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Local gate control of Mott metal-insulator
transition in a 2D metal-organic framework

Benjamin Lowe 1,2,6, Bernard Field 1,2,6, Jack Hellerstedt 1,2,
Julian Ceddia 1,2, Henry L. Nourse3, Ben J. Powell 4 ,
Nikhil V. Medhekar 2,5 & Agustin Schiffrin 1,2

Electron-electron interactions in materials lead to exotic many-body quantum
phenomena, including Mott metal-insulator transitions (MITs), magnetism,
quantum spin liquids, and superconductivity. These phases depend on elec-
tronic band occupation and can be controlled via the chemical potential. Flat
bands in two-dimensional (2D) and layered materials with a kagome lattice
enhance electronic correlations. Although theoretically predicted, correlated-
electron Mott insulating phases in monolayer 2D metal-organic frameworks
(MOFs) with a kagome structure have not yet been realised experimentally.
Here, we synthesise a 2D kagome MOF on a 2D insulator. Scanning tunnelling
microscopy (STM) and spectroscopy reveal a MOF electronic energy gap
of∼200meV, consistent with dynamical mean-field theory predictions of a
Mott insulator. Combining template-induced (via work function variations of
the substrate) and STM probe-induced gating, we locally tune the electron
population of the MOF kagome bands and induce Mott MITs. These findings
enable technologies based on electrostatic control of many-body quantum
phases in 2D MOFs.

Strong electronic correlations arise in a material at specific electron
fillings of its bands, provided that the on-site Coulomb repulsion
(characterised by the Hubbard energy, U) is of the order of, or larger
than, the bandwidth, W. These electronic correlations can result in a
wide range of exotic many-body quantum phases. Examples include
correlated insulating phases, quantum spin liquids, correlated mag-
netism, and superconductivity—phenomena that have been realised in
monolayer transition metal-dichalcogenides1–6, twisted few-layer
graphene7,8, inorganic kagome crystals9–11, and organic charge trans-
fer salts12–14.

Tuning of the chemical potential via electrostatic gating can allow
for control over such band electron filling, enabling reversible
switching between correlated phases7. This makes these systems
amenable to integration as active materials in voltage-controlled

devices, offering enticing prospects for applications in electronics,
spintronics, and information processing and storage12,15.

Two-dimensional (2D) materials have emerged as particularly
promising candidates for realising strongly correlated phenomena as
the absence of interlayer hopping and screening can contribute to
decreasing W and increasing U4. Additionally, some 2D crystal geo-
metries—such as the kagome structure—give rise to intrinsic flat elec-
tronic bands16,17. When these extremely narrow bands are half-filled,
even weak Coulomb repulsion can open an energy gap and give rise to
aMott insulating phase12. Away fromhalf-filling, the gapcloses, and the
system becomes metallic.

Metal-organic frameworks (MOFs) are a broad class of materials
whose properties are highly tunable through careful selection of
constituent organic molecules and metal atoms18. There has been
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growing interest in 2D MOFs for their electronic properties19–21. In
particular, layered 2D MOF structures have been recently shown to
host strongly correlated superconductivity22. Monolayer 2D MOFs
have attracted attention for their magnetism23–25, including ferro-
magnetism resulting from exchange interaction between unpaired
metal centre electrons26. However, despite theoretical predictions27,28,
correlated Mott phases have not yet been realised experimentally in
monolayer 2D MOFs.

Here, we demonstrate local electrostatic control over a Mott
metal-insulator-transition (MIT) in a single-layer 2D kagome MOF, in
excellent agreement with theoretical predictions.

Results
A monolayer 2D MOF on an atomically thin insulator
We synthesised the monolayer MOF—consisting of 9,10-dicyanoan-
thracene (DCA) molecules coordinated to copper (Cu) atoms—on
monolayer hexagonal boron nitride (hBN) on Cu(111) (seeMethods for
sample preparation). A scanning tunnelling microscopy (STM) image
of a crystalline single-layer MOF domain grown seamlessly across the
hBN/Cu(111) substrate is shown in Fig. 1a. We observe some defects
within the MOF domain, as well as some DCA-only regions (discussed
in Supplementary Note 11). The long-range modulation of the MOF
STM apparent height follows the hBN/Cu(111) moiré pattern, which
arises due to a mismatch between the hBN and Cu(111) lattices (giving
rise to pore, P, and wire, W, regions—see upper inset)29–31. This moiré
pattern has been shown to affect the electronic properties of
adsorbates31, including one previous example of a MOF32.

The MOF is characterised by a hexagonal lattice (lattice constant:
2.01 ± 0.06 nm), with a unit cell including two Cu atoms (honeycomb
arrangement; bright protrusions in Fig. 1b) and three DCA molecules
(kagome arrangement, with protrusions at both ends of anthracene
backbone in STM image in Fig. 1b), similar to previous reports
(including on a decoupling graphene monolayer)25,33–35.

We calculated theband structure of thismonolayerDCA3Cu2MOF
on hBN/Cu(111) by density functional theory (DFT; with U =0); Fig. 1d.

Projection of the Kohn–Sham wavefunctions onto MOF states shows
the prototypical kagome energy dispersionwith twoDirac bands and a
flat band, consistent with prior theoretical calculations for the free-
standingMOF19,27,36. This near-Fermi band structure has predominantly
molecularDCA character, and is well described by a nearest-neighbour
tight-binding (TB) model (see the corresponding density of electronic
states,DOS, as a functionof energy E in Fig. 1e)36. ThehBNmonolayer, a
2D insulator with a bandgap >5 eV31, prevents electronic hybridisation
between the underlying Cu(111) surface and the 2D MOF31. This allows
the MOF to preserve its intrinsic electronic properties, in contrast to
previous findings on metal surfaces25,35–37. These U =0 calculations
predict that the MOF on hBN/Cu(111) is metallic, with some electron
transfer from substrate-to-MOF leading to the chemical potential lying
above the Dirac point, close to half-filling of the three kagome
bands (Fig. 1d).

Strong electronic interactions have been theoretically predicted
inDCA3Cu2

27, and a signaturewas recently detected experimentally25.
We, therefore, calculated the many-body spectral function A(E)—
analogous to the DOS in the non-interacting regime—of the free-
standingMOF via dynamicalmean-field theory (DMFT). In contrast to
the TB model or DFT, DMFT explicitly captures local electronic cor-
relations caused by the Hubbard energy U (see Methods)38–41. In
Fig. 1e, A(E) is shown for U = 0.65 eV (consistent with previous
experimental estimates33) and for a chemical potential that matches
the DFT-predicted occupation of the kagome bands for the MOF on
hBN/Cu(111) (see Supplementary Note 2 and Supplementary Note 23
for further DMFT calculations, including temperature dependence).
We observe two broad peaks (lower and upper Hubbard bands)
separated by an energy gap of∼200meV, dramatically different from
the non-interacting kagome DOS, and indicative of a Mott insulating
phase27,42.

Observation of ∼200meV Mott energy gap
To experimentally probe the electronic properties of DCA3Cu2/hBN/
Cu(111), we conducted differential conductance (dI/dV) scanning
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Fig. 1 | A 2D kagome MOF on an atomically thin insulator: DCA3Cu2 on single-
layer hBN on Cu(111). a STM image of MOF (with organic DCA-only regions;
Vb = −1 V, It = 10 pA). 'P' and 'W' indicate pore (dashed white circle) and wire regions
of hBN/Cu(111) moiré pattern. Lower inset: Fourier transform of STM image; sharp
spots correspond toMOF hexagonal periodicity (scale bar: 0.25 nm−1). Upper inset:
STM image of bare hBN/Cu(111)moiré pattern (Vb = 4 V, It = 100pA, scale bar: 4 nm).
Redarrows: examplesof crack, vacancy, andCu clusterdefectswithinMOFdomain.
b Top-view of MOF model overlaid upon small-scale STM image of region within
red box in a (Vb = −1 V, It = 10 pA). MOF unit cell indicated in light blue. Blue dashed
lines and solid circles: kagome pattern formed by DCA molecules, with inter-site
electron hopping, t, and on-site Coulomb repulsion, U. c Model of MOF/hBN/

Cu(111) (side view). Hydrogen: white; carbon: grey; boron: pink; nitrogen: blue;
copper: orange. d Electronic band structure calculated by DFT (with U =0)36. Blue
circles: projections onto MOF states. Grey curves: Cu(111) states (hBN states do not
contribute within the shown energy range). Hybridisation between MOF and
Cu(111) is hindered by the hBN monolayer; the MOF band structure retains its
kagome character. Chemical potential EF (blue dashed line) is close to half-filling of
kagome bands. e Density of states, DOS(E) (tight-binding model with thermal
broadening,U =0,blue), and spectral function,A(E) (DMFT,U =0.65 eV, orange), of
freestanding MOF. Local Coulomb interaction opens a significant Mott energy gap
Eg between lower (LHB) and upper Hubbard bands (UHB).
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tunnelling spectroscopy (STS); dI/dV is an approximation of the local
DOS [A(E)] in the non-interacting (interacting, respectively) picture.
We performed STS at the ends of the DCA anthracene moiety and at
the Cu sites of the MOF—locations where we expect the strongest
signature of the kagome bands based on the spatial distribution of the
orbitals thatgive rise to thesebands25,33,34. These spectra (Fig. 2a), taken
at a pore region of the hBN/Cu(111) moiré pattern, both show broad
peaks at bias voltages Vb ≈ −0.2 and 0.2 V. In a bias voltage window of
∼0.2V around the chemical potentialEF (Vb = 0), thedI/dV signal is low,
significantly smaller than that for bare hBN/Cu(111).

STM images acquired within this low-dI/dV bias voltage window
(Fig. 2b, c) showmainly the topographyof theMOF,with themolecules
appearing as ellipses of uniform intensity and the Cu atoms as
weak protrusions. Outside the low-dI/dV bias voltage window
(∣Vb∣ > 200mV), Cu sites and the ends of the DCA anthracene moieties
appear as bright protrusions (Fig. 2d, e), similar to the spatial dis-
tribution of the electronic orbitals of the DCA3Cu2 MOF associated
with the near-Fermi kagome bands (right inset of Fig. 2d; see Supple-
mentary Figs. 11 and 12 for more Vb-dependent STM images and dI/dV
maps)25,33,34.

This suggests that the dI/dV peaks at ∣Vb∣ ≈0.2 V in Fig. 2a are
related to intrinsic MOF electronic states near EF, with the low-dI/dV
bias voltage window of ∼0.2V around EF representing an energy gap,
Eg, between these states. This is consistent with in-gap topographic
STM imaging in Fig. 2b, c43. These dI/dV peaks cannot be attributed to
inelastic tunnelling (e.g., MOF vibrational modes) as they are not
always symmetric about EF (see Fig. 3). The gap ismuch larger than that
predicted from spin-orbit coupling in such a system19, and the mono-
crystalline growthof theMOFdomains (Fig. 1a)makes a large disorder-
related gapunlikely. Furthermore, the gap is inconsistentwithDFT and
TB calculations (Fig. 1d, e).

The MOF spectra in Fig. 2a strongly resemble the DMFT-
calculated spectral function A(E) in Fig. 1e, including an energy gap
of the same magnitude between two similar peaks (Supplementary
Fig. 9). This suggests that these dI/dV spectra are hallmarks of a Mott
insulator.

Template-assisted Mott metal-insulator transition (MIT)
We further measured dI/dV spectra at Cu sites of the DCA3Cu2 MOF
across the hBN/Cu(111) moiré pattern (Fig. 3a, b). In Fig. 3b, Eg is
centred symmetrically about EF for spectra taken in the middle of a
pore region, while those taken closer to the wire region show the
Hubbard bands shifting upwards in energy (lowering the barrier to
creationof ahole). At the centre of thewire region, the gapat the Fermi
level vanishes with a clear increase in Fermi level dI/dV signal (Fig. 3e).
The same behaviour was observed for DCA lobe sites of the MOF (see
Supplementary Note 14).

The hBN/Cu(111) moiré pattern consists of a modulation of the
local work function Φ (with little structural corrugation), where the
quantity ΔΦ=Φwire �Φpore depends on the period of the moiré
superstructure, λ29–31. For the hBN/Cu(111) domain in Fig. 3a with
λ ≈ 12.5 nm, ΔΦ ≈0.2 eV (Fig. 3c; see Supplementary Note 15 for moiré
domains with different periods)30. Due to energy level alignment44–46,
this corrugation of Φ affects substrate-to-MOF electron transfer and
hence the effective electron filling of the MOF bands, with this filling
smaller at wire than pore regions44,47. This is consistent with the
effective reduction of the hole-creation barrier at the wire relative to
the pore in Fig. 3b.

To capture the effect of this moiré-induced modulation of Φ on
the MOF electronic properties, we conducted further DMFT calcula-
tions. Using U =0.65 eV (the same as Fig. 1e), we calculated A(E) for a
range of EF assuming a uniform system. We considered a sinusoidal
variation of EF from a minimum value corresponding to half-filling of
the kagome MOF bands, with an amplitude of 0.2 eV, to match the
experimental ΔΦ for this specific hBN/Cu(111) moiré domain30,47

(Fig. 3c; see Methods). The obtained A(E) (Fig. 3d) reproduce the
experimental spectral features in Fig. 3b, including the shifting of the
lower Hubbard band maximum (LHBM) and upper Hubbard band
minimum (UHBM) (Fig. 3f), and the vanishing of the gap and increase
of the spectral function at the Fermi level for the wire region
(Fig. 3e, g).

The DMFT-calculated spectral functions A(E) with no gap at the
Fermi level at the smallest electron filling (ΔΦDMFT = 0.2 eV) show
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Fig. 2 | Bandgap Eg ≈ 200meV in DCA3Cu2 MOF on hBN/Cu(111). a dI/dV
spectra at MOF positions indicated by orange markers in b–e and on bare hBN/
Cu(111) (grey dots) (setpoint: Vb = −500mV, It = 500pA). Grey dotted vertical lines
indicate bias voltages at which STM images were acquired inb–e. Spectra offset for
clarity. Dashed horizontal lines indicate dI/dV =0 reference for each curve. Spectra
reveal a bandgap Eg ≈ 200meV. The non-zero dI/dV within the gap is due to states
of underlying Cu(111) leaking through hBN. Red squares (circles): lower Hubbard
band maxima, LHBM (upper Hubbard band minima, UHBM). b–e STM images of

MOF on hBN/Cu(111) at specified bias voltages (It = 10 pA). White dashed circle:
hBN/Cu(111) moiré pore. MOF unit cell indicated in light blue. Scale bars: 1 nm.
Insets: zoom-in of region within red box, with overlaid Cu-DCA-Cu chemical
structure, showing significant contributions from the ends of the DCA anthracene
moiety (green arrow) and Cu (orange arrow) for Vb < LHBM and Vb >UHBM. Right
inset in d: charge density isosurface (0.0025 e−Å−3) of DCA3Cu2 obtained by inte-
gration of near-Fermi (±0.5 eV) DFT wavefunctions.
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peaks near EF (Fig. 3d), however, which were not observed in the
experimental spectra at the wire region (Fig. 3b). These peaks are
indicative of coherent quasiparticles38, with their width associatedwith
the quasiparticle lifetime and quasiparticle mean free path ℓ. Via our
DMFT and TB calculations (Supplementary Note 3), we estimate
ℓ ≈ 10 nm, much larger than the wire region width of ∼4 nm. We
hypothesise that the coherence peaks are suppressed in the experi-
ment as quasiparticles are strongly scattered by the pore regions
(where the MOF remains insulating). This is a key difference between
Fig. 3b, d: the experimental measurements represent changes in
electron population at finite size MOF regions due to a locally varying
work function, whereas each theoretical spectrum corresponds to an
infinite uniform system with a constant chemical potential.

Furthermore, some of the experimental spectra in the vicinity of
the wire region in Fig. 3b feature narrow peaks at energies of ∼0.4 eV,
not present in the theoretical A(E) in Fig. 3d. We claim that these peaks
do not represent intrinsic electronic states, but are instead related to
charging phenomena not captured by the DMFT calculations (see
Fig. 4 and Supplementary Note 17).

Despite these discrepancies with experiment, our DMFT calcula-
tions capture the fundamental electronic properties of the 2D DCA3Cu2
MOF, hostingaMott insulatingphasewithEg≈ 200meV, andametal-like
phase (with no gap at the Fermi level) at the wire region (for the specific
tip-sample distance considered in Fig. 3). DMFT is a well-established
method for understanding the Mott insulator and Mott MITs38–41. This
claimof strong electronic correlations and of aMott insulating phase for
the DCA3Cu2 kagome MOF is consistent with previous literature25,27,36,42.

Tip-assisted Mott MIT at moiré wire region
To explore the nature of the metal-like phase observed at the wire
region,we conducted further dI/dV STSof theMOF as a functionof tip-
sample distance Δz + z0 (where z0 is set by tunnelling parameters), at a
DCA lobe site within the wire region (Fig. 4d). For large Δz + z0, these
spectra feature an energy gap Eg, with a small dI/dV signal at the Fermi
level (Fig. 4f), similar to spectra in the pore regions (Figs. 2a, 3b;
Supplementary Note 20), with a sharp peak at positive Vb (purple cir-
cles in Fig. 4d) and a subtler band edge (red squares; similar to band
features in Fig. 3b) at negative Vb. As Δz decreases, the energy position
of the sharp peak decreases linearly (Fig. 4e). Conversely, the energy
position of the subtler band edge increases with decreasing Δz, non-
linearly and at a lower rate (Fig. 4e). These features cross the Fermi
level at intermediate Δz, and the spectrum becomes gapless (Eg = 0),
with a significant increase in dI/dV signal at the Fermi level (Fig. 4f).
Note that an intermediate Δz was also used for all spectra in Fig. 3b
where similar metal-like signatures were observed at the wire region.
We found a similar Δz-dependent trend for wire region Cu sites (Sup-
plementary Note 21). Notably, moiré pore regions remain gapped for
all Δz values (for both Cu and DCA lobe sites; Supplementary Note 20
and Supplementary Note 21).

AsVb is appliedbetween the tip andCu substrate, the STMdouble-
barrier tunnel junction (DBTJ)—where the vacuum between tip and
MOF is a first tunnel barrier and the insulating hBN is a second one—
causes a voltage drop at the MOF location. This can lead to energy
shifts of MOF states and/or charging of such states when they become
resonant with the Cu(111) Fermi level (Fig. 4a)33,46,48. These phenomena
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have previously been observed for the DCA3Cu2 MOF on a decoupling
graphene surface33. In this scenario, the bias voltages corresponding to
an intrinsic electronic state, Vstate, and to charging of such a state,
Vcharge, vary as a function of Δz as:

V stateðΔzÞ=
deff V1 +ΔΦts

� �

ðΔz + z0Þ
+V1, ð1Þ

V chargeðΔzÞ= � V1ðΔz + z0Þ
deff

� ðV1 +ΔΦtsÞ, ð2Þ

where deff is the effective width of the hBN tunnel barrier, V∞ is the bias
voltage corresponding to the electronic state asΔz→∞, andΔΦts is the
difference between tip and sample work functions48.

We fit the Δz-dependent bias voltage associated with the subtle
band edge (red squares) in Fig. 4d with Eq. (1), and the bias voltage
associated with the sharp peak (purple circles) with Eq. (2) (Fig. 4e).
The agreement between experimental data and fits indicate that the
subtle spectral band edge (red) represents an intrinsic MOF electronic
state, with its energy shifting as Δz varies, and with the sharp peak
(purple) corresponding to charging of such a state.

Discussion
We interpret these results as follows. For large Δz (Fig. 4c), the MOF
electronic states are strongly pinned to the substrate, and the MOF
near-Fermi kagome bands are approximately half-filled. Here, the dI/
dV spectra feature an energy gap at the Fermi level, both atmoiré pore
(Figs. 2a, 3b; Supplementary Note 20 and Supplementary Note 21) and
wire regions (bottom spectra of Fig. 4d; Supplementary Note 21): the
entire monolayer 2D MOF is intrinsically a Mott insulator featuring
localised electrons. This is consistent with DMFT calculations, which

show that the system can remain Mott insulating even with a 0.2 eV
modulation of EF (corresponding to the experimental moiré work
function corrugation; Supplementary Fig. 4).

Due to the hBN/Cu(111) moiré work function corrugation, the
LHBMat awire region is very close to the Fermi level (in comparison to
the pore region). As Δz is reduced, theMOF states become less pinned
to the Cu(111) substrate andmore pinned to the tip via the DBTJ effect
(Fig. 4; Supplementary Note 19, Supplementary Note 20, Supplemen-
tary Note 21). Given thatΦtip >Φwire (see Supplementary Note 18), this
leads to an energy upshift of theMOF states with respect to the Cu(111)
Fermi level (with the LHBM susceptible to charging as Vb becomes
morepositive). At intermediateΔz, this energy upshift depopulates the
LHB and leads to the transition from the Mott insulating phase (only
existing at half-filling of the three near-Fermi kagome bands; Fig. 1) to
the metallic phase. This is concomitant with a dramatic change in the
dI/dV spectra, including the vanishing of the energy gap and the
increase in dI/dV signal at the Fermi level. As Δz is further reduced
(Fig. 4a), the near-Fermi kagome bands become fully depopulated
(with the bottomof thesebands susceptible to charging asVb becomes
more negative; top spectra of Fig. 4d), and the MOF becomes a trivial
insulator (with a gap between these near-Fermi bands and lower
energy bands; Supplementary Fig. 1). The DBTJ effect also manifests
itself at the pore region, with energy shifts of the LHBM and UHBM as
Δz varies (Supplementary Note 20, Supplementary Note 21). Yet, due
to the smallerΦpore (Fig. 3c), the Fermi level lies close to the centre of
the energy gap (Fig. 3b), making the Mott insulating phase robust for
the considered Δz range, consistent with DMFT (Fig. 3d, Supplemen-
tary Figs. 2b, 4). In the wire region, the STM tip, via the DBTJ effect, in
combination with the large Φwire, acts as a local electrostatic gate,
switching the 2D MOF from Mott insulator to metal (Supplemen-
tary Fig. 26).
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Fig. 4 | Mott metal-insulator transition controlled via tip-induced gating.
a–c Schematics and energy diagrams of tunnelling and charging processes at a
double-barrier tunnel junction (DBTJ), consisting of STM tip, vacuum barrier (vac.),
MOF, hBN barrier, and Cu(111), for small, intermediate (int.), and large tip-sample
distances (Δz + z0). When Vb is applied, voltage drop at MOF location enables tip-
controlled charging, energy level shifts, and gating of MOF transitions, from (cor-
related) Mott insulator to metal to trivial insulator. These schematics qualitatively
illustrate our proposed physical mechanism of tip-induced gating. d dI/dV spectra
at MOF DCA lobe site, at hBN/Cu(111) moiré wire, for different Δz + z0 (z0 given by

STM setpoint Vb = 10 mV, It = 10 pA). Purple circles: MOF charging peak. Red
squares: intrinsic electronic state atMOFband edge. Spectra normalised and offset
for clarity. e Vcharge (purple circles in d) and Vstate (red squares in d) as a function of
Δz. Black solid lines: globalfits to Eqs. (1) and (2). fdI/dV signal at Fermi level (Vb = 0)
as a function of Δz, from d. Increased dI/dV(Vb = 0) indicates metallic phase at
intermediate Δz + z0. Inset: STM image of MOF on hBN/Cu(111) showing site (blue
triangle marker) where dI/dV(Δz) measurements were performed (Vb = − 1 V,
It = 10 pA, scale bar: 2 nm).
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This tip-induced gating at the wire region is inherently local,
occurring within the cross-section of the DBTJ (typically with a dia-
meter of ∼10 nm given by the tip radius of curvature). This locality
could lead to dI/dV features (e.g., due to electronic confinement) not
captured by DMFT. Whether these local changes produce truly delo-
calised metallic states across an extended area of the sample remains
an open question, beyond the scope of this investigation. Future work
could investigate the DCA3Cu2 MOF on single-crystal exfoliated hBN,
within a gated heterostructure, allowing for uniform electrostatic
control and bulk (e.g., transport) measurements.

Our assertion that the MOF is a Mott insulator at the moiré pore
regions for all tip-sample distances, and at the wire regions for large
tip-sample distances, is well supported by DMFT calculations, and by
previous literature25,27,36,42. The DMFT spectral functions demonstrate
excellent agreement with dI/dV spectra at the pore regions, including
the∼200meV gap at the Fermi level, and the energymodulation of the
LHB andUHB due to variations in electrostatic potential. Our assertion
of a metallic phase for theMOF at the wire region for intermediate tip-
sample distances is well supported by the DBTJ model, and by the
qualitative agreement with DMFT, including the absence of an energy
gap at the Fermi level and an increase in Fermi level dI/dV signal and
spectral function.

Mott insulating—with intrinsically localised electronic states—and
metallic phases have been observed in TaS2 and TaSe2 monolayers,
which feature frustrated lattice geometries and lattice constants (due
to charge density wave distortions) similar to our work3,4,49–51, for finite
domain sizes as small as ~10 × 10 nm2 49. Also, local topological phase
transitions induced by an STM tip have been demonstrated52. Our
interpretation of a local population-induced Mott metal-insulator
transition is consistent with these findings.

Monolayer DCA-based MOFs have been studied on other
substrates25,26,33–35,37,53–55, without observing a Mott phase. In our case,
the combination of the wide bandgap hBN as a template (allowing the
MOF to retain its intrinsic electronic properties), and of the adequate
energy level alignment given by the hBN/Cu(111) substrate (resulting in
half-filling of kagome bands; Fig. 1d), plays a key role in the realisation
of the correlated-electron Mott phase.

Note that the vanishing of the energy gap at the Fermi level for the
MOF metallic phase at the moiré wire region (Fig. 3b) can be remi-
niscent of spectral features for the pseudogap phase in cuprates and
other transition metal oxides56–58. Future work on controllable Mott
MITs inMOFsmight shed light on the general understanding of doped
Mott insulators.

We have demonstrated that single-layer DCA3Cu2 not only hosts a
robust Mott insulating phase (with Eg≫ kBT at T = 300K), but also that
Mott MITs can be achieved via the combination of template- (Fig. 3)
and tip- (Fig. 4) induced gating, consistent with DMFT and the DBTJ
model. This shows that such phase transitions can be controlled in
monolayer MOFs via electrostatic tuning of the chemical potential.

Our findings represent a promising step towards incorporation of
2D MOFs as active materials in device-like architectures (e.g., van der
Waals heterostructures based on 2D materials), benefiting from effi-
cient synthesis approaches and versatility offered by MOFs, and
allowing for access and control of correlated-electron phases therein
via electrostatic gating59. Our work establishes single-layer 2D MOFs—
with crystal geometries allowing forflatbands—aspromisingplatforms
for controllable switching between diverse many-body quantum phe-
nomena, potentially including correlated magnetism, super-
conductivity, and quantum spin liquids.

Methods
Sample preparation
Themonolayer (ML) DCA3Cu2 kagomeMOF was synthesised on hBN/
Cu(111) in UHV (base pressure ∼2 × 10−10 mbar). The Cu(111) surface
was first cleaned via 2–3 cycles of sputtering with Ar+ ions and

subsequent annealing at ∼770K. A hBN ML was synthesised on
Cu(111) via the thermal decomposition of borazine31. We dosed a
partial pressure of borazine of ∼9 × 10−7 mbar for 45minutes with the
Cu(111) sample maintained at 1140 K. We kept the Cu(111) sample at
this temperature for a further 20mins to ensure a complete reaction.
We then cooled the sample to room temperature and deposited the
DCA molecules via sublimation at 390K, corresponding to a
deposition rate of 0.007ML/sec. In our experiments we considered
DCA coverages of ∼0.4–0.6ML. We then further cooled the sample
to ∼77 K before depositing Cu via sublimation at 1250 K (Cu
deposition rate: ∼0.002ML/sec; typical Cu coverages in our experi-
ments: ∼0.05ML). Finally, the sample was annealed to ∼200K for
15 minutes. Further details are in Supplementary Note 6.

The DCA3Cu2 MOF crystalline structure was found to be com-
mensurate with the hBN lattice but incommensurate with the long-
range hBN/Cu(111) moiré patterns of different sizes, across which the
MOF grows without disruption (see Supplementary Fig. 8). The hBN/
Cu(111) moiré pattern is clearly visible in large-scale STM images of the
MOF (Fig. 1a). This is consistent with the modulation of the MOF’s
electronic properties illustrated in Fig. 3 (also see dI/dV maps in Sup-
plementary Fig. 12).

STM and STS measurements
All STM and dI/dV STSmeasurements were performed at 4.5 K (except
measurements in Supplementary Note 23 performed at 77 K), at a base
pressure <1 × 10−10 mbar, with a hand-cut Pt/Ir tip. All STM images were
acquired in constant-current mode with tunnelling parameters as
reported in the text (bias voltage applied to sample). All dI/dV spectra
were obtained by acquiring I(V) at a constant tip-sample distance
(stabilised by a specified setpoint tunnelling current and bias voltage),
and by then numerically differentiating I(V) to obtain dI/dV as a func-
tion of bias voltage. Tips were characterised on regions of bare hBN/
Cu(111) prior to spectroscopy measurements, where the Shockley
surface state of Cu(111) could be observed (grey curve in Fig. 2a, onset
shifted upwards in energy due to confinement by hBN monolayer)29.

DFT calculations
We calculated the non-spin-polarised band structure of DCA3Cu2 on
hBN on Cu(111) via DFT (Fig. 1d), using the Vienna Ab-Initio Simulation
Package60 with the Perdew-Burke-Ernzerhof functional under the
generalised gradient approximation61. We used projector augmented
wave pseudopotentials62,63 to describe core electrons, and the semi-
empirical potential DFT-D364 to describe van der Waals forces.

The substrate was modelled as a slab three Cu atoms thick, with
the bottom layer fixed at the bulk lattice constant65. A layer of passi-
vating hydrogen atoms was applied to the bottom face to terminate
dangling bonds.

A 400 eV cut-off was used for the plane wave basis set. The
threshold for energy convergencewas 10−4 eV. The atomic positions of
the DCA3Cu2/hBN/Cu(111) were relaxed until Hellmann-Feynman for-
ces were <0.01 eV/Å, using a 3 × 3 × 1 k-point grid for sampling the
Brillouin zone and 1st orderMethfessel-Paxton smearing of 0.2 eV. The
charge density for the relaxed structure was calculated using an
11 × 11 × 1 k-point grid, Blöchl tetrahedron interpolation, and dipole
corrections. The band structure was determined non-self-consistently
from the charge density.

Note that small (<1 Å) perturbations in the height of DCA3Cu2
above the hBN/Cu(111) do not appreciably affect the calculated band
structure. As such, small perturbations in height related to the hBN/
Cu(111) moiré pattern (of at most 0.7 Å66) were not captured by these
calculations36.

DMFT calculations
We performed DMFT calculations on the freestanding DCA3Cu2
kagome MOF. We used the Hubbard model for a kagome lattice with
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nearest-neighbour hopping,

H = � t
X

hi, ji,σ
ĉyi,σ ĉj,σ +U

X

i

n̂i,"n̂i,#, ð3Þ

where the first term is the TB Hamiltonian with nearest-neighbour
hopping energy t, ∑〈i, j〉 is a sum over nearest-neighbour sites, and the
second term is the interaction Hamiltonian with on-site Coulomb
repulsion U. The operator ĉyi,σ (ĉi,σ) creates (annihilates) an electron at
site i with spin σ; n̂i,σ = ĉ

y
i,σ ĉi,σ is the density operator. We take

t =0.05 eV to match prior DFT calculations of DCA3Cu2
19,27,36.

We first calculated the non-interacting (U =0) density of states
(DOS; blue curve in Fig. 1e) by numerically integrating over all
momenta in the first Brillouin zone. The chemical potential EF in Fig. 1e
was chosen to be consistent with the electron filling predicted by DFT
(Fig. 1d). We applied a thermal broadening (kBT = 2.5meV) to this non-
interacting TB DOS to make it consistent with the thermal broadening
of the DMFT-generated (see below) spectral function A(E) in Fig. 1e.

To account for electronic correlations, we then implemented the
DMFT formalism38,67,68 using the Toolbox for Researching Interacting
Quantum Systems (TRIQS)69, with the continuous-time hybridisation
expansion solver (CTHYB)70,71 at a temperature of ∼29K (kBT ≈0.05t,
unless specified otherwise; see Supplementary Note 23 for
temperature-dependent calculations), with U =0.65 eV. To use a
single-siteDMFT formalism38with the kagomeband structure, the non-
interacting DOS of the three kagome bands were combined into a
single function for use as the input into the DMFT procedure.

We calculated the many-body spectral functions A(E) (analogous
to the DOS, but in the interacting regime; Fig. 3d) via analytic con-
tinuation using the maximum entropy method (MaxEnt) as
implemented72 in TRIQS. Themeta-parameter,α, was determined from
the maximum curvature of the distance between the MaxEnt fit and
data, χ2, as a function of α73.

EachDMFT calculation assumed a spatially uniformwork function
Φ; long-range modulation ofΦ is beyond the capabilities of DMFT. As
such, the spatially varying sample work functionΦ resulting from the
experimental hBN/Cu(111) moiré pattern was not explicitly captured in
the individual A(E) spectra in Fig. 3d. This spatial variation of Φ was
approximated by varying the uniform EF of the system for each indi-
vidual A(E) spectrum. Each of theseA(E) spectra was then associated to
a specific location of the hBN/Cu(111) moiré pattern (and hence to a
specific experimental dI/dV curve) based on how this variation of EF
would translate to a local Φ. These calculations assume that the the-
oretical A(E) spectra, calculated with a uniform EF (and hence uniform
Φ), are reasonable representations of the locally acquired experi-
mental dI/dV curves, which are affected by a spatially varying Φ. This
assumption is reasonable for the insulating phase. Indeed, in the Mott
insulating phase, electronic states are localised at the kagome sites,
confined within areas that are small in length74 compared to the dis-
tance between nearest-neighbour kagome sites (∼1 nm) and to the
periodicity λ of the hBN/Cu(111) moiré domains considered in our
experiments (λ > 5 nm). DMFT indicates that thisMott insulating phase
is robust to variations in chemical potential EF larger than 0.2 eV, with
the spectral function A(E) shifting in energy as EF is varied within this
range, without other significant qualitative changes (see Supplemen-
tary Fig. 2b for EF = 0.25 to 0.5 eV). In our experiments, the hBN/Cu(111)
moiré pattern imposes a periodic modulation of the local work func-
tion Φ, with a peak-to-peak modulation amplitude of ∼0.2 eV and a
modulation periodicity λ ≈ 12.5 nm (Fig. 3c; this amplitude becomes
smaller with decreasing λ, see Supplementary Fig. 22). That is,Φ varies
slowly across the MOF kagome lattice. The effect of such long-range
modulation of Φ is to shift the energy of the MOF localised states
accordingly. As long as the Φ modulation period is larger than the
distance between nearest-neighbour kagome sites and the Φ mod-
ulation amplitude is smaller than a critical value inducing the transition

to the metallic phase, there is no other dramatic qualitative effect on
these localised electronic states. This explains the excellent agreement
between experimental dI/dV spectra for the MOF at the hBN/Cu(111)
moiré pore region andDMFT-calculated spectral functions A(E) for the
system in the Mott insulating phase (Fig. 3b, d), with LHB and UHB
modulated in energy following the variation in electrostatic potential.
For the MOF in the metallic phase at the moiré wire region (Figs. 3, 4),
discrepancies between theory and experiment can be explained (as
discussed in the main text) by long electronic coherence lengths
(Supplementary Note 3), and by effects of long-range moiré Φ mod-
ulation and of finite DBTJ cross section on the potentially delocalised
metallic MOF states.

DBTJ model
In Fig. 4d, e, the bias voltage, Vstate, corresponds to the energy level of
an intrinsic MOF frontier electronic state (which is susceptible to
charging), at a band edge in either the Mott or trivial insulator regime.
Red square markers indicating Vstate were assigned based on the
method outlined in Supplementary Note 13. The bias voltage, Vcharge,
corresponds to the peak associated with charging of such aMOF state.
Purple circlemarkers indicatingVcharge were assigned by finding a local
maximum in dI/dV.

In Fig. 4e, we considered four experimental datasets for fitting
with Eqs. (1) and (2): Vstate(Δz) (red squares) and Vcharge(Δz) (purple
circles) for small values ofΔz (trivial insulator phase), andVstate(Δz) and
Vcharge(Δz) for large values ofΔz (Mott insulator phase). Given theMott
MIT, we considered two different intrinsic MOF band edges suscep-
tible to charging, embodied in two different values of V∞: one for the
trivial insulator phase (small values of Δz) and one for the Mott insu-
lator phase (largeΔz). Thisphase transition is evident from theoffset in
Vstate (red squares in Fig. 4e) observed when Δz varies from small to
large (through themetallic phase at intermediate Δz). Accordingly, we
used a global fitting approach to obtain the same fitting parameters
deff, z0, and ΔΦts (characteristic of the DBTJ and the acquisition loca-
tion) for these four experimental datasets, and a separate V∞ value for
each regime.

Schematics in Fig. 4a–c represent cartoon illustrations of our
proposed physical mechanism for tip-induced gating.

It is important to note that the DBTJ inherently affects all dI/dV
measurements in this work, including those in Figs. 2 and 3, for both
pore and wire regions of the hBN/Cu(111) moiré pattern. The DBTJ
effect does not cause phase transitions at the pore regions, however
(see Supplementary Note 20, Supplementary Note 21). The measure-
ments in Fig. 3 were performed with an intermediate tip-sample dis-
tance—which is why metallic properties were observed at the wire
region.

Data availability
The data supporting the findings of this study is available from the
authors upon request.

Code availability
All codes relating to DMFT andMaxEnt are available at https://doi.org/
10.5281/zenodo.7439858. The authors can provide code for data ana-
lysis and theoretical calculations upon request.
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