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We study the effects of an orbital magnetic field on the Mott metal-insulator transition in the Hubbard-
Hofstadter model. We demonstrate that sufficiently large magnetic fields induce a Mott insulator-to-metal
phase transition supporting our claim with dynamical mean field theory (DMFT) numerical results. For both
competing phases (metal and insulator) we observe a magnetic-field-induced metallization reflected in an
enhancement of kinetic and potential energy. The kinetic energy of the Mott insulator increases due to the
Aharonov-Bohm effect experienced by electrons virtually tunneling around an elementary plaquette which
is, however, suppressed by strong correlations. The kinetic energy of the metallic phase, on the other hand, is
more strongly affected by the magnetic field through a field-driven redistribution of spectral weight due to
the formation of magnetic minibands. This leads to an increase of the kinetic energy which tends to stabilize
the metallic state. Our theoretical results might be relevant for recent experimental studies on magnetic field
driven insulator-to-metal transitions in strongly correlated materials such as VO,, A-type organic conductors,

and moiré multilayers.
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Introduction—Transitions between metallic and insulat-
ing states in solids play a fundamental role in condensed
matter physics. Apart from their theoretical importance they
are potentially also technologically highly relevant as they
allow controlling the flow of the electrical current. There
exists a variety of distinct types of insulators that are driven
by very different physical mechanisms: Band insulators [1]
emerge due to the absence of spectral weight at the Fermi
level, Slater insulators are induced by strong (antiferromag-
netic) spin fluctuations [2], in Anderson insulators [3,4]
disorder leads to a localization of particles, Peierls insulators
[5] originate from structural changes of the underlying
lattice system, and in charge transfer insulators [6] electrons
or holes are transferred from the conduction to the valence
band by correlation effects. A particularly interesting class
are Mott insulators [7], where the insulating state is induced
by correlation effects between the electrons due to their
strong Coulomb repulsion [8—11].
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A transition between a metallic and an insulating state can
be triggered by different control parameters including
temperature, strain [12], doping [13], (chemical) pressure,
or electric fields [14]. Importantly for the context of this
Letter, the transition between a metal and an insulator can be
also controlled by the application of an external magnetic
field [15,16]. A good example for such a phenomenon in
strongly correlated electron systems is the colossal magneto
resistance observed in manganites [17-19], where an
external magnetic field can change the resistivity by several
orders of magnitude.

Recently magnetic field driven insulator-to-metal tran-
sitions were experimentally observed in several strongly
correlated materials including the transition metal oxide
VO, [20,21], A-type organic conductors [22], and twisted
bilayer graphene [23-25]. The magnitudes of the critical
magnetic field at which these transitions occur appear to be
inversely proportional to the size of the unit cell when
comparing this metallization effect across the different
compounds. Although a relevant contribution of the
Zeeman term cannot be ruled out with absolute certainty,
this observation rather suggests that the phase transitions
are controlled by the magnetic flux through a unit cell,
which has inspired us to study the orbital effects of
the magnetic field in the presence of strong electronic
correlations [26-31].
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FIG. 1. DMFT phase diagram of the 2d Hubbard model on a

simple (bipartite) square lattice as a function of interaction
strength U and temperature 7 at magnetic field B =0. U,
and U, are the boundaries between the coexistence region (blue
and orange shaded area) and the paramagnetic metallic (PM) and
paramagnetic insulating (PI) phase, respectively. U, corresponds
to the line where the thermodynamic phase transition occurs. P1
to P5 indicate the points for which calculations at finite orbital
magnetic fields have been performed.

Model and method—We investigate the single-band
Hubbard-Hofstadter model on a square lattice with hopping
amplitudes ;; for electrons tunneling between sites R; and
R}, where a homogeneous magnetic field perpendicular to
the two-dimensional lattice is coupled to the orbital degrees
of freedom by multiplying #;; with a Peierls phase (for
details see Sec. S1 in Supplemental Material [32] which
includes Refs. [33-39]). Correlation effects are introduced
via a purely local Hubbard interaction U within or close to
the coexistence region between the metallic and the insu-
lating state of the field-free model (see Fig. 1). To inves-
tigate these correlation effects, we exploit a recently
developed extension of dynamical mean field theory
(DMFT) [40-43] to finite orbital magnetic fields [27-30].
Our analysis indeed predicts an orbital magnetic field driven
metallization and a related metal-insulator transition that can
be explained by a redistribution of spectral weight due to the
formation of magnetic minibands and a delocalization effect
induced by the magnetic field which drags the electrons on
closed orbits around a plaquette of the underlying lattice.

We omit the Zeeman effect of the magnetic field to
disentangle the relevance of an orbital magnetic field from
its impact on the spin degrees of freedom. The latter has
been studied for the Hubbard model within DMFT [44—46]
and the Gutzwiller approach [47] predicting a crossover
from a Mott to a fully polarized band insulator and an
extended insulating region, respectively, rather than an
enhancement of metallicity due to the magnetic field. Let
us, however note, that an investigation of the interplay
between the response of orbital and spin degrees of freedom
to a magnetic field is a very interesting future research

direction. Moreover, paramagnetic DMFT calculations
neglect the strong antiferromagnetic fluctuations emerging
for the bipartite lattice with nearest neighbor hopping
t = fi(iy1)» which we consider in the Letter just for
simplicity. To justify this restriction, we show that we
obtain completely analogous results for frustrated lattices in
Sec. S7 of Supplemental Material [32], where such fluc-
tuations are strongly suppressed as is the case also for VO,
or A-type organic conductors.

In the following, we will use the half bandwidth
(W/2) = 4t at B = 0 as unit of energy while the magnetic
field is given in terms of (®,/a®), where a is the lattice
constant. For convenience we set i = kz = e = 1 allowing
us to express temperature and inverse time in terms of our
energy unit (W/2) and the conductivity as dimensionless
quantity.

Results—We demonstrate the emergence of a magnetic-
field-driven metal-insulator transition by performing DMFT
calculations for the free energy F, the paramagnetic dc
conductivity o, =0, (w =0), and the local spectrum
A(w) as functions of the magnetic field. While the behavior
of the free energy indicates the presence of a phase
transition, the latter two quantities reveal its physical nature.
In Fig. 2 we show our results for point P1 indicated by a red
square in the phase diagram of Fig. 1, corresponding to
U =2.5and T = 0.01, where the system is a Mott insulator
for B = 0. Our data for points P2 to P5 as well as for
systems where geometric frustration has been introduced by
a next-nearest neighbor hopping ¢’ = #;(;.») are discussed in
Secs. S4, S6, and S7 of Supplemental Material [32],
respectively. In the left panel, the free energy F is shown
as a function of the magnetic field B for two different
calculation sets, denoted by B4 and B . For the first set, By,
we started from the insulating state S1 at B =0 and
gradually increased the magnetic field (dashed purple line).
The free energy evolves smoothly, and no signs of a phase
transition are observed; i.e., the system remains in its initial
thermodynamic state. For the second set, B 1. we started at
B = 0.5 and gradually decreased the magnetic field (green
solid line). Remarkably, at B = 0.5 we can stabilize not
only state S1 but also a second solution, S2, which has a
substantially lower free energy. As B decreases, the differ-
ence in the free energy between the two solutions dimin-
ishes and eventually vanishes at B, = 0.2069, indicating a
thermodynamic phase transition from S2 to S1. We can
stabilize S2 even for smaller values of B < B,., where its
free energy is already higher than that of S1, until S2
becomes unstable at B, = 0.1388 and collapses onto S1.
This behavior is a distinctive hallmark of a first-order phase
transition, where B., marks the lower boundary of the
coexistence region between states S1 and S2.

The dc conductivity [48] 6., = o,(@ = 0) and spectral
function A(w) in the middle and right panels allow us to
unambiguously identify the states S1 and S2 as insulator
and metal, respectively. In fact, we can see that 5, [as well
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FIG.2. Freeenergy F (left panel) and dc conductivity o, (@ = 0) (middle panel) as a function of the orbital magnetic field B as well as
local spectral function A(w) (right panel) plotted as a heat map in the (w, B) plane for the parameter set P1 in Fig. | corresponding to
U=25and T = 0.01. B; and B indicate that calculations have been started from B = 0 (S1) or B = 0.5 (S2), respectively. For A(w)
only results for S2 are shown. Inset left panel: blow up of the transition region. Inset middle panel: spectral function at the Fermi level

A(w = 0) as a function of B.

as A(w = 0) in the inset of the middle panel] is finite for S2
(solid green circles) for B > B, and it vanishes for S1
(open violet squares) on which S2 collapses at B < B,,.
Similarly, the spectral density A(w®) which is shown for
state S2 as a heat map in the (w, B) plane in the right panel
features a charge gap around w = 0 for B < B,, whose size
U — W = 0.5 is in excellent agreement with predictions for
the gap size in the Mott insulating state in the literature
[49,50]. For B > B,, we observe final spectral weight
around @ = 0 signaling a metal-insulator transition at B,,.
More details about the spectral function are provided in
Sec. S2 A of Supplemental Material [32] (see also
Refs. [51-55] therein).

Let us note that the upper boundary B,;, beyond which
the system always remains in the metallic state S2, is not
reached for the largest magnetic field B = 0.5 [56] in the
bipartite case considered here. Instead, B,.; is found at
lower interaction strengths (albeit without B,,), as dis-
cussed in Sec. S4 of Supplemental Material [32]. For
systems with strong geometrical frustration [57,58], both
boundaries B.; and B, of the coexistence region are
located within the interval B €0,0.5] (see Fig. S12 in
Sec. S7 of Supplemental Material [32]).

Discussion—Let us now address the question which
physical mechanism is at work to drive the transition
between a metal and an insulator upon tuning the orbital
magnetic field B. A first naive attempt to understand this
phenomenon is to investigate the magnetic field dependence
of the spectral width W(B) of the noninteracting system
which is defined as the difference between the maximum
and minimum eigenvalue E; of the dispersion matrix
e (k) [see Eq. (S4) in Sec. S1 of Supplemental Material
[32]],i.e., W(B) = maxy Ey — miny Ey. The correspond-
ing results are shown in panel (c) of Fig. 3. We observe that
W(B) decreases with B which enhances the interaction-
spectral width ratio [U/W(B)] and should, hence, lead to a
more insulating state rather than the observed metallization.
Next, we consider the second moment of the noninteracting

density of states M, = (1/q) >\ Trei which is approx-
imately related to the critical interaction U, o /M, [59].
However, quite remarkably for the Hofstadter model M
does not depend on the magnetic field B and consequently
no effect of the orbital magnetic field on the Mott transition
can be expected from this consideration. Hence, a more
thorough analysis of the observed phenomenon is required.

From a general perspective the Mott transition is
governed by the balance between kinetic and potential
energy. The Mott insulating phase is characterized by a
small absolute value of kinetic and potential energy
compared to the metallic state due to the localization of
particles. An increase in the (absolute) value of these
thermodynamic variables thus signals a tendency toward
metallization. We indeed observe such an enhancement of
E\;, with increasing magnetic field for both solutions S1
(solid green circles) and S2 (open purple squares) in panel
(a) of Fig. 3 (analogous results for the potential energy E
are shown in Sec. S3 of Supplemental Material [32]). The
effect is more pronounced in the metallic regime B > B,
of S2, where E,;, becomes substantially larger and grows
rapidly with B. A similar trend was reported in determinant
quantum Monte Carlo [31] and ED [26] studies, albeit
without addressing the metal-insulator transition.

On the metallic side the increase of Ey;, with B is in
excellent quantitative agreement with the evolution of the
noninteracting kinetic energy E%n [see inset of panel (a)]
renormalized by the quasiparticle weight Z, corresponding
to the enhancement of the effective mass of a quasiparticle
due to correlations (1/Z) = (meg/m) (for the rigorous
definition see Sec. S3 in Supplemental Material [32]), and
shifted by a field-independent constant C, which accounts
for the contribution from the incoherent portion of the
spectrum (yellow crosses). This behavior of Ey;, is con-
sistent with predictions of the Gutzwiller approach [60—62]
which allows for a physical transparent understanding
of the Mott transition in Hubbard-type models at low
temperature. This method predicts a critical interaction
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strength, at which the metal-insulator transition occurs, of
U, = 8|E). |. Hence, as |EY. | increases with B we can
expect a corresponding increase of U, or, for a fixed value
of U, a transition from an insulator to a metal at the value of
B, where 8|E, | reaches this value of U. To quantify these
expectations and determine the energy scale that is respon-
sible for the magnetic-field driven metal-insulator transition
we show U, (solid red squares) and U ., (solid blue circles)
as a function of B in Fig. 3(b) [which are obtained by
inverting the monotonous functions B.(U) and B, (U)]
and compared it to |EY. (B)| (green line). We find a good
agreement for U.(B) with 6|E). (B)| where the reduction
of the factor 8 in the original version of the Gutzwiller
approach [61] to 6 is indeed in excellent agreement with the
predictions obtained from an improved treatment of fluc-
tuations within the Gutzwiller method in Ref. [63] and the
reduced value of U, at finite temperatures with respect to
T =0 [64].

We, hence, conclude that the magnetic-field-driven
metal-insulator transition is governed by the increase of
|EV. | with B. The increase can be explained by a redis-
tribution of spectral weight in the noninteracting system
due to the formation of magnetic minibands that generically
feature van Hove singularities at finite energies, which are
associated with the topological properties of the system
[65]. This is illustrated exemplary in Fig. 3(d) for B = %
The enhanced contribution to |EY. | arises from the van
Hove singularity at @ ~ —0.55 for B = % while the singu-
larity at @ = 0 for B = 0 has minimal impact on Ey;,.

In the Mott insulating regime, the magnetic-field-induced
increase of kinetic (and potential) energy can be explained
in a simplified way by a strong coupling expansion [66—68]
of these thermodynamic variables in terms of (¢/U) which
is carried out explicitly in Sec. S1D of Supplemental
Material [32]. The leading order B-dependent term for both
E,o and |Ey,| is proportional to —(1*/U?) cos(2zB) and
indeed leads to an increase of these energies when B
increases from O to 0.5. This behavior can be attributed
to the Aharonov-Bohm [69] effect experienced by the
electrons hopping around a plaquette [Fig. 3(e)] which
leads to a delocalization of these particles.

Relation to experimental studies—At the end let us
briefly address three experimental studies for which our
theoretical analysis of the orbital-magnetic-field-driven
insulator-to-metal transition can be potentially relevant. In
all these strongly correlated materials an insulator-to-metal
transition was observed for magnetic fields corresponding to
a substantial part of the flux quantum which indicates the
importance of the orbital effects of the magnetic field.
Moreover, the relevance of the predicted mechanism is
supported by the fact that the value of the critical magnetic
field strength is approximately inversely proportional to the
unit cell area. Let us, however, stress that the exact magnetic
field at which the transition occurs in these complicated

2
LN (©)
S %, o wie)
U=25 116} *
_ T=0.01 "
14} "‘».,,,,,% o
1120 0.15 035 0.5
RN : P
—0.26 %0 0102030405 -l | B=0 |(d)
: ; : ‘ - B=1/3
29 ‘ : - =t )l
= U,(B) (blg 3|
28 o Uco(B) T=0.01 1 | l
! )
— 6EX (B H AL
G 27T Eun(B) -1-05 0 05 1
(0]
> 26} i j©
2.5 P e =7 7 ol At A
2.4 ‘ UoB=0) |
0 01 02_03 04 05 K
FIG. 3. (a) Kinetic energy for U = 2.5 and T = 0.01 (point P1

in Fig. 1) as a function of the orbital magnetic field B obtained by
the two sets of calculations By and B discussed in Fig. 2. Yellow
crosses correspond to the non-interacting kinetic energy EY.
(shown in the inset) rescaled by the quasiparticle weight Z and
shifted by a magnetic field independent constant C. (b) Critical
interactions U, and U, (see Fig. 1) as a function of B compared
to the kinetic energy of the noninteracting system for 7 = 0.01.
(c) Spectral width W(B) of the noninteracting Hofstadter model
as function of B. (d) Noninteracting density of states Ay(w) for
B=0and B = % Dashed lines indicate the (negative) contribu-
tion —wA((w) to the kinetic energy. () Illustration of an electron
hopping around a plaquette due to the magnetic field.

materials can obviously not be predicted by a simple single-
band Hubbard model calculation.

(1) In recent experiments [20,21] a magnetic-field-driven
insulator-to-metal transition was observed in tungsten-
doped vanadium dioxide V;_,W, O, at doping x = 0.06,
and ultrahigh magnetic fields B = 500 T. Let us note that
no metal-insulator transition has been observed in the
experiment for lower W doping in the considered range
of the magnetic field, which indeed fits our predictions for
the role of the orbital effects. Since the lattice constant in
Vi_;W,0,, which can be estimated by a= 0.6 nm,
decreases with decreasing doping [70,71] a gradually
increasing magnetic field is required to generate the same
total flux through a unit cell at which the phase transition
can be observed.

(i1) In A-type organic conductors [22] a magnetic field
induced transition has been found at B ~ 50 T, which is
much lower than the corresponding field strength at which
the transition occurs in VO,. Within the scenario of the
orbital magnetic field driven Mott transition this can be
attributed to the much larger unit cell in A-type organic
conductors (lattice constant a ~ 1.2 nm), which facilitates
large fluxes also for smaller magnetic fields.
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(iii) Finally, a magnetic field driven phase transition was
observed in magic angle twisted bilayer graphene [23] at
moderate magnetic fields of B = 5 T for the half-filled band
close to the first magic angle. Within the picture of the
orbital-magnetic-field-driven Mott transition this low value
of B, can be explained by the large lattice constant at this
twist angle of ~13.6 nm. Let us note that Zeeman effect of
the magnetic field could not easily explain the appearance
of the metallic phase as discussed in Refs. [24,25].

Conclusions and outlook—We have demonstrated the
emergence of a metal-insulator transition in the Hubbard-
Hofstadter model which is driven by the orbital effect of an
external magnetic field on the electrons. As for the standard
interaction-driven MIT we observe a first order behavior
with a coexistence region extending to a magnetic field B,
while the actual thermodynamic transition occurs at
B. > B.,. We have argued that this magnetic-field-driven
change of state can be explained by a metallization effect
due to the orbital magnetic field, which is indicated by the
increase of the kinetic and potential energy with increasing
B. We have identified the redistribution of spectral weight
due to the formation of magnetic mini-bands and the
magnetic field induced virtual motion of an electron around
a plaquette as theoretical explanations for this effect from a
metallic and insulating perspective, respectively. In the final
part of the Letter, we have discussed the relevance of our
results for recent experiments on VO,, A-type organic
conductors and twisted bilayer graphene and argue that
orbital effects of an external magnetic field might play an
important role for the magnetic field induced insulator-to-
metal transition in these materials.

In this Letter we have focused on the orbital effect of the
magnetic field and neglected its impact on the spin degrees
of freedom via a Zeeman term. In general, the importance
of the orbital effects of a magnetic field with respect to the
spin Zeeman term can be investigated experimentally by
changing the direction of the magnetic field. While the
Zeeman term should be unaffected, the orbital effects
should change quite significantly. Another possibility to
disentangle the spin and orbital effects of magnetic fields
are synthetic gauge fields [72] generated by lasers with
periodic driving which couple only to orbital degrees of
freedom. Hence, a comprehensive investigation of the
interplay between the effects of a magnetic field on orbital
and spin degrees of freedom (Zeeman term), which will
allow us to work out a unified picture of the response of
correlated electron systems to magnetic fields, is a highly
interesting novel research direction.

Our prediction could be potentially of technological use,
as it provides a new switching mechanism between an
insulator and a metal. In particular, the discussion is
relevant for the moiré materials with large unit cells, such
that the orbital effects of the magnetic become significant at
moderate magnetic fields of a few Tesla. In these systems
[73], the orbital effects of the magnetic field are under a

current focus of both experimental and theoretical effort
[23,29,73,74]. Let us also note that the mechanism we
discussed is not specific to the Mott insulators and could be
extended to other types of insulators.
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