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Hall response of locally correlated two-dimensional electrons at low density
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We study the Hall constant in a homogeneous two-dimensional fluid of correlated electrons immersed in
a perpendicular magnetic field, with special focus on the regime of low carrier density. The model consists
of a one-band tight-binding model and a momentum-independent causal self-energy, representing interaction-
induced correlations effects that are restricted to be local in space. We write general gauge-invariant equations for
the conductivity tensor at first order in the magnetic field and solve them numerically—analytically when
possible—in a minimal model of anisotropic square lattice with constant self-energy. Our results show that
deviations from the universal behavior of the Hall constant, as observed in the semiclassical regime, appear upon
entering the quantum regime, where the Fermi energy and interaction are comparable energy scales.

DOLI: 10.1103/PhysRevResearch.6.013112

I. INTRODUCTION

In the wake of graphene’s discovery [1], the study of
gated two-dimensional (2D) semiconductors has developed
swiftly, providing a whole family of new low-density con-
ductors. The achievable carrier concentrations are sufficiently
low—as low as 10'°-10'"" cm~2—to even realize the elu-
sive interaction-dominated Wigner crystal [2—4]. In gated
moiré heterostructures, recent experiments have provided a
wealth of transport data in the low-density regime, even
through density-controlled metal-insulator transitions [5]. In
recent years, 2D magnetic insulators and conductors have
been uncovered as well [6,7], some of which like CrSBr dis-
play puzzling magnetotransport properties [8]. This situation
prompts further theoretical research on the magnetotransport
in 2D correlated conductors at low carrier densities.

Doing so is not easy, since one needs to properly describe
assemblies of charge carriers in a regime where Fermi energy,
scattering rate, and temperature are comparable energy scales.
This means that some of the usual approximations such as the
Boltzmannian semiclassical theory [9] cannot be applied. This
theory indeed regards carriers as true particles characterized
by well-defined energy and momentum and subject to Fermi
statistics. However, this semiclassical description reaches its
limits when the quasiparticle scattering rate is not small com-
pared to either the quasiparticle energy—i.e., typically kg7,
where T is the temperature—or the effective Fermi energy,
which is proportional to the carrier density. In this case, the
spectral function of the electrons is broad and one must use the
quantum theory [10,11]. However, the general first-principles
many-body approach poses considerable computational chal-
lenges and progress has been difficult.
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For high densities, the Hall response of correlated electrons
was studied in the Hubbard model using exact numerical
methods on small systems [12,13] or approximate methods
[14-16], both at weak [12-14] and strong magnetic field
[15,16]. Progress could be made for interacting systems in
special situations such as quasi-one-dimensional systems,
made of weakly coupled, strongly interacting chains [17-19]
or, more recently, for ladders for which the Hall effect can
be accessed both numerically and analytically [20-22] and
probed in cold atomic gases experiments [23].

Extending such methods to the case of vanishing low
densities would be highly nontrivial, so we follow here an-
other route: we neglect the nonlocal correlations between
the charge carriers. At the single-particle level, this means
that the electrons are characterized by a dispersion relation
E; and a complex self-energy function X(e) that is local
(independent of k), like in the dynamical mean-field theory
[24]. The absence of vertex corrections, both at zero [25]
and finite magnetic field [15,16], simplifies the calculation
of the conductivities significantly. This class of models thus
provides an interesting playground, intermediate between the
approximate semiclassical theory and the intractable quantum
theory, where the magnetotransport can be studied accurately
in the thermodynamic limit. In this approach, the self-energy
may be regarded as a phenomenological input or taken from a
microscopic calculation.

In the present paper, we use this local self-energy approach
to study the Hall effect in systems with low densities. The
plan of the paper is as follows. In Sec. II, we present general
gauge-invariant transport equations that capture the dc Hall
response of a 2D single-band tight-binding model of locally
correlated electrons. Given a dispersion relation and a causal
self-energy, the transport equations can be solved numerically
in all regimes of density and temperature. In Sec. III, we solve
these equations in a minimal model, where the correlations are
represented by a single scattering rate I'. The simplicity of the
model allows us to obtain exact asymptotic results, in particu-
lar, in the low-density regime. We compare the resulting Hall
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FIG. 1. We consider a two-dimensional tight-binding model with
direction-dependent hopping amplitudes t,, #, and a magnetic field B
along the z direction. We pass a current / along the x direction and
measure the created electric field (Hall effect) along the direction
y. Furthermore, we make the assumptions that interactions in the
system can only lead to local correlations and thus a self-energy X(¢)
depending only on the energy ¢.

constant Ry with the universal value R%, = —1/(n|e|). Quite
remarkably, we find that in the model with a self-energy hav-
ing neither momentum nor energy dependence, the Hall effect
at low density is enhanced to four times the semiclassical re-
sult. Moreover, we find a nonmonotonic evolution of the Hall
factor with a pronounced maximum when the temperature is
raised to values larger than the scattering rate. This effect is
most pronounced at low density, large scattering rate, and for
a strongly anisotropic (quasi-one-dimensional) Fermi surface.
We discuss further our findings in Sec. IV. Some of the more
technical points can be found in the Appendices.

II. SYSTEM STUDIED AND TRANSPORT EQUATIONS

A. Model Hamiltonian and Green’s function

We study a 2D interacting one-band tight-binding model
without spin-orbit coupling immersed in a perpendicular mag-
netic field B as shown in Fig. 1. Its Hamiltonian is

jlel 2
0 i dr-A(r)
H = E trp,€ " CIIUC,Z(, + Hin, (H
rino
where £0, =10 __ is the translation-invariant zero-field hop-
172 1 2

ping amplitude from site r; to site r, of the lattice, ¢, ¢,
are the creation and annihilation operators at site r for spin
o, and A is the vector potential, which enters via the Peierls
substitution. This Hamiltonian leads to a dispersion relation
Ex=Y, tge_ik"’ at B = 0, where k is a wave vector and p is
a vector linking two sites in the lattice. Although the model
can be totally generic, we specialize in the applications that
follow to a 2D anisotropic square lattice, which means that
t;,) will become, for nearest-neighbors 7, and #,, depending
on the direction of the coupling. This anisotropy defines the
smallest hopping as one additional energy scale that can be
tuned to be comparable with either Fermi energy, scattering
rate, or temperature. In this way, we scan a class of geometries
ranging from the quasi-1D case to the 2D case (isotropic
hoppings).

Moreover, we assume throughout this paper that the in-
teractions between particles, described by a Hamiltonian
Hiy, lead only to local correlations and therefore to a local

self-energy in zero magnetic field. The self-energy X(g) thus
depends only on the energy ¢ and not on the direction and
size of the momentum. As a consequence, the direction of the
group velocity is not modified by interactions, which in the
diagrammatic language can be seen as the absence of vertex
corrections.

Using this self-energy allows us to define the zero-
field spectral function A(k, e) = (—1/7)Im G(k, ¢), where
the single particle Green’s function is G(k, ) = [¢ — E} —
Y (k, €)]~". For a local self-energy X(¢), the spectral function
only depends on k through Ej; and it is convenient to define
Ak, &) = A(Ey, €) with

—Im X(e)/m
[e —E —ReX(e)]?2 + [Im Z(e)]?’

A(E,e) = 2)
Thus, in our notations, the variable E refers to an energy shell
of the noninteracting dispersion, while the variable ¢ refers
to the energy axis, over which the electron spectral weight is
redistributed by the correlations encoded in X(¢).

Note that our model is characterized only by the dispersion
relation Ej, which is linked to the geometry of the system,
and the self-energy X(e), which encodes possible interactions
and disorder. As a consequence, the conductivity will also be
a function of only Ej and X(e). Note also that Eq. (2) is not
applicable in a finite field, where the self-energy acquires an
essential momentum dependence associated with the fractal
Hofstadter spectrum [26]. As we discuss in Appendix A, since
the Hofstadter spectrum is even in B, Eq. (2) is sufficient to
evaluate perturbatively any property up to first order in B.

B. Self-consistent chemical potential

In the low-density limit that we study, and especially when
the Fermi energy (i.e., some measure of the particle or hole
density) is comparable with temperature and/or scattering
rate, the precise knowledge of the chemical potential is cru-
cial. We will compute it self-consistently using the relation

o0 o

n= / de f(e — u)/ dE Ny(E)A(E, ¢), 3)
—0Q —0o0

where f(e) = (¢!/7 + 1)~! is the Fermi-Dirac distribution,

A(E, ¢) is the spectral function defined previously in Eq. (2),

and Ny(E) is the noninteracting density of states (DOS),

which for a 2D band of spin-1/2 electrons is given by

d’k
noe) =2 f 2

The quantity N(¢) = f_oooo dE Ny(E)A(E, ¢) in Eq. (3) is the
interacting DOS. N(¢) is, in general, nonzero outside the
noninteracting band. As a result, the chemical potential may
move below the noninteracting band at low electron density
(above it at low hole density), even at zero temperature.

S8(E — Ex). “)

C. Hall constant

The Hall effect is the appearance of an electric field in the
direction transverse to the current, which defines a transverse
resistivity according to E, = p,.J;. In the presence of nontriv-
ial topology or broken time-reversal symmetry, an anomalous
Hall effect occurs in zero magnetic field [27]. The models
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considered in this paper are space- and time-inversion sym-
metric and have no spin-orbit coupling, and are therefore
characterized by an ordinary Hall response, i.e., a resistivity
Pyx(B) proportional to B. The Hall constant is then defined
as Ry = limp_,g py(B)/B. The transverse resistivity is related
to the conductivity via py, = 0yy/(040yy + oxzy), where the
property o,, = —o,, has been used [28]. An ordinary Hall
response also implies that the correction to oy, and oy, is
quadratic in B. Hence, the conductivity tensor has the structure

Oup(B) = 850" + (1 = 8up)osy) B+ OB”).  (5)

Using this, we obtain a representation of the Hall constant in
terms of the expansion coefficients o and o}

1 Oxy O'x(vl)
Ry = lim — - = - 6)

B—0 B OxxOyy + O‘x2y o'x(o)a;o)

Following Ohm’s law, o,p gives the linear response to the
electric field and must therefore be calculated at vanishing
electric field. In the next section, we first write expressions
for o, that contain all orders in the magnetic field B using the
Kubo formula. We then perform an expansion in B to extract
o0 and o1,

D. dc limit of the Kubo conductivity tensor

The macroscopic (i.e., ¢ = 0 or spatially averaged) com-
plex ac conductivity at frequency w is given by the Kubo
formula [29]:

1
0up(@) = == [CF ), (@) = Cf O] @)

In this expression, J, is the macroscopic current operator in
the direction o (given in Appendix A) and C}i Js (w) is the
retarded current-current correlation function:

oo
Cllyy (@) = / dt & (—=i/ MO ){[Ju (1), Js(O)]).  (8)
—0o0

This is an extensive quantity that is divided by the volume V—
the surface, in our 2D case—to yield an intensive conductivity.
The second term in Eq. (7) is the diamagnetic response, which
is real in normal metals and ensures that the dc conductivity
is finite.

Our target is the dc conductivity that is purely real and
relates to the imaginary part of the correlation function:

Oup = lig})Reaa,g(w) = —iig%) élmé ,’i,ﬂ(w). 9)
To evaluate 0,5, we express the currents in terms of the
operators ¢, and ¢,, and, thanks to the absence of vertex
corrections, recast the correlation function as an expression
involving only the interacting single-particle Green’s func-
tion. The latter is neither gauge- nor translation invariant in
the presence of a magnetic field. Nevertheless, the correla-
tion function is brought to a manifestly gauge-invariant form
after introducing a modified gauge- and translation-invariant
Green’s function. The details are given in Appendix A.
The resulting expression of the current-current correlation
function involves a transport function ®,4 that depends on Ej
but not on X(¢), analogous to the DOS in Eq. (4), and the

spectral function Eq. (2) that depends on X(¢) but not on Ej:
> fler— ) — fleo—p)
cy @)=V /

d81d82 -
00 ho +81 —¢& +10

o0
X/ dE\dE> ©up(E1, Bz, BYA(E, €1)A(E,, €2).

o0

(10)

The number of energy integrals is doubled with respect to
Eq. (3), reflecting the occurrence of two current operators.
This is also the case for the transport function, which now
involves two momentum sums:

eN21
(botﬂ(Elv Ey, B) = _(g) V Z(S(El - Ek_%)(S(Ez — Ek+%)
kqo
x Z plat;,)l ei(k+q/2)-p1pzﬂ,,())zei(k—q/Z)ﬁz

P12
1 . ile|

X — 47 o BIX(p1=p2) (11)
v 2

Although the transport function contains all orders in B,
Eq. (10) is not valid to all orders in B, as it misses the Landau-
level physics. On a lattice, this breaks the spectral function
into a nonperturbative fractal Hofstadter spectrum [26]. It is
nevertheless possible to show that the variation of the spectral
function is quadratic in B (Appendix A). Therefore, Eqs. (10)
and (11) are valid at first order in B.

The dc limit of the conductivity involves the imaginary part
of C}i I (w), which lets two terms appear. The first combines
—m8(hw + &1 — &) from the imaginary part of the retarded
energy denominator in Eq. (10) with the real part of the trans-
port function. This term denoted a;;) (B) is even in B and reads

0@ =i [ " dei=f e -

o0

0
X / dEldEz Re q)aﬁ(El,Ez,B)

[ee]

x A(Ey, €)A(Ey, €), (12)

where f’ denotes the energy derivative of f. It is a
Fermi-surface or on-the-energy-shell contribution, due to
the factor — f’(¢ — u) that constrains the energy ¢ to remain
within a few kg7 around the chemical potential.

The second term involves the principal value of the energy
denominator and the imaginary part of the transport function.
Upon expanding 1/(hw + €1 — &) for @ — 0, a contribution
proportional to 1/(e; — &) appears. This part is identically
zero by symmetry, due to the fact that the imaginary part of
the transport function is odd under the exchange of E; and
E,. The subsequent term of the expansion is —/iw/(e] — )2,
which once inserted in Eq. (9) yields a well-behaved limit that
is odd in B and is denoted UOE%)(B):

0 o f(81—M)—f(82—M)
o;,;(B) = h[m deidey RS

00
X / dE]dE2 Im (Daﬂ(El,Ez,B)

o0

X A(E, €1A(E, &2). 13)
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Unlike UDE? (B), this appears to be an off-the-energy-shell term
with the energies €; and ¢, allowed to take values far away
from the chemical potential.

E. Expansion for weak field

The transport function in Eq. (11) contains all the
magnetic-field dependence but it is cumbersome for numerical
evaluation. We therefore consider its expansion in powers of
B. The zero-field limit is easy to grasp: the r sum forces ¢
to vanish, which in turn forces E; and E, to be equal; the
remaining p; and p, sums yield derivatives of the dispersion
Ey. As a result, the transport function is real and Eq. (12)
yields the first coefficient appearing in Eq. (5):

oy =mh / e (= - W

X /OO dE ®O(E)A*(E, ¢), (14)
Oy - (Vo [k (BEN S
PO(E) = (h) 2 | Gl ) 8E o 09

Details are provided in Appendix B. The interpretation of
this formula is that the dc conductivity is controlled by zero-
energy electronic transitions close to the chemical potential.
On every shell of energy E, the transitions are weighted by
the transport function, which is proportional to the squared «
component of the group velocity averaged on that shell, and
by the square of the spectral function, which sets the amount
of electronic spectral weight available for the initial and final
states of the transition.

At first order in B, the transport function is imaginary and
we only get a contribution from Eq. (13). Remarkably, we find
that the off-shell character of this term is not fundamental,
as the expression can be recast exactly in an on-shell form
(Appendix B):

oy =h [ " del=f(e — o) f T AE SV EWE. ¢)

[e¢] oo

oV(E) = (14 32772/ &’k [, 0E 0 3°Ex
“\n) 3 @ ok ok, ok.ok,

AE\* 9%E 9E, \* 92E,
—(SE) S - (5 S [SE — Ep.
k. ) k2 ok, ) 0k

(16)

a7

The transformation from off-shell form to on-shell form relies
explicitly on the causal character of the spectral function,
which in turns requires the causality of the self-energy. The
latter must therefore respect the Kramers—Kronig relations.
We have not been able to bring the full Eq. (13) to on-shell
form, a frustration that has already been expressed in the
literature [11].

Let us make some comments on our results and, in particu-
lar, the expression for ox(yl.), in connection with previous works.
Our derivation recovers some known results that are scattered
across the relevant literature, but proceeds differently from
previous works. In Refs. [10,11,30-32], the limit of vanishing

magnetic field is taken from the outset, before the dc limit,
which allows the authors to relate the Hall response with a
three-current correlation function. Within the family of locally
correlated models, the dc limit can be taken before expanding
in powers of the magnetic field. The resulting expression for
the transverse conductivity is off-shell, as found by other au-
thors [11,15,16]. As we showed, at first order in the magnetic
field, this apparently off-shell contribution can be rigorously
recast, after the expansion in B, as a on-shell expression in-
volving the third power [14,30-32] of the spectral function in
Eq. (16), which is reminiscent of the three-current correlation
function that characterizes the transverse response when the
low-field expansion is performed before taking the dc limit
[10,11,30]. This equivalence relies explicitly on the causality
of the self-energy function.

Second, the average between the x and y directions appear-
ing at the second line of Eq. (17) reflects the gauge invariance
of the formula and is crucial in our anisotropic setting. Related
expressions based on the Boltzmann theory in the literature
lack this symmetrization and should therefore be corrected for
anisotropic systems [9,33,34]. In Appendix C, we show how
to recover from Eqs. (14)—(17) the Boltzmann theory in the
isotropic relaxation-time approximation.

III. RESULTS FOR THE ANISOTROPIC SQUARE LATTICE

Results are presented here for the Hall constant of the
anisotropic tight-binding model depicted in Fig. 1, with a
special emphasis on the regime of low electron density. For the
self-energy, we use the simplest causal model, X(¢) = —iT’,
which represents quasiparticles with an energy-independent
relaxation time 7 = i/(2I"). While elementary, this model
has two advantages. It contains a single energy scale to
describe the scattering, like the semiclassical theory in the
isotropic relaxation-time approximation, such that differ-
ences between the quantum and semiclassical approaches
cannot be ascribed to differences in the scattering. Further-
more, it allows for a better numerical control, as certain
integrals can be performed exactly (see Appendix D and
Ref. [35]). This same model of scattering was used in recent
studies of the Hall response in multiband systems [32,36—38].

One peculiarity of this self-energy is that the spectral
function—and a fortiori the interacting DOS—have ~1/g?
tails without low- or high-energy cutoff. Consequently, the
chemical potential is also unbounded in the limit of vanishing
density, even at zero temperature. Microscopic lattice models
generally have self-energies with a finite support, possibly
different from the support of the noninteracting band. The
low-density behavior of Ry may depend on the details of the
self-energy in nontrivial ways, and additional work is needed
to determine how the results presented here would change if a
cutoff were introduced in the self-energy.

A. DOS and transport functions

Before discussing the conductivities, we briefly describe
the DOS and the transport functions of the system sketched in
Fig. 1. The DOS is displayed in Fig. 2(a) for #, /¢, = 0.1. It is
particle-hole symmetric with a half-bandwidth D = 2(Jz,| +
|ty]). There are two logarithmic van Hove singularities at
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FIG. 2. (a) Density of states, (b) zeroth-order transport func-
tions, and (c) first-order transport function for the model shown in
Fig. 1 with t,/t, = 0.1. Energies are measured in units of 7, and
a = a,a, is the area of the unit cell. The dashed lines show the
leading behavior close to the band edge E = —D, i.e., Ny(E) =
1/@ray/lnty]), ®L(E) = (e/h)*(al/a)lta]//Itcty| =(E + D), and
OV(E) = —(lel/h)a/tt, 2 (E + D).

energies £2(|t;| — |fy]) that merge into one in the isotropic
2D case and become two square-root singularities at the band
edges in the 1D case. The graph of ®()(E) is displayed in
Fig. 2(b). Like the DOS, it is particle-hole symmetric. Where
the DOS has van Hove singularities, it displays logarithmic
singularities of the first derivative. Figure 2(c) shows ®(E),
that is odd for the model of Fig. 1, which is consistent with
the fact that the Hall constant must vanish at half filling in
particle-hole symmetric systems. Interestingly, we find that
®MD () is equal to (le|/h)3 (472 /3)A,, where A, is the Stokes
area introduced by Ong [34] if the latter is calculated for an
isotropic scattering time i, = i/(2T).

B. Zero-temperature Hall constant

The strength of nonclassical effects may be quantified by
comparing the Hall constant Ry with the universal value R?, =
—1/(nle|). Even in the semiclassical regime, band-structure
effects are known to reduce the Hall factor r = Ry;/RY to
values smaller than unity [34]. For nearly free electrons,
Ref. [10] found that the momentum dependence of the

10— —
L O i
= Fol :
> C i T 1
5 5_"{/ ]
= [ ]
84 L i
g 0Or
g i 1
2 i 1
o
g i 1
= -5r 7
as} L ]
—10 .
0 1 2

Electron density n (1/a)

FIG. 3. Zero-temperature Hall constant in the anisotropic square
lattice with #, = 0.01¢, and I = 0.1¢,. Dotted lines show Eq. (18)
and n. indicates Eq. (20). The inset highlights the behavior at low
electron density. a is the area of the unit cell.

self-energy renormalizes the Hall constant by a factor r =
(No/N )2, with Ny and N the bare and renormalized Fermi-
level densities of states, which is also generally smaller than
unity. Another finding of Ref. [10] was that the energy depen-
dence of the self-energy yields no renormalization of the Hall
constant.

For our model, Fig. 3 shows a typical evolution of the
Hall constant with varying carrier density at 7 = 0O for param-
eters t,/t, = 0.01 and I'/t, = 0.1. Ry is negative (positive)
for electron (hole) conduction and diverges at low electron
or hole density. It vanishes at n = 1 due to the particle-hole
symmetry of the model. At low electron/hole density, the
divergences seen are expected from the semiclassical theory,
which predicts —1/n, respectively, 1/(2 — n) behavior. How-
ever, a closer inspection reveals that the divergence is four
times faster than the semiclassical prediction (see inset of
Fig. 3). A Hall factor r higher than unity is normally not
expected [10,34]. Here, the value r = 4 occurs in the quantum
regime, where the semiclassical assumption of sharp quasipar-
ticles is no longer justified.

To better understand the low-density asymptotic behaviors
in these two regimes, we consider first the semiclassical case
by taking the limit ' — 07 in the transport equations at 7 =
0 (see Appendix E 1). We find the Hall constant

3 ®M ()
2720 0O (1) ()

Ry (T=0,T = 0). (18)

This result simplifies even further in the limit of low density:
As n approaches zero, the chemical potential approaches the
lower band edge, where the DOS becomes constant and the
transport functions vanish linearly (see Fig. 2). We can there-
fore substitute in Eq. (18) the limiting expressions given in the
legend of Fig. 2 and use the limiting value of the density n =
No(—=D)(11 + D), which yields the semiclassical result RY, =
—1/(]eln). Away from the band edge, Ry as given by Eq. (18)
is smaller than R, irrespective of the anisotropy #,/#,. This
is consistent with the expectation that band-structure effects
reduce the Hall constant in the semiclassical approximation
[34]. The full semiclassical result of Eq. (18) is displayed in
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FIG. 4. Hall factor r = R;;/RY (left axis) and chemical potential
(right axis) versus electron density at 7 =0 for #,/t, = 0.1 and
I'/t, = 0.004.

Fig. 3 as dotted lines, to be compared with the full quantum
result obtained using Egs. (6) and (14)—(17).

Instead, in the quantum regime, one must keep I' finite
while taking the limit 7 — 0. Due to the ~1/& tails of the
interacting DOS, this implies sending p to —oo. We find that
w o —I'/nas n — 0 (see Appendix E 1). At the same time,
the normal and Hall conductivities behave as o,{") ~ n*/(4T'?)
and o)) ~ —n"/(4T*), such that we indeed find

RH=—i (T =0,n—0). 19)
leln

It is remarkable that, although the conductivities have com-
pletely different forms in the quantum and semiclassical
regimes (in the latter, they read o[” ~n/T" and o)) ~
—n/ I"?), the Hall constant is nevertheless independent of the
scattering and proportional to 1/n in both cases. With the aim
to determine the characteristic density n. at which Ry crosses
over from the semiclassical regime to the quantum regime,
we plot in Fig. 4 the density dependence of the Hall factor,
superimposed with the density dependence of the chemical
potential. The Hall factor varies nonmonotonously between

Isotropic 2D (z,/t, = 1) Anisotropic
M —

r=1and r =4 as n decreases, going through a maximum
when u lies approximately +/2I" below the band edge. Hence,
the semiclassical to quantum crossover is associated with the
chemical potential approaching and crossing the bottom of the
noninteracting band. From the condition © = —D, we deduce
an approximate expression for n. (see Appendix E 1):

S 1en ()] 0)
e 2m2a,/ |ty "\T)J
Hence, the quantum regime is reached at higher densi-
ties for larger scattering rates and more one-dimensional
geometries. These trends are visualized in Fig. 5, where the
zero-temperature Hall factor is displayed versus n, I', and
ty/t.. Upon going from isotropic 2D to quasi-1D, n. increases
and the quantum regime progressively expands. Around 7.,
the density dependence of the conductivities oy, and oy,
crosses over from ~ n* to n and the Hall conductivity from
n’ to n. The steeper increase of oy, for n < n, explains the
appearance of a maximum in the n-dependence of the Hall
factor. We shall not describe this mechanism further here,
as a similar one occurs as a function of temperature and is
discussed at length below.

C. Temperature dependence

Since at zero temperature the strongest deviation from a
semiclassical Hall effect occurs when the chemical potential
lies slightly outside the noninteracting band, we also expect
an enhancement of the Hall factor when p moves in the
vicinity of the band edge under the effect of temperature.
As we will see, this enhancement can reach several orders
of magnitude in our model. In models where the scattering
rate has a cutoff, a finite temperature will also drive u below
the band if the density is sufficiently low, such that similar
effects could also possibly occur. Note that inelastic scattering
mechanisms usually lead to T-dependent self-energies. By
keeping the scattering rate I" independent of 7', we ensure that
the T-dependent effects we find are not due to changes in the
scattering. The study of T-dependent scattering models is left
for future works.

0.01
=
— 0.005
o R

0 0.005 0.01 0
n (1/a)

n (1/a)

(ty/t; = 0.1) Quasi-1D (t,/t, = 0.01) "
9
8
7
5 &
4
3
2
1

FIG. 5. Hall factor r = R, /R% at T = 0 and low electron density for three values of the anisotropy t,/,. Dark blue corresponds to r = 1
and turquoise to r = 4. The semiclassical and quantum regimes are labeled with 1/n and 4/n, respectively. The solid (dotted) white lines
correspond to u = —D (u = —D — +/2I") and mark the beginning (approximate maximum) of the crossover between the semiclassical and

quantum regimes.
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FIG. 6. Typical temperature dependence of the conductivities
in the quantum regime (f, = 0.1¢,, I' = 0.01¢,, n = 0.001/a). The
dashed lines show Eq. (21). The onset temperatures indicated by
arrows correspond to Eq. (22).

Starting at near-zero temperature, the conductivities and
the Hall constant vary initially slowly like 72. In Fermi lig-
uids, the T2 raise of the resistivity is due to the scattering rate
growing like (¢ — u)?. Here, since we assume an energy- and
temperature-independent self-energy, the 72 dependence of
the conductivities stems from thermal excitations rather than
from the scattering rate. It occurs both in the semiclassical
and quantum regimes. However, whether the conductivities
increase or decrease like T2 depends on the density (see
Appendix E2). In the quantum regime n — 0, we find that
all conductivities increase with a coefficient proportional to
(n/T)?. In the semiclassical regime, the coefficient depends
on the slope and curvature of the transport function and can
have different signs in different directions. Figure 6 shows
the typical temperature variation of the conductivities in the
quantum regime. While o and o*’ have nearly the same T
coefficient, the coefficient of og) is larger, consistent with the
asymptotic results given in Appendix E 2.

Strikingly, the conductivities shoot up by orders of mag-
nitude at well-defined onset temperatures that are different
for the x, y, and xy components. Below the onset, the Fermi
tails in Eqgs. (14) and (16) do not overlap significantly with
the band, but only with the band tails resulting from the
convolution of the transport function with the second or third
power of the spectral function. Physically, the thermally ex-
cited carriers are very few, occupying the tail of the spectral
function. Above the onset, the Fermi tails overlap with the
band and the number of thermally excited carriers increases
strongly. As the figure shows, this occurs in a regime where
ksT > I', such that the spectral function is narrower than
the derivative of the Fermi function. Using this fact, and
linearizing the transport functions close to the band edge, as
appropriate at low density, we derive in Appendix E 2 approx-
imations for the conductivities in this regime:

o Vel BTy () o59),

e o
* ha [/t T
3 T
oW~ |€| |txty ks T

21a)

(1 + ek*) (21b)

To estimate the onset temperatures, we ignore the weak 72
variation below the onset and determine the temperature
at which the above expressions equal the zero-temperature
conductivities. The resulting equations are simplified using
the fact that exp(’”D ) < 1, allowing an explicit solution:

kT, = o - D (22a)
Bla = W( ) )a a
[to [(Jtaty D12 (wna)?
§—D
kg Ty = (22b)

2(85—
Here W(-) is the Lambert function and we have defined § =
2T" /(na). These temperatures are displayed in Fig. 6.

Figure 6 shows that Ty, < T, T,, which can be rationalized
as follows. According to Eq. (21), the conductivities behave as
oy ~ I(T)/T" and o, ~ I(T)/T'? above onset, with the same
temperature dependence /(7)) but different powers of I". The
T dependence follows from convolving the Fermi factor with
the linearized transport function: ff;') de[—f' (e — w)l(e +

D) = kgT In[1 + exp(’”D ]. The difference stems from the

sum rule for A%(E, ¢) being ~1/I", while the sum rule for
A3(E, &) is ~1/F2, which reflects the fact that A3(E, ¢) is
narrower than A%(E, ¢). Theses sum rules appear after con-
volving the transport functions with A% and A3 in Egs. (14)
and (16), respectively. On the other hand, we have seen that,
at 7 = 0 and in the quantum regime, the conductivities behave
as oy, ~n*/T'? and o,, ~ n’/T"*. The equation for T, is
therefore of the form I(T)/T" = n*/T"2, while the equation for
T, is of the form I(T)/T?> =n’/T*. Since I(T) increases
monotonically with increasing 7', one sees that Ty, < T, T,,
provided that n* < T'. With all numeric and dimensional fac-
tors in place, this condition reads (wna)® < I'/|t,|. In the
regime, kgT,, > I" where Eq. (22) was obtained, this condi-
tion is met if n < n.. We therefore expect that the relation
T, < T, T, is robust throughout the quantum regime.

At temperatures between Ty, and T, the sharp increase
of oy, drives a correspondingly large increase of Ry, since
the normal conductivities remain low. One expects a peak
in Ry(T') that reaches its maximum close to 7. Evaluating
Eq. (21) at T = T,, we obtain the following estimate for the
maximum Hall factor:

4T

lty|(rna)®” 23)

rmax ~
This can be huge in the low-density limit, especially for
a quasi-1D dispersion. Figure 7(a) displays Ry(T) in the
anisotropic case t,/t, = 0.1 with I /z, = 0.01 and at various
densities that scan from deep in the quantum regime up to
the crossover into the semiclassical regime (see Fig. 5). In
the quantum regime, »(7") starts at the value 4, raises slowly
as T? (Appendix E2), develops a strong maximum, and fi-
nally drops to the high-temperature value r(kg7 > I') &~ 1
(Appendix E2). Consistently with Eq. (23), the height of
the maximum is very large at small » and drops rapidly as
n increases. Upon approaching the semiclassical regime, the
initial value r(0) grows (Fig. 5) and the maximum disappears.
Finally, deep in the semiclassical regime (not shown), r(7T)
varies with almost no temperature dependence from a value
close to 1 at T = 0 to a value close to 1 at high temperature.

013112-7



GIACOMO MORPURGO et al.

PHYSICAL REVIEW RESEARCH 6, 013112 (2024)

109

(@) ]

T L

— na =0.001
—na =0.002

ty/ty=0.1
I'/t, =0.01

10°

0
H

10*
—na =0.010
103

10?

r(T) = Ry(T)/R

/

10!
—

LB L LB L L A L WAL AL

100 L R | L T
1072 107! 100
kBT/tx

LI T T T T T

,_.
S
w

108

—t/ty =1
—1,/t,=0.1
—t,/t, =0.01

0
H

100

[/t,=0.1

rmax = maxr Ry (T)/R

10* £

100 L Lo L =
10~ 1073 1072 107!

n (1/a)

FIG. 7. (a) Temperature dependence of the Hall factor r(T') =
RH(T)/R% for t, =0.1t,, T'=0.01¢,, and various densities.
(b) Largest value of the temperature-dependent Hall factor versus
density for three values of the anisotropy t,/t, and three values of the
scattering rate I'.

Figure 7(b) shows the maximum Hall factor determined
numerically versus n, for three values of f, and three values
of I". The power law ~n~3 predicted by Eq. (23) is observed
at low n, while for larger n the behavior changes. The increase
of rmax With increasing I" and decreasing ¢, is also qualitatively
consistent with Eq. (23).

IV. SUMMARY AND CONCLUSION

Measuring the Hall constant remains the number-one
experimental approach for determining the carrier density
of conductors, including correlated ones (see for instance
Ref. [39]). This is grounded in the universality of this prop-
erty, as predicted by the Boltzmann semiclassical theory of
transport. The conditions under which this universality breaks
down are not well-known. The semiclassical approach relies
on the carriers being true particles with fermionic statistics,
which is likely a good approximation when interactions are
weak and carrier density is sufficiently high. Deviations may
be expected at low density, even before the regime of Wigner
crystallization is reached, when the Fermi energy is compa-
rable with the scattering rate, because the carriers cannot be
treated as sharp quasiparticles. In this case, the semiclassical
theory gives way to the Kubo—Greenwood framework, but a
complete solution is generally out of reach. One exception, in

which a closed set of equations may be written for the Hall
constant, is the class of models, where nonlocal correlations
between the electrons are either absent, like in dynamical
mean-field theory, or negligible. We have collected these
equations in Sec. II, for the case of a 2D single-band system
in perpendicular magnetic field [Egs. (2)-(6), and (14)—(17)].
Our goal is to explore the predictions of these equations in the
regime of low density, which is relevant in the present context
of flourishing research activity on gated 2D conductors.

As a first application, we have studied a minimal two-
parameters model. The first parameter, f,/t., controls the
electronic dimensionality and allows one to study 2D to 1D
crossovers. The second, I' /¢,, controls the scattering. We have
studied r = Ry /Rg as a function of density and temperature
and found deviations from the semiclassical regime character-
ized by r = 1. As a rule of thumb, the semiclassical behavior
is realized at higher dimensionality, weak scattering, high
density, and high temperature, while significant deviations are
found at low dimensionality, strong scattering, low density,
and low temperature. There are two kinds of deviations from
universality. At zero temperature, when the chemical poten-
tial moves outside the noninteracting band, the Hall constant
crosses over from 1/n to 4/n. This quantitative change does
not completely break the universality, in the sense that the
Hall constant remains asymptotically independent of band
structure and scattering rate. However, the crossover region is
nonuniversal, depending on both band structure and scattering
rate [see Eq. (20)]. A second kind of deviation arises at finite
temperature, when thermally excited carriers—that were at
lower temperatures confined to interaction-induced tails of the
DOS—begin to occupy the extreme levels of the noninteract-
ing band. The ensuing boost of conductivity, that occurs first
for the Hall conductivity, produces a peak in the Hall factor r.

This model is peculiar in that the scattering rate has no
dependence on the energy, which allows charge carriers to
exist at arbitrary energies below the free-carrier band. In a
way, it may be seen as the simplest generalization of the Boltz-
mann theory in the isotropic relaxation time approximation: It
reduces to the latter in the semiclassical regime, and allows
one to describe the crossover into the quantum regime with-
out additional parameters. This circumstance enables good
analytical and numerical control of the equations as well as
exact asymptotic expressions but may also lead to peculiar
results. Nevertheless, the model has the merit of showing
that significant deviations from the universal Hall constant
paradigm can occur at low density and gives a first hint
on where to search the strongest deviations: in conditions
where the chemical potential varies in the vicinity of the
free-carrier band edge. Of course, how the energy depen-
dence of the self-energy would influence the low-density
Hall constant is an intriguing open question that is left for
future work.

The peak in the temperature-dependent Hall factor could be
searched in known 2D materials. With the typical values a =
(4 A)2, t, =100 meV, and T = 2 meV, Eq. (20) gives n, =
4 x 10" cm~2 in the least favorable isotropic case. Hence the
quantum regime is well within the range of carrier concen-
trations that can be achieved with the field-effect technology.
Assuming n = 10'> cm~2, Eq. (22) gives T, = 278 K and
Eq. (23) gives rmax ~ 6 x 10°. The exact values given by the
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model are T, = 319 K and rypex = 1.1 x 10°. At that temper-
ature, the conductivity is, however, very small: o, ~ 10~ uS.
Of course, it is not obvious that the predictions of the model
should be trusted when applied to real materials, in which the
self-energy surely has a complex energy dependence. Further
studies are therefore needed, using realistic band structures
and self-energies inspired by microscopic models of interact-
ing electrons.

The codes written and the data generated for this study are
available at Ref. [40].
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APPENDIX A: CURRENT-CURRENT
CORRELATION FUNCTION

In this Appendix, we describe the steps leading to Egs. (10)
and (11). We also list a few symmetries of the transport func-
tion ®,4(Ey, E», B), that are useful to establish the symmetry
properties of the conductivity tensor.

The local current density is given by the functional deriva-
tive of the Hamiltonian, Eq. (1), with respect to the vector
potential: j,(r) = —6H/5A,(r)|[g=o. The functional deriva-
tive is evaluated at E = 0 because the Kubo formula gives the
linear response to the electric field. It is therefore convenient
to split the vector potential as A = A¢j + Amae, Where Ag
is irrotational and vanishes for E = 0, while V x Ay, = B.
The interaction Hj,, being independent of the vector potential,
the functional derivative is straightforward and yields the total
current,

ile| 0 A
Joy=— Z(I‘z — "l)atr,rzel ’IVZCIIUCrZ(,,

7 (AD)

rirno |

. e
Chp i) = = (3

kqo iw,

0 0
x (ry — rl)atrlrz(r4 - r3)ﬁtr3r4

This correlation function is gauge invariant because the quan-
tity Ayr, +Apr, +Apr, + Ay, is proportional to the mag-
netic flux threading the oriented tetragon defined by the
points (ry,ry,r3,ry), and is therefore independent of the

gauge:

le]

Arry, T Argry + Aryr, + Ay, = ﬁ

B (ri —r3) x (r; —ry).
(A4)

This is readily verified, for instance, in the symmetric gauge

Amag(r) = g(—y, X, 0)7 where Arlrz = %(rlxrlv - rlyr2x) =

%B -(ry xr).

with A, = ‘—2' frrlz dr - A (r). The retarded correlation
function, Eq. (8), is the analytic continuation of the corre-
sponding Matsubara function: C}i Js (@) = Cy,y, (12, — ho +
i0) [29]. Here 2, = 2nmwkgT are even Matsubara frequencies
and Cy,;, (iQ,) = [, dv é%7C),;, (v) with the imaginary-
time function C;, 5, (t) = — (T3 J,(7)J5(0)) given explicitly by

Cy0, (1) = (%)2 Z Z (ra — i)ty (rs — rs)ﬁtgm

10 ryryo’

x enn et (Toel (T)e, , (T)e) ,(0)c, 4 (0).
(A2)

T; indicates imaginary-time ordering and (- - - ) a thermal av-
erage with respect to H at E = 0 and finite B. The assumption
of local correlations in a paramagnetic state implies that the
thermal average factorizes as

(T}, (1), (D)}, (00, (0)
= (Tr¢] 5 (T)Cy, g (OTc,, , (T)e) . (0))

= _SUU/G(r47rla _T)G(r27r3a T)’

where G(ry,ry, t) = —(T,crla(r)cIZU(O)) is the interacting
single-particle Green’s function.

The Green’s function as defined above isn’t gauge invariant
and breaks translational symmetry in the presence of a finite
(spatially uniform) magnetic field. Indeed, a change of the
electromagnetic gauge modifies the Peierls phase according
to Ay, = Apr, + x(r2) — x(r1), where x(r) is the gauge.
The gauge invariance of the Hamiltonian requires that the
field operators change as ¢,, — ¢~X"¢,,. Hence, the Green’s
function changes as G(ri, 7, 1) — G(r1, ra, T)elX2)=xE0]
Let us therefore introduce a modified Green’s function [16,41]

Gri —r, 1) = e MGy, r, 1), (A3)

which is manifestly gauge invariant [42]. Thanks to its transla-
tion invariance in space and time, G admits the Fourier repre-
sentation G(r, ) = % Yok i, Gk, i) ® =) where
N is the number of k points and w, = (2n + 1)wkgT are odd
Matsubara frequencies. Introducing this in Eq. (A2), we get

2 1 _ i A .
) 7 S kT Y Gk, iw))Glk + q. iy +iR,) Y el bt

F1FF3ry

i AriryHArsry +HAryr +Aryry)

(

The Green’s function admits an integral representation in
terms of its spectral function:

G(k,iwn)zfoode Ak, e) (AS)

00 i, + 1 —¢ .
A(k, ) contains the fractal Hofstadter physics and cannot be
expanded in powers of B. However, because the Hofstadter
spectrum is even in B, one can conclude that A(k, ) formally
deviates from its value at B = 0 by corrections of order B.
Up to first order in B, it is therefore sufficient to replace
A(k, €) by its zero-field value, which is A(E, ) given in

Eq. (2). After inserting the spectral representation of G,
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standard techniques allow one to perform the sum over odd
Matsubara frequencies [29]. A further shift of k by —q/2
to achieve a more symmetric form and introduction of the
relative vectors p;, =ry —ry, pp =rs—r3, and r =r, —r3
directly leads to Egs. (10) and (11).

The transport function defined in Eq. (11) obeys the fol-
lowing symmetries:

Qup(Er, Ez, B) = @ 4(E1, Ea, —B), (Aba)
Qup(Er, Ea, B) = &, 4(Ea, E1, B), (A6b)
Dyp(EL, Bz, B) = ®po(Er, E1, B). (A6¢)

The first may be checked by changing (r, p;, p,) into
(—=r,—p,;, —p,); the second by changing (q, p;, p,,r) into
(—q,—p;, —pp,r+ p; — p,); and the third by changing
(g, py, P, 1) into (—q, p,, p;, —r). Using these symmetries,
one verifies that o,4(w, B) = aga(—a), —B). In the dc limit,
this gives the Onsager-Casimir relation o,4(B) = 04 (—B)
[43,44]. Equation (A6a) implies that Re ®,4(E], E>, B) and
Im ®4(E}, E», B) are even and odd functions of B, respec-
tively, which fixes the parity of Eqs. (12) and (13) 1n the
field. Equation (A6c¢c) furthermore implies that a (B)

(e)(B) and O’(O) (B) = (”) % (B). The latter shows that the part

odd in the field is antldlagonal o2(B) = 0. Making use of
Oxy = —0Oy,, the former shows that the even part is diagonal:

04 (B) o 8up.

APPENDIX B: WEAK-FIELD EXPANSION
OF THE DC CONDUCTIVITY

The magnetic field dependence of the dc conductivity de-
fined by Eqgs. (9)—(11) stems from the quantity

Its zero-field limit gives a Kronecker symbol at ¢ = 0:

|« .
Alg p,0) = ) e = by,

The transport function at this order is, therefore,

(B2)

eN21
Pup(Er E2,0) = = (3 ) 5 D 8(E) — ES(E> — Ex)
ko

0 ik 0 ik
X E ,olatple’ plpzﬁtpze’ P2,
PO

Introducing the group velocity vg, = (1/h)dEy/dky, we can
substitute ), Pute®? by —ilivg,. Since we only consider
systems with the inversion symmetry E, = E_j, the compo-
nents of the group velocity are odd functions of k. Hence, ®,4
vanishes by symmetry if « # 8 and we have

1
Pap(Er, Ea, 0) = Supd By — E2)e* = ) v, 8(E1 — Ep),
ko

which corresponds to Eq. (15).
At first order in B, we have

:—uz pxV, —Ze“”

d
—A(g, p, B
gl r )B:O T

(B3)
This formally involves the gradient of the Kronecker
symbol &84, which is only well-defined after taking
the continuum limit for the momenta. Implying this
limit, we evaluate the ¢ sum in Eq. (11) by parts as
Zq F(q)vq8q0 = - Zq 8q0VqF(q) = _VqF(q)|q:0' Upon
calculating d®,4(E,, E>, B)/dB at B = 0, the V, yields one
term from acting on the phase factors and two terms from
acting on the Dirac delta functions. The former vanishes, as it

1 ile
A(g, p,B) = N Ze"”e 55 Bpxr (B1)  is proportional to (p; — p,) x (p; — p,). We get
r
|
t|e| hl
) Z[s (E\ — E)S(Ey — Ex) — 8(Ey — E)8'(E, — Ey)]
B=0
" (kavkﬁ _ VoUkp _ VkeVke vkavky> (B4)
Micya Myexer Myp Mg '

where &' stands for the derivative of the Dirac delta and
the mass tensor 1/mka,3 = (l/hz)azEk/(Bk dkg) has been
introduced. This result is purely imaginary and thus only
contributes to o(”)(B) as expected. It is also odd under
the exchange of o« and B and vanishes as it should if
a=p.

When Eq. (B4) is inserted in Eq. (13), the result-
ing E; or E, integral involving 8’ can be evaluated by
parts using, for instance, f_oooo dE| 8'(E; — Ex)A(E;, ¢) =
—ffooo dE, 8(E, — Ex)A'(E1, ), with A/(E, ¢) denoting the
derivative of the spectral function with respect to the first
argument. Upon performing this substitution, we encounter
the integral

szmds]dazf(gl — ) — flea—p)
oo (61 — &2)?
x [A(E, e)A(E, &) —A'(E, e)A(E, &)].

(

Remarkably, if the spectral function is causal, this integral can
be recast as

471

de[ f'(e — WIANE, ¢). (B5)

This leads to Eqs. (16) and (17). To prove Eq. (B5), we rewrite

=2 e fe - waEen [ de 2
—0 00 (81 - 82)
*© , *© A(E, &)
— 2/ de) f(e1 — WA (E, €1) dez—z,
—00 00 (81 - 82)

where a principal value is understood in the &, integrals.
We now use the causality of the self-energy, which implies
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(and requires)

o A(E,
ReG(E, &) = dazﬂ,
) &1 — &
d o A(E,
—RCG(E,81)=—/ de, (—82)2,
de; 00 (e1 — &2)

with G(E, ¢) the retarded Green’s function. It follows that

= - foodsf(f?—u)

o0

X [A(E, 8)%Re G (E,e)—A(E, 8)%Re G(E, 8)]

27% d
=———A(E,¢).
3 de
We have used Eq. (2) and the explicit form of the Green’s
function, G(E,¢) =1/[¢ — E — X(¢)]. An integration by
parts then gives Eq. (BS).

APPENDIX C: RELATION WITH
THE SEMICLASSICAL THEORY

The Boltzmann expressions in the isotropic relaxation-time
approximation may be derived from Eqgs. (14)—(17) under the
assumptions that (i) the spectral function is narrower than
the derivative of the Fermi distribution, such that —f"(s — w)
may be replaced by —f'(E — ) and (ii) the self-energy
takes the form X(¢) = —ifi/(2t), where 7 is the relaxation
time. Using the identities ffooo de A’(E, &) =1/2nT) and
[, de A3(E, &) = (3/2)/(2nT)?, one thus arrives at the ap-
proximations

o0~ & Y [ f'(Ex — )ty
ko

o)~ —lel* Y [—f Bk — w7’
ko

2 2
o 1 Vi, n Uky _ Ukx Vky
2 Myyy Mijexx Myexy

which, apart from the (x, y) symmetrization at the last line,
coincide with the semiclassical formula given in the literature
[9,33,34].

APPENDIX D: EXACT INTEGRALS FOR THE CASE
Y(e) = —ill

The self-energy X(e) = —il" obeys causality because the
Kramers—Kronig transform of a constant is zero. Consistently,

the spectral function A(E, ¢) = % is properly normal-

ized to ffooo de A(E, ¢) = 1. The integrals that involve the
Fermi distribution and the spectral function have a closed
form in terms of polygamma functions ,(z), where z =
L _ jE2T The ¢ integral in Eq. (3) reads

2 T ' onkeT

b 1 1
/ de f(e ~ WA, ©) = 5 + —Tm Yo

11 E-—
=———tan1< “)(T:O).
2 0w r

The integrals appearing in Eqs. (14) and (16) are trivial at T =
0 and otherwise read

/ de [—f'(e — WIAXE. ¢)

]

¢
= SRl @ = ()

/ de [—f'(e — WIA(E. €)
_ X
T 8(nlN)?

2
Re[lﬁl(z) — () + %Ws(z)}

_ r
Where{ = W.

APPENDIX E: EXACT ASYMPTOTIC RESULTS
AND APPROXIMATIONS
1.T=0

At zero temperature, the transport equations are

n= /oo dENO(E)B _ %tan_l <E;“)}

o0

o0

ol = sz dE V(A E, n).

oo

In the semiclassical regime, where I" is the smallest energy
scale, the transport functions may be expanded around £ = .
The leading terms give

oo
h
o = 7hd© (1) / dEAXE, p) = == (1),
oo 2r

oM ().

o0
o) =100 [ dEAE 0 =

This leads to Eq. (18) of the main text. To estimate the
crossover density in Fig. 5, we fix © = —D in the equa-
tion giving the density. Since the term in square brackets drops
rapidly for energies away from the band edge, we can use the
approximation

b 1 1 G (E+D
ne ~ No(—D) dE| - — —tan
-D 2 4 r

e () o)
= n|— — ).
2m2a, /|ty r D?

In the quantum regime, where n approaches zero at finite T,
we can expand the equations for u — —o0:

o r I'E 1
I’l:/ dENQ(E)I:————2+ﬁ<—3> )
—c0 T TU u

o r? 4r’e 1
ol = nh/ dE d>fx°)(E)|:—4 + ==+ 6’(—6)],
- iz
2

oo 2w w
00 3 6T3E 1 E
1 _ (1)
o) = Fz/_OOdECD (E)|:n3,u6 + e + ﬁ’(us, /ﬁ)]
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Considering the symmetry of the DOS and transport func-
tions, the relevant moments are

o0 2
/ dE No(E) = 2.,
_ a

oo

244%42
[ amorer= (z) i

3 2
16
Y aEE @) = (1) 107 e
- 7)) T3 Wb

where a, and a, are the lattice parameters and a = a,a,.
Hence, we arrive at

12r
n= o+ O,
©) _ &2 a; t2 412
Oy e — + o1/,
lelatlt? 32r3
ol) = TV +0/u),
which leads to Eq. (19).
2.T>0

At low temperature, we rely on a Sommerfeld expansion.
For the density in Eq. (3), we integrate by parts to let the
quantity —f’(¢ — ) appear. We change variables from &
to u = (¢ —u)/(kgT), expand the integrand in powers of
T, and perform the integrals using f_oooo du ﬁ{l, u, u*) =
{1,0, w2/3}. The condition n(T) = n(0) allows us to deduce
1 (0) = 0, where 1/ (0) is the first derivative of the chemical
potential with respect to kg7. A closed expression for the
second derivative can also be deduced in the low-density
regime, after sending uo = u(T = 0) to —oo and using the
relation oy = —2I'/(wna) derived above. This expression is

w”(0) = —m3na/(3T). Proceeding similarly with Eqgs. (14)
and (16), we arrive at the relations
%)y | T ey T
AP = ar
0(1)(T) 771
2 2
(1)(0) 41—~2 (na) (kBT)
") 3T e T
r0) 4r2 e

which are valid for T — 0 and n — O at finite I". At higher
density, when g lies inside the band, instead of the expansion
around (g = —oo we expand the transport functions around
E = po. Thus, we find 1" (0) = — (7 /3)Ng(120)/No(10) and,
for the conductivities,

o) - 7 [Nywo) @9 (no) 00" (1) | Ty
o0(0) 6 | No(to) ®%ug)  @P(uo) |
W@ 7 [N 9V o) 0 )]
oxy)(O) 6 | No(no) O () DM (o) |

We estimate the onset temperatures T, T,, and T, in Fig. 6 as
follows. In the regime I' < kg7 < D, the spectral function is
narrower than the derivative of the Fermi function. We there-
fore replace in Egs. (14) and (16) f'(¢ — ) by f/(E — w),
such that the ¢ integrals become trivial. With the low-density
regime in mind, we further note that for kg7' < D, the func-
tion f'(E — w) is sharp compared with the transport function
and peaked near the band bottom. We therefore replace the
transport functions by their linearizations close to the band
bottom, which are indicated in the legend of Fig. 2. We thus
arrive at Eq. (21).

We close this Appendix by showing that, in the high-
temperature regime I' < kg7 < D, the Hall constant recovers
approximately the classical value Eq. (18), irrespective of
the density. In that regime, we can replace f'(¢ — u) by
f/(E — ) because the derivative of the Fermi function is
broad compared with the spectral function, and we can
replace the transport function by its value at £ = u be-
cause the derivative of the Fermi function is still much
sharper than the transport function. This directly leads to the
result

30 0w
2720 ) ()Y (1)

RH (F << kBT < D),

which is the same as the zero-temperature Hall constant for
r - 0.

[1] K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang, Y.
Zhang, S. V. Dubonos, 1. V. Grigorieva, and A. A. Firsov,
Electric field effect in atomically thin carbon films, Science 306,
666 (2004).

[2] T. Smolefiski, P. E. Dolgirev, C. Kuhlenkamp, A. Popert,
Y. Shimazaki, P. Back, X. Lu, M. Kroner, K. Watanabe, T.
Taniguchi, I. Esterlis, E. Demler, and A. Imamoglu, Signatures
of Wigner crystal of electrons in a monolayer semiconductor,
Nature (London) 595, 53 (2021).

[3] Y. Zhou, J. Sung, E. Brutschea, 1. Esterlis, Y. Wang, G. Scuri,
R. J. Gelly, H. Heo, T. Taniguchi, K. Watanabe, G. Zarand,
M. D. Lukin, P. Kim, E. Demler, and H. Park, Bilayer Wigner

crystals in a transition metal dichalcogenide heterostructure,
Nature (London) 595, 48 (2021).

[4] H. Li, S. Li, E. C. Regan, D. Wang, W. Zhao, S. Kahn, K.
Yumigeta, M. Blei, T. Taniguchi, K. Watanabe, S. Tongay, A.
Zettl, M. F. Crommie, and F. Wang, Imaging two-dimensional
generalized Wigner crystals, Nature (London) 597, 650
(2021).

[5] K. F. Mak and J. Shan, Semiconductor moiré materials, Nat.
Nanotechnol. 17, 686 (2022).

[6] M. Gibertini, M. Koperski, A. F. Morpurgo, and K. S.
Novoselov, Magnetic 2D materials and heterostructures, Nat.
Nanotechnol. 14, 408 (2019).

013112-12


https://doi.org/10.1126/science.1102896
https://doi.org/10.1038/s41586-021-03590-4
https://doi.org/10.1038/s41586-021-03560-w
https://doi.org/10.1038/s41586-021-03874-9
https://doi.org/10.1038/s41565-022-01165-6
https://doi.org/10.1038/s41565-019-0438-6

HALL RESPONSE OF LOCALLY CORRELATED ...

PHYSICAL REVIEW RESEARCH 6, 013112 (2024)

[71 Q. H. Wang, A. Bedoya-Pinto, M. Blei, A. H. Dismukes, A.
Hamo, S. Jenkins, M. Koperski, Y. Liu, Q.-C. Sun, E. J. Telford,
H. H. Kim, M. Augustin, U. Vool, J.-X. Yin, L. H. Li, A. Falin,
C. R. Dean, F. Casanova, R. F. L. Evans, M. Chshiev et al., The
magnetic genome of two-dimensional van der Waals materials,
ACS Nano 16, 6960 (2022).

[8] F. Wu, L. Gutiérrez-Lezama, S. A. Lépez-Paz, M. Gibertini,
K. Watanabe, T. Taniguchi, F. O. von Rohr, N. Ubrig, and
A. F. Morpurgo, Quasi-1D electronic transport in a 2D magnetic
semiconductor, Adv. Mater. 34, 2109759 (2022).

[9] J. M. Ziman, Electrons and Phonons: The Theory of Transport
Phenomena in Solids, Oxford Classic Series (Oxford University
Press, Oxford, 1960).

[10] H. Fukuyama, H. Ebisawa, and Y. Wada, Theory of Hall effect.
I: Nearly free electron, Prog. Theor. Phys. 42, 494 (1969).

[11] M. Itoh, Gauge-invariant theory of the Hall effect in a weak
magnetic field, J. Phys. F: Met. Phys. 15, 1715 (1985).

[12] F. F. Assaad and M. Imada, Hall coefficient for the two-
dimensional Hubbard model, Phys. Rev. Lett. 74, 3868
(1995).

[13] W. O. Wang, J. K. Ding, B. Moritz, E. W. Huang, and T. P.
Devereaux, dc Hall coefficient of the strongly correlated Hub-
bard model, npj Quantum Mater. 5, 51 (2020).

[14] T. Pruschke, M. Jarrell, and J. K. Freericks, Anomalous normal-
state properties of high-7,. superconductors: Intrinsic properties
of strongly correlated electron systems? Adv. Phys. 44, 187
(1995).

[15] A. A. Markov, G. Rohringer, and A. N. Rubtsov, Robustness
of the topological quantization of the Hall conductivity for
correlated lattice electrons at finite temperatures, Phys. Rev. B
100, 115102 (2019).

[16] J. Vu&ievié and R. Zitko, Electrical conductivity in the Hub-
bard model: Orbital effects of magnetic field, Phys. Rev. B 104,
205101 (2021).

[17] G. Leodn and T. Giamarchi, Hall effect in quasi-one-dimensional
organic conductors, J. Low Temp. Phys. 142, 315 (2006).

[18] G. Leon, C. Berthod, and T. Giamarchi, Hall effect in strongly
correlated low-dimensional systems, Phys. Rev. B 75, 195123
(2007).

[19] G. Le6n, C. Berthod, T. Giamarchi, and A. J. Millis, Hall effect
on the triangular lattice, Phys. Rev. B 78, 085105 (2008).

[20] M. Filippone, C.-E. Bardyn, S. Greschner, and T. Giamarchi,
Vanishing Hall response of charged fermions in a transverse
magnetic field, Phys. Rev. Lett. 123, 086803 (2019).

[21] S. Greschner, M. Filippone, and T. Giamarchi, Universal Hall
response in interacting quantum systems, Phys. Rev. Lett. 122,
083402 (2019).

[22] M. Buser, S. Greschner, U. Schollwock, and T. Giamarchi,
Probing the Hall voltage in synthetic quantum systems, Phys.
Rev. Lett. 126, 030501 (2021).

[23] T.-W. Zhou, G. Cappellini, D. Tusi, L. Franchi, J. Parravicini,
C. Repellin, S. Greschner, M. Inguscio, T. Giamarchi, M.
Filippone, J. Catani, and L. Fallani, Observation of universal
Hall response in strongly interacting fermions, Science 381, 427
(2023).

[24] A. Georges and G. Kotliar, Hubbard model in infinite dimen-
sions, Phys. Rev. B 45, 6479 (1992); A. Georges, G. Kotliar,
W. Krauth, and M. J. Rozenberg, Dynamical mean-field theory

of strongly correlated fermion systems and the limit of infinite
dimensions, Rev. Mod. Phys. 68, 13 (1996).

[25] A. Khurana, Electrical conductivity in the infinite-dimensional
Hubbard model, Phys. Rev. Lett. 64, 1990 (1990).

[26] D. R. Hofstadter, Energy levels and wave functions of Bloch
electrons in rational and irrational magnetic fields, Phys. Rev. B
14, 2239 (1976).

[27] N. Nagaosa, J. Sinova, S. Onoda, A. H. MacDonald, and N. P.
Ong, Anomalous Hall effect, Rev. Mod. Phys. 82, 1539 (2010).

[28] The property o, = —oy, follows from space-inversion symme-
try, which changes J; into —J; and J, into —J,,, and time-reversal
symmetry, which changes B into —B.

[29] G. D. Mahan, Many-Particle Physics, 3rd ed. (Kluwer
Academic, New York, 2000).

[30] P. Voruganti, A. Golubentsev, and S. John, Conductivity and
Hall effect in the two-dimensional Hubbard model, Phys. Rev.
B 45, 13945 (1992).

[31] J. Mitscherling and W. Metzner, Longitudinal conductivity and
Hall coefficient in two-dimensional metals with spiral magnetic
order, Phys. Rev. B 98, 195126 (2018).

[32] M. Pickem, E. Maggio, and J. M. Tomczak, Prototypical many-
body signatures in transport properties of semiconductors, Phys.
Rev. B 105, 085139 (2022).

[33] H. Fukuyama, Theory of Hall effect. II: Bloch electrons, Prog.
Theor. Phys. 42, 1284 (1969).

[34] N. P. Ong, Geometric interpretation of the weak-field Hall
conductivity in two-dimensional metals with arbitrary Fermi
surface, Phys. Rev. B 43, 193 (1991).

[35] M. Pickem, E. Maggio, and J. M. Tomczak, LinReTraCe: The
linear response transport centre, SciPost Phys. Codebases 16
(2023).

[36] J. Mitscherling, Longitudinal and anomalous Hall conductivity
of a general two-band model, Phys. Rev. B 102, 165151 (2020).

[37] M. Pickem, E. Maggio, and J. M. Tomczak, Resistivity satura-
tion in Kondo insulators, Commun. Phys. 4, 226 (2021).

[38] J. Mitscherling and T. Holder, Bound on resistivity in flat-band
materials due to the quantum metric, Phys. Rev. B 105, 085154
(2022).

[39] S. Badoux, W. Tabis, F. Laliberté, G. Grissonnanche, B.
Vignolle, D. Vignolles, J. Béard, D. A. Bonn, W. N. Hardy, R.
Liang, N. Doiron-Leyraud, L. Taillefer, and C. Proust, Change
of carrier density at the pseudogap critical point of a cuprate
superconductor, Nature (London) 531, 210 (2016).

[40] G. Morpurgo, L. Rademaker, C. Berthod, and T.
Giamarchi, Open data to “Hall response of locally
correlated two-dimensional electrons at low density,” Yareta,
University of Geneva (2024), https://doi.org/10.26037/yareta:
6mapzkwfpSadvdcn44p3xvéuce.

[41] K.-T. Chen and P. A. Lee, Unified formalism for calculating
polarization, magnetization, and more in a periodic insulator,
Phys. Rev. B 84, 205137 (2011).

[42] Using the equation-of-motion method for expressing the real-
space Green’s function, one can verify that G is also translation
invariant.

[43] L. Onsager, Reciprocal relations in irreversible processes. II.,
Phys. Rev. 38, 2265 (1931).

[44] H. B. G. Casimir, On Onsager’s principle of microscopic re-
versibility, Rev. Mod. Phys. 17, 343 (1945).

013112-13


https://doi.org/10.1021/acsnano.1c09150
https://doi.org/10.1002/adma.202109759
https://doi.org/10.1143/PTP.42.494
https://doi.org/10.1088/0305-4608/15/8/011
https://doi.org/10.1103/PhysRevLett.74.3868
https://doi.org/10.1038/s41535-020-00254-w
https://doi.org/10.1080/00018739500101526
https://doi.org/10.1103/PhysRevB.100.115102
https://doi.org/10.1103/PhysRevB.104.205101
https://doi.org/10.1007/BF02679514
https://doi.org/10.1103/PhysRevB.75.195123
https://doi.org/10.1103/PhysRevB.78.085105
https://doi.org/10.1103/PhysRevLett.123.086803
https://doi.org/10.1103/PhysRevLett.122.083402
https://doi.org/10.1103/PhysRevLett.126.030501
https://doi.org/10.1126/science.add1969
https://doi.org/10.1103/PhysRevB.45.6479
https://doi.org/10.1103/RevModPhys.68.13
https://doi.org/10.1103/PhysRevLett.64.1990
https://doi.org/10.1103/PhysRevB.14.2239
https://doi.org/10.1103/RevModPhys.82.1539
https://doi.org/10.1103/PhysRevB.45.13945
https://doi.org/10.1103/PhysRevB.98.195126
https://doi.org/10.1103/PhysRevB.105.085139
https://doi.org/10.1143/PTP.42.1284
https://doi.org/10.1103/PhysRevB.43.193
https://doi.org/10.21468/SciPostPhysCodeb.16
https://doi.org/10.1103/PhysRevB.102.165151
https://doi.org/10.1038/s42005-021-00723-z
https://doi.org/10.1103/PhysRevB.105.085154
https://doi.org/10.1038/nature16983
https://doi.org/10.26037/yareta:6mapzkwfp5advdcn44p3xv6uce
https://doi.org/10.1103/PhysRevB.84.205137
https://doi.org/10.1103/PhysRev.38.2265
https://doi.org/10.1103/RevModPhys.17.343

