eV (tetrahedron method with Blöchl corrections54). In addition to
R-PBE, we employ the HSE hybrid functional29 to evaluate the electronic
structures of the relaxed (by HSE) monoclinic structure with a mixing
parameter α = 0.1 to reproduce the experimental band gap7. The same
mixing parameter is applied to evaluate the electronic structure of the
unrelaxed 1 × 2 × 2 supercell of the experimental monoclinic structure48

from HSE. As a comparison, we also use the PBE functional55, the LDA
functional31, and the SCAN meta-GGA functional30 to evaluate the elec-
tronic structures of nonmagnetic VO2. The VO2 crystal structures were
drawn by using the VESTA software56.

Nudged elastic band method
To study the insulator-metal transition in VO2, we employ the climbing
image nudged elastic band method37 in the framework of the generalized
solid-state NEB57, as implemented for VASP in the VASP Transition State
Theory (VTST) code58. We perform NEB calculations to locate the
minimum-energy paths for the phase transition between the rutile and
monoclinic phases, based on the optimization of the total energy for each
image with the R-PBE exchange-correlation functional while maintaining
equal spacing to neighboring images. We use the rutile structure in the
monoclinic-like unit cell as well as themonoclinic structure, both relaxed by
using R-PBE, as the endpoints for nudged elastic band calculations. As
macroscopic magnetic moment has not been observed in both the mono-
clinic and rutile phases of VO2

44,45, we consider the nonmagnetic config-
uration and the three magnetic configurations with zero global moment in
the monoclinic structure (see Insets of Fig. 4a) for the nudged elastic band
simulations, to study the effect of magnetism on the insulator-metal tran-
sition in VO2.

Fig. 6 |Density of states fromHSEof thefixed experimentalmonoclinic structure
with degree of bond alternation of 18.9%. a Nonmagnetic phase. b Paramagnetic
phase as modelled by the spin-SQS structure of the 1 × 2 × 2 supercell (48-atom) of
the experimentalmonoclinic structure. Themajority states are indicated in a, b. Blue
area indicates the occupied states, among them the split-off flat-band states are
indicated by bold red boundary.
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Special quasirandom structures
As weak magnetism without long-range ordering has been observed in
experiments44,45, we model the potential paramagnetic states of VO2 by
constructing the spin special quasirandom structures26 via decorating a
supercell with spin-up and spin-downmagnetic moments to create a global
zero-moment configuration closest to the high-temperature limit of a
random spin paramagnet59, generated by using the Alloy Theoretic Auto-
mated Toolkit60 with perfect match. The paramagnetic rutile phase of VO2

(see Fig. 5b) is modelled by the spin-SQS structure of the 2 × 2 × 2 supercell
(48-atom) of the experimental rutile structure46 with cutoff distances of
5.7 Å and 11.4 Å for pairs and triplets, respectively. The paramagnetic
monoclinic phase of VO2 (see Supplementary Fig. 5a) is modelled by the
spin-SQS structure of the 1 × 2 × 2 supercell (48-atom) of the experimental
monoclinic structure48with cutoff distances of 5.3 Åand10.6 Å forpairs and
triplets, respectively.

Data availability
The authors declare that the data supporting the findings of this study are
available within the paper and its supplementary information.

Code availability
The underlying code for this study is not publicly available for proprietary
reasons.
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