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Using ab initio density functional theory and single-orbital Hubbard model calculations via the
density matrix renormalization group method, we systematically studied the monolayer VOI2 with a
3d1 electronic configuration. Our phonon calculations indicate that the orthorhombic Pmm2 FE-II
phase is the most likely ground state, involving a ferroelectric distortion along the a-axis and V-V
dimerization along the b-axis. Specifically, the “pseudo Jahn-Teller” effect caused by the coupling
between empty V (dxz/yz and d3z2−r2) and O 2p states is proposed as the mechanism that stabilizes
the ferroelectric distortion from the paraelectric phase. Moreover, the half-filled metallic dxy band
displays a Peierls instability along the b-axis, inducing a V-V dimerization. We also found very short-
range antiferromagnetic coupling along the V-V chain due to the formation of nearly-decoupled spin
singlets in the ground state.

Introduction.- Low-dimensional systems have attracted
considerable interest for decades because their interac-
tions between transition metals are strongly enhanced
through electron-electron, phonon-phonon, electron-
phonon and spin-phonon couplings, leading to rich phys-
ical properties [1–5]. As the simplest systems, one-
dimensional (1D) chains and ladders display remarkable
states, potentially important for applications [4, 6–9].
For example, considering electronic correlation effects,
the Cu- and Fe-based ladders become superconducting
under pressure (at 12 K in Cu-based ladder and 24 K in
Fe-based ladders). [10–15] Chains often undergo Peierls
phase transitions induced by strong electron-phonon cou-
pling (e.g. (TaSe4)2I at 263 K) [16, 17]. Due to the empty
W-d0 orbital, WOX4 halogens were predicted to be fer-
roelectric [18] above room temperature. Considering the
spin-phonon interaction, multiferroelectric behavior was
also expected in some 1D systems [8, 19].

Recently, the monolayer VOI2, with a d1 configuration
(S = 1/2), was predicted to be multiferroic [20, 21]. In
addition, the electric-field switch of the magnetic topo-
logical charge was also realized in this system [22]. How-
ever, there are still issues remaining to be addressed in
the VOI2 monolayer. For example, in a d0 system, such
as BaTiO3, the large ferroelectric polarization can be
explained by the so-called “pseudo Jahn-Teller” (p-JT)
effect, which reduces the total energy through a non-
centrosymmetric distortion [23–25]. However, for the d1

VOI2 material, why a large ferroelectric distortion is sta-
ble? Moreover, the half-filled metallic dxy band in the
undistorted VI2 chain along the b-axis should be unsta-
ble according to Peierls’ theorem [26]. In other words,
both dimerization and a metal-insulator transition (MIT)
are expected to occur in the metallic S = 1/2 VI2 chain
at low temperatures. To our knowledge, these intriguing
questions remain unexplored.

To better understand these issues, here both the den-

sity functional theory (DFT) and density matrix renor-
malization group (DMRG) methods are employed to in-
vestigate the monolayer VOI2 in more detail. The DFT
calculations were performed based on the projector aug-
mented wave (PAW) method with the Perdew-Burke-
Ernzerhof (PBE) exchange potential, as implemented
in the Vienna ab initio simulation package (VASP)
code [27–29]. First, we found that the Peierls transition
indeed occurs along the b-axis in this system, resulting
in a V-dimerized chain and concomitant MIT. Second,
we observed that the p-JT effect caused by the coupling
between the empty V-3d orbitals dxz/yz and d3z2−r2 , in
combination with the O-2p orbitals, stabilizes the fer-
roelectric distortion along the a-axis. Third, based on
DMRG calculations [35], we found that this system has
antiferromagnetic-antiferromagnetic coupling along the
dimerized VI2 chain, although without long-range mag-
netic ordering.

Undistorted phase.- The undistorted monolayer VOI2
is in an orthorhombic crystal structure with space group
Pmmm (No.47), where the VO2I4 octahedra form a two-
dimensional plane. These VO2I4 octahedra are corner-
sharing and edge-sharing along the a- and b-axis, respec-
tively. As shown in Fig. 1(a), this system contains a VI2
chain along the b-axis with identical V-I bonds (and VO
chains along the a-axis). Before addressing the structural
instability, let us discuss the electronic structure corre-
sponding to the non-magnetic (NM) state of the undis-
torted VOI2.

As shown in Fig. 1(b), the eg orbitals dx2−y2 and
d3z2−r2 are located at high energy and, thus, unoccu-
pied. The Fermi surface is formed by the mainly occupied
dxy orbitals and partially occupied degenerate itinerant
dxz/yz orbitals. Note that the dxy orbital lays on the bc
plane, with the x or y axis along V-I directions and the
z axis being the a-axis [see Fig. 1(b)]. It is also clearly
shown that the V dxy band is much more dispersive along
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the b-axis (X-S or Y-Γ paths) than the a-axis (Γ-X or S-
Y paths), strongly suggesting quasi-one-dimensional elec-
tronic itineracy along the b-axis. Accordingly, the Fermi
surface shown in Fig. 1(c) indicates that the dxy band has
1D behavior while the dxz/yz bands display 2D behavior.

Furthermore, the energy splitting of the vanadium d
orbitals with the d1 configuration is sketched in Fig. 1(d).
The octahedral crystal field leads to three lower energy
t2g orbitals (dxy, dyz, and dxz) and two higher energy eg
orbitals (dx2−y2 and d3z2−r2). In addition, the replace-
ment of the I atom by the O atom at the octahedral apex
induce two different V-X (X = O or I) bonds with two
shorten V-O bonds along the a-axis (z-axis) and four en-
longated V-I bonds along the b− c (xy) plane, resulting
in the dxy energy level shifting down, lower than that the
dyz and dxz levels.

Structural instability.- In a S = 1/2 one-dimensional
chain, the system is not stable at low temperature be-
cause a structural distortion usually occurs along the
chain direction through strong electron-phonon interac-
tions, the so-called Peierls transition.

To better understand the structural phase transition
in VOI2, we performed the phononic dispersion calcu-
lations using a 4 × 4 × 1 supercell for the undistorted
phase, as shown in Fig. 2(a). The phonon spectra indi-
cates the presence of three imaginary frequencies appear-
ing at the Γ, S, and Y points of the undistorted structure,
respectively. According to group theory analysis using
the AMPLIMODES software [36, 37], these spontaneous
distortion modes are the Γ4−, S3−, and Y1+ modes, re-
spectively [38].

Next, we fully relaxed the crystal lattice from the orig-
inal undistorted phase along those three mode displace-
ments, and then obtained three phases, namely DIM-I,
DIM-II, and FE-I phases. Based on the relaxed struc-
tures, we found that the DIM-I phase with a V-V dimer-
ization along the b-axis has the lowest energy among
those three configurations (see Table I). As expected, a
MIT is induced by the V-V dimerization, resulting in a
Peierls transition that opens a gap.

Next, we calculated the phononic dispersion spectrum
for the DIM-I phase, finding two imaginary frequency
modes, as shown in Fig. 2(b), corresponding to the Γ2+

and Γ3− distortions, respectively. By extracting those
two unstable phononic modes of the DIM-I phase, anti-
ferroelectric dimerized (AFE-II) and ferroelectric dimer-
ized (FE-II) phases were obtained, see Fig. 2(d). After
a full lattice relaxation for both the FE-II and AFE-II
configurations, the FE-II state was found to have a lower
energy than the AFE-II state (by ∼ 7.8 meV/V). Com-
paring with other structural configurations (see Table I),
the FE-II phase has the lowest energy overall. In addi-
tion, Fig. 2(c) indicates that the FE-II phase is now dy-
namically stable since no additional imaginary frequency
modes were obtained in the phononic dispersion spec-
trum.
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FIG. 1. (a) Schematic crystal structure of the VOI2 conven-
tional cell (red = V; green = O; purple = I). (b) Projected
band structures of the undistorted monolayer VOI2 for the
NM state. The Fermi level is shown with dashed lines. The
weight of each vanadium orbital is represented by the size of
the circles. The coordinates of the high symmetry points in
the plane Brillouin zone (BZ) are Γ = (0, 0, 0), X = (0.5, 0, 0),
S = (0.5, 0.5, 0), Y = (0, 0.5, 0). (c) Fermi surface. (d) The
energy splitting of V’s 3d orbitals with the d1 configuration.

Furthermore, based on the AMPLIMODES software
[36, 37], we also performed the group theory analysis for
the monolayer VOI2, as shown in Fig. 2(e). The FE-
II phase can be regarded as a combination between the
DIM-I (V-V dimerization along b-axis) and FE-I (ferro-
electric distortion along a-axis) modes. Additional DFT
results for the FE-I and DIM-I phases are reported in the
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FIG. 2. (a-c) The phonon spectrum of VOI2 for the undis-
torted, DIM-I, and FE-II phases. Here, the 4 × 4 × 1 and
4× 2× 1 supercell was selected for the undistorted and DIM-
I/FE-II phases in our calculations with the non-magnetism
state, respectively. (a) Undistorted, (b) Dimmerized-I, and
(c) FE-II cases. (d) Sketch of the possible structural patterns
studied here. (e) The group theory analysis for the monolayer
VOI2.

TABLE I. The optimized lattice constants (Å), and band gaps
(eV) for many configurations, as well as the energy differences
(meV/V) with respect to the undistorted configuration, taken
as the reference of energy.

a/b Gap Energy

Undistorted phase 3.6528/3.7818 0 0

DIM-I 3.6504/7.4181 0.14 -201.6

DIM-II 7.2674/7.4424 0.10 -79.1

FE-I 3.8317/3.7489 0 -30.9

AFE-I 3.7963/7.5385 0 -5.1

FE-II 3.8137/7.3446 0.53 -238.5

AFE-II 3.7866/7.3529 0.43 -230.7

Supplementary Material (SM) [39].

Pseudo Jahn-Teller effect.- In some non-d0 perovskite
cases [40, 41], the system could still undergo “p-JT” off-
centering distortions, stabilizing the polar ground state.
According to the previous analysis of the VO2I4 octahe-
dra, V4+ has only one electron placed in the dxy orbital,
resulting in empty dxz/yz and d3z2−r2 orbitals.

As shown in Fig. 3(a), the hybridization between
empty V-3d3z2−r2 and O-2pz orbitals leads to alternat-
ing σ-bonding and σ∗-antibonding states along the V-O
chain. Furthermore, the V-3dxz/yz and O-2px/y orbitals
hybridization results from alternating π-bonding and π∗-
antibonding states along the same V-O chain. As a re-

sult, the symmetry is broken along the V-O chain when
the ferroelectric distortion occurs.

To better understand the stabilization of the ferroelec-
tric distortion, we calculated the electronic structures
for the centrosymmetric and ferroelectric symmetry. As
shown in Fig. 3(c), by comparing the density-of-states
(DOS) with centrosymmetric and displaced positions,
the energy of the valence band (VB) lowers by 0.4 eV,
while the conduction band (CB) levels move upward.
These changes in the electronic structure support the
“p-JT” effect caused by the interaction between empty
3d and occupied 2p states through the lattice distortion.
The changes of energy levels of the VB and CB can re-
duce the total energy and stabilize the lattice distortion
from a high-symmetric phase, resulting in a ferroelectric
phase [42]. Next, we also calculated the Born effective
charge (BEC) of V along the [100] direction (a-axis) for
the undistorted (∼ 13.06), DIM-I (∼ 13.43), FE-I (∼
4.27), and Fe-II (∼ 4.84) states, respectively, which is
consistent with previous calculations [20]. Moreover, we
also calculated the BEC of O along the [100] direction (a-
axis) for the undistorted (∼ -11.86), DIM-I (∼ -12.65),
FE-I (∼ -4.32), and Fe-II (∼ -4.88) states, respectively.
The large anomalous deviations in the BECs from the for-
mal charge (4 for V4+) in the centrosymmetric phases,
suggest a ferroelectric instability. In the displayed fer-
roelectric phases, the reduction of BECs also reflected
the stabilization of ferroelectric distortion. In this case,
the ferroelectric distortion can be stabilized by the “p-
JT” effect caused by the coupling between empty 3d and
occupied p states.

To address the polar distortion instability, we also em-
ployed the virtual crystal approximation (VCA) [43] to
investigate the effect of doping, which is widely used
in the electronic structure context [44–47]. Under hole
doping, we found that the ferroelectric instability is en-
hanced because the doping initially affects the V-sites
dxy orbitals that do not affect the hybridization between
empty V-3d and O − 2p. However, under electron dop-
ing the ferroelectric (FE) distortion is reduced due to
the electronic occupation of dxz/yz. This different dop-
ing behaviour is compatible with the notion that the FE
distortion is caused by the p-JT effect.

FE-II phase.- Based on the optimized crystal structure,
the FE-II phase of monolayer VOI2 is orthorhombic with
space group Pmm2 (No.25) and ferroelectric polariza-
tion along the a-axis (V-O direction) [48]. As discussed
before, the FE-II phase can be regarded as the combina-
tion of the FE distortion (Γ4− mode) along the a-axis and
V-V dimerization (Y1+ mode) of the undistorted phase.

Figure 4(a) shows that the dxy band is anisotropic,
being more dispersive along the b-axis (Y-Γ path) than
the a-axis (Γ-X path). As shown in Fig. 4(b), along the b-
axis the V-V dimerization distortion induces a dominant
dxy-dxy σ-bonding state, leading to a large overlap of dxy
orbitals in the V-V dimer. Furthermore, we calculated
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FIG. 3. (a-b) Schematics of the empty p − d hybridizations in the ferroelectric monolayer VOI2 at the Γ point. Here, the
colored solid dots denote V (red) and O (blue). (a) V(3d3z2−r2)-O(2pz) hybrid state. (b) V(3dxz/yz)-O(2px) hybrid state.
(c) Orbital-resolved density of V 3d(dxz/yz and d3z2−r2) and O 2p (px and pz) states in the FE-II phase of monolayer VOI2.
“Centrosym” refers to the atoms in the centrosymmetric position while “displaced” indicates the atoms present ferroelectric
displacements along the V-O bond ([100]). (d) Ferroelectric distortion mode (Γ4−) obtained from the undistorted phase of
monolayer VOI2 vs. doping.

the electron localization function (ELF) [49] for the FE-
II phase that suggest covalent characteristics for the V-
O bonds, supporting the previous analysis of the p-JT
effect. Based on the Berry phase method [50, 51], we
estimate that the FE polarization (P ) of the FE-II phase
of monolayer VOI2 is about 257 pC/m. More details for
FE-II are available in the SM [39].

- 1 . 5 - 1 . 0 - 0 . 5 0 . 0 0 . 5 1 . 0 1 . 5

y
x

OO
V V

V - 3 d x y

( c )

( b )( a )

FIG. 4. (a) Band structure of the FE-II monolayer VOI2 using
the NM state. (b) The electronic density of the valence band
near the Fermi level (-0.5 to 0 eV ) in the bc plane, showing
clear dxy characteristics. (c) Electron localization function of
the FE-II monolayer VOI2 in the ab plane.

Magnetism- Based on the maximally localized Wannier

method [52], the Wannier function of the 3dxy orbital was
plotted in Fig. 5(a). It displays a strong ddσ-bonding
state along the b-chain, suggesting the formation of a lo-
cal singlet spin dimer. To better understand the magnetic
coupling along this chain, an effective single-orbital Hub-
bard model was constructed to calculate the real-space
spin correlations via the density matrix renormalization
group (DMRG) method [53, 54], where we have used
the DMRG++ software [55]. The model studied here in-
cludes the kinetic energy and interaction energy terms
H = Hk +Hint:

H =
∑
i,σ,α

tα(c†iσci+α,σ +H. c.) + U
∑
i

ni↑ni↓, (1)

where the first term represents the hopping of an electron
from site i to site i+α. The number α indicates the three
different hopping paths shown in Fig. 5(b). The second
term is the standard intraorbital Hubbard repulsion.

Figure 5(c) shows the spin-spin correlation S(r) =
〈Si · Sj〉 vs. distance r for different values of U/W . The
distance is r = |i− j|, with i and j site indexes. The
spin-spin correlation decays very fast with distance r,
suggesting a long-range disordered phase in this dimer-
ized chain composed of strong dimer spin-singlet states
((|↑↓〉 − |↓↑〉)/

√
2) nearly decoupled from one another.
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FIG. 5. (a) Wannier function of the V 3dxy orbital, indicat-
ing the alternating ddσ-bonding and ddσ∗-antibonding states
along the b-axis. (b) Different hoppings along the chain used
in our DMRG calculations (t1 = −0.647 eV, t2 = 0.067
eV and t3 = 0.009 eV). All the hopping amplitudes were
obtained from the DFT calculations via Wannier functions.
The spin arrows represent short-range antiferromagnetic-
antiferromagnetic coupling along the chain. (c) S(r)=〈Si · Sj〉
(with r=|i− j|) and (d) S(qy) for different values of U/W .
Here, we used a 36-sites cluster chain with two nearest-
neighbors and one next-nearest-neighbor hoppings. (d) Spin
structure factor at the six values of U/W of panel (c).

Furthermore, we also calculated the spin structure fac-
tor S(qy) in Fig. 5(d), which displays a mild antifer-
romagnetic (AFM) coupling along the dimerized chain
induced by the spin singlets (again, long-range order is
rapidly suppressed). This AFM-AFM coupling is rea-
sonable, considering the facts known about Eq. (1). The
magnetic coupling in a dimer should be AFM because the
large overlap of V-3dxy orbitals establishes AFM coupling
in a dimer according to super-exchange ideas. Between
neighboring V-V dimers, our DMRG calculations predict
a short-range coupling which is also AFM due to the di-
rect V-V magnetic interaction, albeit much weaker.

Discussion and perspective.- In previous DFT stud-

ies [20, 21], the FE-I state of VOI2 (without V-V dimer-
ization along the b-axis) was argued to be stable in a
long-range FM ordered state with low transition tem-
perature. However, the V-V dimerization was not in-
troduced in their calculations. Our study suggests that
the V-V dimerization could suppress the long-range mag-
netic ordering, as reported in other S = 1/2 monolayer
compounds, such as VSe2 [56]. It also should be noted
that a strong dimerization was also reported experimen-
tally in TaOI2 (5d1) [57] and MoOCl2 (4d2) [58]. Hence,
our results appear reasonable and in agreement with ex-
periments: the monolayer ground state should be FE-II
(with a FE distortion along the a-axis, V-V dimerization
along the b-axis, and short-range AFM spin order).

In addition, we also calculated the phononic spectrum
of the undistorted phase of VOBr2 and VOCl2 (Fig. S15),
and the results are similar to those of VOI2. The un-
stable FE distortion mode was enhanced in VOBr2 and
VOCl2, indicating a larger P . Furthermore, the FE-II
phase is also expected to be the ground state in VOBr2
and VOCl2. Although more work is needed, the physics
should be similar to our study in VOI2.

Conclusion.- Here the monolayer compound VOI2 was
systematically studied using first-principles DFT and
DMRG calculations. A strongly anisotropic metallic
band structure was observed in the undistorted phase,
suggesting a Peierls instability. In addition, using group
symmetry analysis and DFT calculations, we found that
the FE-II phase becomes stable at low temperature. This
FE-II state can be regarded as arising from the coupling
between a ferroelectric distortion along the a-axis and V-
V dimerization along the b-axis. In addition, the “pseudo
Jahn Teller” effect caused by the coupling between empty
V 3d and O 2p states induces the ferroelectric distor-
tion from the undistorted phase. Furthermore, we also
unveiled a robust spin quantum disordered ground state
with very short-range antiferromagnetic order, essentially
made of spin singlets. Our results successfully produce
the expected phase transition induced by the Peierls in-
stability and provide additional insight that should mo-
tivate further theoretical and experimental efforts.
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