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We study the resistive collapse of the Mott insulator state in the Dimer Hubbard model. This
minimal model has been used to describe the physics of VO2, and should be relevant to other strongly
correlated materials. It incorporates the physics of correlated dimers and the explicit competition
between onsite Coulomb repulsion and magnetic exchange interactions. Our results unveil that
between the Mott insulator at half-filling and the Fermi liquid metal at high doping, there is an
intermediate bad metallic phase with exotic features such as a pseudo-gap, orbital selectivity and
a first order metal-metal transition. The model is solved within Dynamical Mean Field Theory by
means of Quantum Monte Carlo, which provides the numerically exact solution of the model in the
limit of large lattice dimensionality. This model can be considered as a minimal one that captures
exotic phenomena associated to the physics of a doped Mott insulator shading new light on their
basic physical mechanism.

Strongly correlated transition metal oxides have re-
mained at centerstage of Condensed Matter Physics for
almost 40 years now [1]. Their interest has been mo-
tivated by and endless stream of fascinating and diverse
experimental discoveries. The highlights range from high
temperature superconductivity in cuprates since the 80s
[2], to colossal magnetoresistance in manganites in the
90s [3], to neuromorphic functionalities in vanadates and
nickelates in the 10s [4].

The key unifying concept is that all that exotic physics
emerges upon doping a Mott insulator state. The Mott
materials are peculiar because are expected to have par-
tially filled bands and therefore metals, however, due to
strong electronic correlations, turn out to be insulators
[5]. Despite great theoretical efforts and the development
of powerful numerical techniques, the understanding of
the physics of states emerging from doped Mott insula-
tors remains one of the most challenging and relevant
problem of Condensed Matter Physics.

A Mott insulator of great current interest is VO2,
which has an insulator to metal Mott transition (IMT)
near room temperature, at about 340K, thus, it may
have multiple practical applications [6]. Interestingly, the
Mott insulator phase of VO2 is monoclinic, where pairs
of V atoms are dimerized. It was recently shown that
the Dimer Hubbard model (DHM), which is an exten-
sion of the Hubbard model where each unit cell contains
a dimer is useful to interpret experiments in VO2 across
the IMT [7–9]. However, doping the VO2 Mott insu-
lator by chemical substitution turns out to be difficult,
with relatively few reports available [10, 11]. Thus, other
exciting possibilities are been currently pursued. Some
prominent examples are electrostatic doping [12, 13] and
electronic injection [14]. The ability to induced the resis-
tive breakdown of the Mott state by electric fields may
open new roads into so called neuromorphic functionali-
ties, such as artificial neuron electronic devices [4, 15–17].
The insulator and metallic electronic states of VO2 have
also been intensively studied within realistic Dynamical

Mean Field Theory (DMFT) [18–21]. Interestingly, the
impurity problem in that approach is a multi-orbital ver-
sion of the DHM. Thus, the understanding of the doping-
driven collapse of the Mott insulator state in the DHM
within DMFT is a relevant problem to solve, as a first
approximation to the physics of the IMT in VO2.

The DHM is also of fundamental interest from a differ-
ent perspective. It is arguably the simplest many-body
model of Mott insulators that explicitly has a competi-
tion between local Coulomb repulsion and magnetic ex-
change interactions. While in the absence of carriers dop-
ing this competition is naturally resolved by an antifer-
romagnetic Mott insulator, the faith of the state upon
doping remains a challenge and is considered to be at
the root of the rich variety of exotic phenomena found
in correlated transition metal oxides. This prominently
includes, in the context of unconventional superconduc-
tors, the ongoing debate on the existence of a paradig-
matic quantum phase transition between two metals that
is characterized by the absence of any broken symmetry,
in sharp contrast with the conventional scenario [22, 23].

Here, we shall focus our efforts on the doping driven
collapse of the Mott state in the DHM. Fortunately,
this problem can be treated within Dynamical Mean
Field Theory (DMFT) by means of numerical methods
that provide essentially the exact solution [24–26]. The
DMFT has already prove a successful approach in the in-
vestigation of the Mott transition in the Hubbard model,
providing insights on the physics of another famous Mott
vanadate, V2O3 [27]. Interestingly, the doping driven
transition in the DHM is qualitatively different. Among
the main results of our study we shall show that the Mott
insulator evolves first into an unconventional bad-metal
phase (that we call the pseudogap (PG) metal) and then
into a Fermi liquid one [26, 28–34]. One particularly
unexpected feature of the exotic state is that it can be
described as a semi-metallic orbital-selective Mott state
[25, 35–40]. We find that the optical response this bad
metal state has a tiny Drude component, which may pos-
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sibly be observed in optical conductivity experiments.

Akin to the above mentioned Mott transition in the
Hubbard model, our results suggest that the PG-metal-
to-metal transition in the DHM may have universal char-
acter, thus potentially relevant to many correlated quan-
tum materials. In fact, many unconventional properties
that received continuous attention are naturally realized
in the solution of the DHM, such as a pseudogap state,
metallicity without quasiparticles, enhanced compress-
ibility, and orbital selectivity. Thus, we may argue that
the doping driven IMT in the simultaneous presence of
Coulomb repulsion and magnetic exchange may be the
long-sought phenomenon where many exotic quantum
states are originated [41].

I. MODEL AND METHOD

The DHM consists of a lattice of dimers:

H =
∑

i,j;σ=↑,↓

ψ†i,σ Ti,j ψj,σ + U
∑

i;α=1,2

niα↑ niα↓ (1)

The spinor ψi,σ = (ci,1,σ, ci,2,σ) acts on the dimer sites

α = 1, 2 at the lattice site i, being c†iασ, ciασ the electron
creation and destruction operators respectively. The ma-
trix Ti,j = −t1̂ and Ti,i = −µ1̂ + t⊥σ̂x (σ̂x is the first
Pauli matrix) describes the nearest-neighbor inter-dimer
and the intra-dimer electron hopping respectively. Elec-
trons experience strong correlation via the on-site local
repulsion U . We adopt t = 0.5 and t⊥ = −0.3, and fix the
on-site local repulsion term U = 2.3 in order to be deep in
the correlated regime. A similar set of parameters have
been used in the study of the model at half-filling, where
it exhibits a first-order temperature-driven insulator-to-
metal transition [8, 42]. The small difference is due to
the previous study been done with Iterated Perturba-
tion Theory, while the present one is with QMC. Here,
we shall also vary the chemical potential µ to induce a
doping-driven insulator-to-metal transition by adding or
removing electrons.

The advantage of the DHM is that in the infinite di-
mensional limit DMFT provides the exact solution [8, 42–
47]. We can then establish properties of the doped metal-
lic state and its possible phase transitions without the
uncertainty introduced by an approximation, such as in
the cluster DMFT treatments of the 2D Hubbard model
on a square lattice. It is convenient to express the DMFT
equations in the diagonal bonding/anti-bonding (B/AB)
basis of the lattice hopping matrix Ti,j . The dimer
Green’s function in the B/AB basis can be written in
terms the components of site basis Green’s function Gαβ
as diag(GB , GAB) = diag(G11 −G12, G11 + G12), where
we dropped the spin indices for clarity. In the infinite
dimensional limit, adopting a semicircular (i.e. Bethe
lattice) density of states D(ε) = − 1

tπ

√
(1− ( ε2t )

2), the
DMFT self-consistency equations are then readily writ-

ten:

Go−1B/AB(ωn) = iωn + µ± t⊥ − t2GB/AB(ωn) (2)

where GoB/AB(ωn) is the Weiss field describing the bath
of the dimer Anderson impurity model (DAIM) asso-
ciated to the Hamiltonian (1). We solve the DAIM
imaginary-time action

SDAIM =−
∫ β

0

dτdτ ′
∑
σ=↑,↓
α,β=1,2

c†ασ(τ)Go−1ασ,βσ(τ − τ ′) cβσ(τ ′)+

+ U

∫ β

0

dτ
∑
α=1,2

nα↑(τ)nα↓(τ) (3)

using the Continuous Time Quantum Monte Carlo
(CTQMC) within the Hybridization Expansion approach
[48, 49]. The self-consistent determination of Eqs. (2)
and (3) outputs GB/AB(ωn) and the respective self-
energies, which embody all the physical information that
we need. On the technical side, for simplicity, Eq.3 is ex-
pressed in the site basis. The eigenstates of the isolated
dimer Hamiltonian in the two basis are the following:

# N S Sz εk Dimer basis B/A basis
0 0 0 0 0 |0, 0〉 |0, 0〉
1 1 1

2
− 1

2
−t⊥

|↓,0〉−|0,↓〉√
2

| ↓, 0〉

2 1 1
2
− 1

2
t⊥

|↓,0〉+|0,↓〉√
2

|0, ↓〉

3 1 1
2

1
2

−t⊥
|↑,0〉−|0,↑〉√

2
| ↑, 0〉

4 1 1
2

1
2

t⊥
|↑,0〉+|0,↑〉√

2
|0, ↑〉

5 2 1 1 0 | ↑, ↑〉 | ↑, ↑〉
6 2 1 0 0

|↑,↓〉+|↓,↑〉√
2

|↑,↓〉+|↓,↑〉√
2

7 2 0 0 U
|↑↓,0〉−|0,↑↓〉√

2

|↓,↑〉−|↑,↓〉√
2

8 2 0 0 e−
−σ1|↑,↓〉+σ1|↓,↑〉+|↑↓,0〉+|0,↑↓〉√

2+2σ21

c| ↑↓, 0〉 − s|0, ↑↓〉

9 2 0 0 e+
σ2|↑,↓〉−σ2|↓,↑〉+|↑↓,0〉+|0,↑↓〉√

2+2σ22

s| ↑↓, 0〉 + c|0, ↑↓〉

10 2 1 −1 0 | ↓, ↓〉 | ↓, ↓〉
11 3 0.5 −0.5 U − t⊥

|↑↓,↓〉+|↓,↑↓〉√
2

| ↑↓, ↓〉

12 3 0.5 −0.5 U + t⊥
|↑↓,↓〉−|↓,↑↓〉√

2
| ↓, ↑↓〉

13 3 0.5 0.5 U − t⊥
|↑↓,↑〉+|↑,↑↓〉√

2
| ↑↓, ↑〉

14 3 0.5 0.5 U + t⊥
|↑↓,↑〉−|↑,↑↓〉√

2
| ↑, ↑↓〉

15 4 0 0 2U | ↑↓, ↑↓〉 | ↑↓, ↑↓〉

where,

s = sin(θ), c = cos(θ),

and

θ = arctan(
−U

4t⊥ +
√

16t2⊥ + U2
)

and

σ1/2 =
4t⊥

∓U +
√
U2 + 16t2⊥

.

II. RESULTS

Our main result is shown in Fig.1, where we display
the total density n as a function of the chemical potential
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Figure 1. The electron density n as function of the renor-
malized chemical potential U

2
− µ. Half-filling corresponds

to n = 2, where the system is a Mott insulator. The hys-
teresis behavior above β = 50 defines a PG-metal-to-metal
coexistence region. Note the enhancement of the compress-
ibility at the endpoint of the first order transition (blue line)
at β = 50. The orange sector of the pie-charts indicates the
relative contribution of the singlet states to the DAIM wave-
function projected on the isolated dimer for selected results
at β = 200. The blue sector corresponds to all other states
(see details in the table I).

U/2 − µ, shifted with respect to the half-filled case. As
previously reported [8, 42], for µ = U/2 the system is in a
Mott insulator. This can be right away seen by following
the n vs. U − µ/2 behavior at the lowest temperatures
T . It displays the horizontal plateau of electronic incom-
pressibility at half-filling n = 2, which is the hallmark
of a Mott insulating state. By varying µ, we can dope
particles and holes so to drive a transition to a metallic
state. Here we consider the hole-doping case, i.e. n < 2
(note that data would be symmetric for particle doping).
At high temperatures, the system can be considered a
poor metal or semiconductor as we see that there is a
finite slope at the origin of the n vs. µ curve at β=25.
This indicates that there is a finite compressibility. At
lower T we see that the n vs. µ is flat at the origin, which
is a signature of the incompressible Mott insulator state.
Upon increasing U/2− µ, i.e. doping the system, we ob-
serve an enhancement of the compressibility (∝ dn/dµ)
at low 2-n. This can be seen already at β=32. At lower
T the behavior becomes more remarkable as both, the
plateau becomes wider and the compressibility enhance-
ment stronger. At β = 50, we can observe that around
U/2 − µ ' 0.23 the system is already deep in a metal-
lic and high compressible state, as the slope of the n vs
U/2 − µ curve is markedly steep. Eventually this seems

to turn into a diverging charge compressibility, which is
a typical signature of the onset of a phase transition [50].
In Figs. 1 and 2 the initial plateau of the occupations tes-

1.1

1.2

1.3

n B

(a)

 = 200 FL
 = 200 PG
 = 100 FL
 = 100 PG

 = 50
 = 32
 = 20

0.0 0.1 0.2 0.3 0.4
U
2

0.600

0.625

0.650

0.675

0.700

n A
B

(b)

0.1 0.2 0.3 0.4
U
2

0

2

4

6

8

10

12

14

n B
/

(c)

0.0 0.1 0.2 0.3 0.4
U
2

4

3

2

1

0

n A
B
/

(d)

Figure 2. On panel (a) and (b) respectively the occupation
of the Bond and of the Anti-Bond band and on panel (d) and
(e) their charge compressibility.

tifies the incompressible Mott insulator state. At higher
µ, the total and Bond ’s occupations decrease contin-
uously while the Anti-bond’s one increases. After this
crossover this PG state at low temperature goes through
a coexisting region with a FL solution. Such hysteretical
behaviour is the trade mark of a first order transition af-
ter which all occupations decrease uniformly, as shown in
Fig. 2. At β = 50 the occupations is continuous and the
charge compressibility of the Bond has a positive peak
indicating a second order critical point at lower temper-
ature. Meanwhile the one of the Anti-Bond has a peak of
smaller magnitude and opposite sign indicating a phase
separation that evolves in a compressible metallic state at
greater chemical potential. Indeed, by further reducing
temperature (T = 1/β < 1/50) a coexistence region be-
tween two distinct metallic states, one continuously con-
nected to the insulator and the other to the high doping
metal. We shall show that the former is a PG metal while
the latter a conventional FL with quasiparticles, which
characterize this first order metal-to-metal transition.

To gain insight into the nature of these two qualita-
tively different metallic phases, we display in Fig. 3a,b
the imaginary part of the dimer Green’s function,
GB/AB(ω1), which directly outputs from the CTQMC-
DMFT, evaluated at the first Matsubara frequency ω1,
as a function of temperature. This is a useful quantity as
it is a measure of the spectral intensity at low frequency.
Moreover, for T → 0 it approaches the density of states
at the Fermi energy D(EF ), thus providing a convenient
criterion to distinguish metal from insulator states. A
conventional FL metal is characterized by the presence
of a quasiparticle spectral weight at the Fermi level. In-
deed, at doping n = 1.91 (blue-diamond line), we observe
that both ImGB/AB(ω1) approach a similar finite value
for T → 0. The high doping phase is therefore a nor-
mal correlated FL. In contrast, in the insulating phase
at half-filling n = 2 (black-bullet line), the low frequency
spectral weight gets depleted (ImG(ω1) → 0 as T → 0)
as the Mott gap opens.

The interesting behaviour appears for n = 1.97 (red-
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Figure 3. Panels (a) and (b): Respectively, -ImGB(ω1) and -
ImGAB(ω1) as a function of T for densities n = 2.0, 1.97, 1.91,
where ω1 is the first Matsubara frequency. Panels (c) and (d):
Respectively, -ImΣB(ω) and -ImΣAB(ω) as a function of real
frequency ω for the same densities and the lowest temperature
T = 1/β = 0.005.

square line) in the low doping metallic phase. While the
B contribution displays metallic behavior as GB(ω1) ex-
trapolates to a finite value for T → 0, the AB contri-
bution, in contrast, looses spectral intensity at low fre-
quency. Indeed, ImGAB(ω1) extrapolates to 0, or to a
small finite value, when T → 0. This anomalous state is
an instance of orbital selectivity, which it is related to the
findings made with the Valence-Bond DMFT [51–53].

To better understand the physical meaning of these
results, it is useful to display on the real-axis the imag-
inary part of the corresponding self-energy ΣB/AB(ω) =

Go−1B/AB(ω)−G−1B/AB(ω). The analytical continuation to

the real axis of the CTQMC was obtained with a stan-
dard maximum entropy method. The self-energies are
a measure of the correlation contribution to the many-
body system and reveal the qualitatively different nature
of the metallic states (see Fig.3c,d). We can first discuss
the more conventional Mott-insulator and FL phases at
n = 2.0 and n = 1.91, respectively. Similarly to the fa-
miliar case of the single-site Mott insulator, where the
correlation gap opens due to a pole in Σ(ω = 0), in the
DHM the Mott gap opens by the same mechanism, but
with a small difference. While in the single-site case the
Mott-localized electrons are independent and incoherent
spin-1/2, here they are in dimers and form a liquid of
singlets (see Fig.1). The intra-dimer hopping then splits
the central pole symmetrically in ΣB/AB at ω = ±tperp,
as respectively seen in Fig.3c,d [8, 42].

Upon doping, the peak feature is strongly reduced, the
Mott gap closes, and the relevant energy scale is close
to ω = 0. In a metal, the FL prescription requires that
ImΣ ∼ ω2. This behavior is observed in the FL phase
(n = 1.91 blue line), both in the ImΣB/AB , in agreement
with the behavior of ImGAB discussed in Fig.3a,b. On
the other hand, in the PG metal (n = 1.97 red line), while
the ImΣB still displays a FL behavior at low frequency,
the ImΣAB completely breaks the FL, displaying a peak-
like behavior at ω = 0, reminiscent of previous results on
a slightly doped Mott-Hubbard insulator in 2D [52, 54].

The PG-metal appears to be smoothly connected to
the Mott insulating state, as shown by the smooth evo-
lution of the plateau in n vs. µ seen in Fig.1 [28]. The
origin of the PG insulating component can be traced
back to the Mott insulating state, which in the DHM
is sharply distinct from the paramagnetic Mott insulator
of single-site DMFT [8, 42]. In the DHM the phys-
ical properties are dominated by singlet formation via
correlation enhancement of the intra-dimer hopping t⊥
(through Σ12) [8]. Two magnetic screening mechanisms
are thus in competition: On one hand, the boosted inter-
site antiferromagnetic exchange interaction that tends to
create singlets and an insulator; and, on the other, the
on-site Kondo effect by the environment electrons act-
ing independently at each of the two sites of the dimer
and favors a metallic state. To show this connection, in
Fig.1 we display pie charts showing in orange the sin-
glet contribution to the wave-function projection on the
dimer sites table I. The blue sector corresponds to the
participation of all the other states. In the Mott insula-
tor the singlet contribution is 91%, and it is still a largely
majoritarian 85% in the PG phase, once holes are intro-
duced into the systems. This must be contrasted with
FL phase, where the singlet appear to have a 50% con-
tribution, comparable with that of other components. In
Fig.4 we exhibit the behaviour of the evolution of pie
charts with temperature. The PG phase can be qualita-
tively viewed as a soup of singlets and strongly damped
(as described by -ImΣB(ω) in Fig.3c) FL-like hole car-
riers. The PG phase that we established here within
the DHM bears strong resemblance with the bad metal
phase found in the context of many correlated materi-
als, like in the organic salts, heavy-fermions, iron-based
superconductors, and, in particular, the cuprates HTC
superconductors. More generally, this phase appears as
the natural outcome when one goes beyond the single site
approximations intrinsic to DMFT in infinite dimensions.
in analogy with the ”orbital selective” Mott transition of
multiorbital correlated systems [35, 55–59].

We argued above that the DHM PG-metal exhibits or-
bital selectivity. We shall now show that, interestingly,
that state bears resemblance to the results from cluster
extensions of the Hubbard Model in 2D [29, 30, 60], where
the PG-state was argued to emerge from a ”momentum-
selective” Mott transition [52, 61–64]. This can be seen
from the ε-resolved spectral functions A(ω, ε), where sin-
gle particle energy ε plays a similar role as the lattice
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Figure 4. The electron density n as function of the renor-
malized chemical potential U

2
− µ. Half-filling corresponds

to n = 2, where the system is a Mott insulator. The hys-
teresis behavior above β = 50 defines a PG-metal-to-metal
coexistence region. Note the enhancement of the compress-
ibility at the endpoint of the first order transition (blue line)
at β = 50. The orange sector of the pie-charts indicates the
relative contribution of the singlet states to the DAIM wave-
function projected on the isolated dimer for selected results
on the left panel at β = 50 and on the right panel at β = 25.
The blue sector corresponds to all other states.
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∫
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column and AB third and fourth). Top line has the PG-metal
and the bottom line the FL-metal.

momentum [24], since AB/AB(ω, ε) = −Im[1/(ω + µ −
ε − ΣB/AB(ω))]. The results are shown in Fig. 5, which
we obtain by analytic continuation. At small doping
(n = 1.97), we obtain the PG metal solution. In the B
component (a,b panels), a coherent and dispersive nar-
row band appears at the Fermi level, which produces a
narrow FL peak in the respective DOS. In stark contrast,
the AB component (c,d panels) develops two parallel and
weakly-dispersive features around the Fermi level, which
produce the PG-like dip in the DOS. Therefore, the PG
metal possesses at the same time FL and non-FL char-
acter, qualitatively similar to the cluster extension and
reminiscent to the physics of cuprates. On the other
hand, at higher doping (n = 1.91), the orbital selectivity
disappears at low frequency. Both components (e,f,g,h
panels) display similarly dispersive coherent quasiparti-
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Figure 6. Optical conductivity in the insulating (n = 2.0) in
black, PG (n = 1.97) in red and FL phases (n = 1.91) in blue.

cle bands and quasiparticle peaks in the respective DOS,
as expected in a conventional FL.

Finally, we obtained the optical conductivity that we
show in Fig.6 for the Mott insulator along with the PG
and the FL metal states [8]. The Mott insulator has as
expected a wide gap (black line n = 2). In contrast, at
high doping (blue line n = 1.91) the optical response, as
expected in a correlated metal with quasiparticles, has
a narrow Drude peak at low frequency, whose spectral
intensity denotes the effective carrier density. In addi-
tion, there is a mid-infrared contribution (ω ∼ 0.2) that
has been previously identified as originated in the intra-
dimer hopping [8]. Interestingly, in between these two
states we find the optical response of the PG-metal (red
line n = 1.97), which combines features of both. At low
frequency, it shows a narrow and relatively small Drude
peak that can be traced to the FL-metal of the B com-
ponent. This contribution coexists with a mid-infrared
contribution that lost a significant amount of spectral
intensity and is associated to the incoherent PG state
realized in the AB component. It is interesting to note
that this optical conductivity response bears some resem-
blance with the one observed in the PG phase of cuprates
[65, 66].

III. DISCUSSION

To conclude, we obtained the numerical quantum
Monte Carlo solution on the Dimer Hubbard Model
within DMFT, which is the exact solution of the model
in the limit of large dimensions. This model is arguably
the minimal Hubbard-like model that embodies on equal
footing on-site correlations and non-local magnetic inter-
actions. Our main result was to establish the existence
of the doping-driven first order metal-to-metal transition
between a pseudogap metal and a Fermi Liquid one. It
is interesting to mention an exciting consequence of our
work, which may be experimentally explored. Namely,
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that one may turn the first-order metal-insulator transi-
tion of VO2 into a metal-metal one by electrostatic gating
of a VO2 thin film. In such a case, the transition would be
between the conventional rutile metal and a novel metal-
lic PG state. Moreover, it is tempting to speculate that
such a state may be the monoclinic metal, which has been
reported in multiple studies of VO2 [7, 67, 68]. From a
wider theoretical perspective, our work helps to clarify an
important on-going debate. It provides a concrete real-
ization, with an explicit rational, for the origin of several
unconventional properties such as bad metal behavior,

the pseudogap, orbital selective Mott transitions and en-
hanced compressibilities [35, 38, 62–64, 69, 70], which are
relevant to doped Mott insulators and correlated quan-
tum materials in general [71–73].
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