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Calculation of conductivity in the Hubbard model is a challenging task. Recent years have seen much progress
in this respect and numerically exact solutions are now possible in certain regimes. In this paper we discuss the
calculation of conductivity for the square-lattice Hubbard model in the presence of a perpendicular magnetic
field, focusing on orbital effects. We present the relevant formalism in all detail and in full generality, and then
discuss the simplifications that arise at the level of the dynamical mean field theory (DMFT). We prove that the
Kubo bubble preserves gauge and translational invariance, and that in the DMFT the vertex corrections cancel
regardless of the magnetic field. We present the DMFT results for the spectral function and both the longitudinal
and Hall conductivities in several regimes of parameters. We analyze thoroughly the quantum oscillations of the
longitudinal conductivity and identify a high-frequency oscillation component, arising as a combined effect of
scattering and temperature, in line with recent experimental observations in moiré systems.
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I. INTRODUCTION

Strong correlations in electronic systems have a profound
effect on conductivity, and lead to a range of unconventional
behaviors which are at the center of interest in condensed
matter theory. One such behavior is the linear temperature
dependence of resistivity, observed in the cuprate supercon-
ductors [1-3]. The linear resistivity has been reproduced by
numerical simulation of the Hubbard model [4-13], as well
as with ultra-cold-atom simulations [14]. It is viewed as an
effect of proximity to the Mott transition [8,15,16] or quantum
critical points [6,17—19], as well as a generic high-temperature
feature of correlated materials which are well approximated
by a single-band model [9].

External magnetic fields are also known to affect the
transport properties of electronic systems [20], sometimes
drastically: in the context of the two-dimensional electron gas,
magnetic field leads to the well-known quantum Hall effect
(QHE), where conductivity displays intricate dependence on
the magnetic field [21-24]. The effect of the Coulomb inter-
action is here essential for the understanding of the fractional
QHE [25,26]. In conventional metals, resistivity is an oscilla-
tory function of the magnetic field, which is the well-known
Shubnikov—de Haas effect (SdH) [27,28]. However, the SdH
effect is often observed even in states which are assumed to be
correlated and are not yet fully understood [29-31]. In such
cases, an effective Fermi-liquid description of the material is
often invoked to analyze the experimental data, and to map
out the geometry of the Fermi surface. It is, therefore, of great
importance to understand the interplay of strong coupling and
magnetic fields in lattice systems. The study of magnetore-
sistance in correlated lattice models has been so far limited
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to perturbative approaches, either for weak fields [32-34] or
weak interactions [22,35,36]. To the best of our knowledge,
the only nonperturbative calculations of magnetotransport
were limited to the transversal conductivity [37-39]. Nonper-
turbative calculations were also performed for the effective
Fermi-liquid parameters (quasiparticle weight, scattering rate,
and density of states at the Fermi level) [38,40,41], which can
be considered relevant for longitudinal conductivity.

In this paper we study the effect of magnetic field on both
the longitudinal and transversal conductivity in the square-
lattice Hubbard model in several parameter regimes: from
weak to strong coupling, low to high temperature, and in the
full range of the magnetic field.

We first lay out the general formalism for the calculation
of conductivity in the presence of the magnetic field and
then describe the simplifications that arise at the level of the
dynamical mean field theory (DMFT), as previously imple-
mented in Refs. [38,41]. Most importantly, we show that the
Kubo bubble is gauge invariant and that the vertex corrections
to the current-current correlation function cancel, analogously
to the zero-field case. The latter is done by rederiving the
well-known zero-field proof from Ref. [42] in real space, and
then generalizing it to the case of external magnetic fields.
Cancellation of vertex corrections at the level of DMFT was
previously shown only for the transversal conductivity [38],
and here we give a different, fully general proof.

We perform extensive DMFT calculations to cover a large
part of the phase diagram. Our numerical results show that
the oscillatory behavior of conductivity is restricted to a fi-
nite range of temperature which is mainly determined by
the amount of dynamic correlations (which are promoted
by interactions, yet hindered by doping). The amplitude of
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oscillations decays exponentially with temperature, as ex-
pected from the Lifshitz-Kosewich theory [43]. Above a
certain characteristic temperature, no nonmonotonic behav-
ior can be induced no matter how strong the magnetic field
is. We also observe that in a big range of magnetic fields
and interaction strengths, the conductivity follows a scaling
law, with the temperature scale set by the coupling strength.
Most importantly, the T'-linear dependence of resistivity in the
high-temperature regime is not qualitatively modified by the
magnetic field.

We investigate transverse conductivity in the noninter-
acting limit, and observe exponential decay of o™ with
temperature, and a power-law divergence as B, — 0. The
analytic behavior at B, = 0 is restored by interactions, which
led to a smooth decay of o as the magnetic field is gradually
turned off.

Finally, we investigate the oscillatory behavior of conduc-
tivity in weak-to-moderate magnetic fields. In all the cases
we studied, the longitudinal conductivity turns out to be
dominated by the current-vertex factors, rather than the local
density of states at the Fermi level or the effective scatter-
ing rate. This leads to an important simplification: one can
reliably calculate conductivity at an arbitrary field by us-
ing the zero-field DMFT calculation for the self-energy. We
further observe that at high temperature, moderate-to-high
interactions, and moderate fields, the oscillation occurs at two
separate frequencies: one that corresponds to the area of the
Fermi sea, as in the Shubnikov—de Haas effect, and the other
which corresponds to the full area of the two-dimensional
Brillouin zone (BZ), and is therefore of higher frequency and
independent of the doping level. This finding is in excellent
qualitative agreement with the recent experimental observa-
tions in graphene superlattices [44—47]. The full discussion
of the observed phenomenology of quantum oscillations of
conductivity in the Hubbard model is presented in a separate
publication, Ref. [48], while here we present the raw data
and describe the basic mechanism behind the onset of the
high-frequency oscillations.

The paper is organized as follows. We first describe the for-
malism: the Hamiltonian, the gauge choice, reciprocal-space
formulation, gauge-invariant Green’s function, current opera-
tors and the correlation function, DMFT approach, calculation
of the conductivity tensor, and vertex factors. We then present
and discuss the results. For the benefit of the reader and for
easy rederivation and validation of the results presented in
this work, we provide very detailed proofs of all steps in the
derivations in the Appendices. For reasons of clarity and to
facilitate dimensional analysis we maintain all constants (e, 7,
kg, and lattice constants a in ¢) in the equations.

II. FORMALISM

A. Model

We study the Hubbard model on the square lattice with
lattice constant a, defined by the Hamiltonian

H = Hy + Hiy, 1

where the noninteracting part Hy is the tight-binding (TB)
model that we discuss in the following sections, while the
interacting part Hy, is the local density-density coupling, i.e.,

the Hubbard interaction

Hypy =U Zni,Tﬂi,¢, 2)
i

where i indexes the lattice sites, n; , are the density operators,
and U is the coupling constant. The electron spin is denoted

o="%1.

1. Orbital space

The lattice sites are assumed to lie in the z = 0 plane;
where convenient, we will treat the system as a three-
dimensional stack of such planes separated by the lattice
constant ¢ in the perpendicular direction.

The effect of the external magnetic field B in the TB model
is twofold: it couples to the electrons’ spin degree of freedom
(Zeeman term), as well as the momentum. The latter is ap-
proximated on the lattice by means of the Peierls substitution
[49,50]. The resulting Hamiltonian is

Hy = —p an + 8guB ZB(I‘I‘) -S; — Ztijeiﬁjczocjm
i,o i

i,j,0
(3)

where p is the chemical potential, g is the gyromagnetic
factor, up is the Bohr magneton, the position vector of site
i is r;, and the operator of the electron SU(2) spin is

1 . ¢
N Z(pT P oyanf it

Si = 2(CivT’ Ci,l)o’ (Ci,¢>’ )
where 67 are the Pauli matrices, and 1 enumerates the spatial
directions x, y, z. The #;; is the hopping amplitude between the
sites i and j. The Peierls substitution introduces a phase shift
fij that is picked up by an electron on the path from site i to
site j:

fi = %frvjA(r)-dr. 5)

Here A is the vector potential, e the elementary charge, and
i the reduced Planck’s constant. In matrix notation in site
space, the effect of the gauge field corresponds to element-
wise multiplication of the bare Hamiltonian:

Ho[A] = Ho[A = 0] o €™, (6)

where ¢ is simply a matrix constructed out of ¢'/ii elements.

We are interested in the effects of a uniform magnetic

field perpendicular to the two-dimensional (2D) lattice: B =

(0,0, B;). The vector potential A is not uniquely determined
by B. There are two obvious choices: the Landau gauge

A(r) = (0,xB;, 0), )
and the symmetric gauge
Yy X
Ary=| —%B,, =B;,0}. 8
(r) ( 5B 5B ) ®)

Throughout this paper, we work in the Landau gauge.

In the rest of the paper, we define lattice site coordinates
x; and y; as integers, and define r; = (x;, y;, 0). The physical
position vector of the lattice site i is then ar; and we give
spatial indices in terms of r as, e.g., A, = A(ar).
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Plugging the Landau gauge field A [Eq. (7)] in the expres-
sion for the Peierls phase [Eq. (5)] one obtains [41,48] (see
Appendix A for proof)

fi.i = fl"i,l‘/
_ f(Bzag)()’j — ¥ +xj)
h 2
_ oy @O — )+ xj)
=2 o 2 9

where ®( = h/e is the unit flux, and ® = B.a? is the flux per
lattice plaquette.

To be able to define a finite-sized (commensurate) mag-
netic unit cell, the values of B, must satisfy

B> =277, (10)
h q

where p and g are coprime integers. ¢ is then the size of the
unit cell in the x direction (for proof see Appendix B). In the
other direction the size of the unit cell is 1, as the translational
invariance is not broken along the y axis; this is obvious as f;;
depends only on the difference y; — y;.

The effect of B, on the kinetic energy term is periodic.
As B, enters the Kinetic energy through ¢>™'¢(i™0itx)/2,
if (yj —yi)(x; +x;)/2 is an integer for all (i, j) connected
by hopping (as is the case with nearest-neighbor hopping),
increasing p/q by an integer makes no difference. Therefore,
the effect of § is the same as that of ”f%, with m integer.
The inversion symmetry of the lattice implies that the effect
of ’5’ is the same as that of 22, When it comes to the kinetic
energy term, all physically discernible magnetic fields [that
satisfy Eq. (10)] can be mapped onto the range 0 < p/qg < %
The field p/q = 1 is then a characteristic value of the field, the
lowest one (other than zero) that does not couple with electron
motion.

In numerics, we will consider a finite L x L cyclic lattice,
which must fit an integer number of magnetic unit cells of size
g x 1. We can rewrite the condition (10) as

e p n
—(B,a’) = 2= = 21— 11
h( a”) . I (1n
with the size of magnetic unit cell being L or smaller, as given
by L/gcd(L, n), where “gcd” denotes the greatest common
divisor, and n is an arbitrary integer. In fact, the relation
between the finite and infinite lattice is simply

q=L/ged(L,n), p=n/gcd(L,n).
The size of the lattice L determines the resolution of p/q that
one can achieve in scanning the strength of the field in the
model.

Under the assumption of only the nearest-neighbor hop-
ping, we now rewrite the full Hamiltonian as

1
HO = MK Zni,a + EgMBBZ . Z (_l)aa"ini.a
i,0 o=,

- ea?
“_x;B;u-e,
—t E el it ‘cqugcriﬂ,,o + H.c.

i,ucie, e },0

12)

Numeric scales. The importance of the Zeeman splitting
depends on the ratio of the Zeeman energy over the band-
width. Both g and the bandwidth are material specific. A quick

estimate for cuprate compounds, under the assumption of g =
2 and half-bandwidth of around 10° K, gives that B, of about
50 T corresponds to a Zeeman energy of about &3 x 1073D,
where D = 4¢ is the half-bandwidth. While the effect of Zee-
man splitting is interesting to study on its own, throughout this
paper we restrict to only the gauge-field effects and set g = 0.

The effect of the gauge field is determined by the lattice
spacing. Assuming a ~ 5 x 1071 m which is relevant for
cuprates, we see that the characteristic p/q = % field corre-

sponds to B, = Zlh ~ 8 x 10° T. At B, = 50 T, we therefore
have p/q ~ ﬁ, and we need at least the lattice size L = 300
to describe this regime. Clearly, the bigger the lattice spacing,
the bigger the phase picked up upon traveling between the
lattice sites, and the bigger the effect of the coupling to the
gauge field. The regime of large p/q is therefore relevant for
systems with a larger lattice spacing (as in moiré heterostruc-
tures [51]), or where high gauge fields can be introduced
artificially (as in optical lattices [52,53]).

2. Momentum space

Rewriting the kinetic energy in momentum space leads
to the Harper equation [54,55]. By applying to the kinetic
energy term the Fourier transformation of the creation and
annihilation operators,

. 1 . ' 1 .
i —iker; .t iKk-r;

C; = —— e 'Cp, Ci=——= e 'ck, 13
i /N ; k t /N ; k ( )

where N = L? is the number of sites in the lattice, one obtains

P2 L xu-ey
E et -‘cqugcriﬂ,,g + H.c.

i,ucie,.e },0

= -2 E coskyng, —t E e’k"c;ack_zﬂ{ex,(, +H.c.
k,o k,o

Hyjn = —t

(14)

For a detailed proof see Appendix C.

There is a coupling between the different k states which
results in a reduction of the Brillouin zone (BZ) by a factor
of g = L/gcd(L, n), where ¢ is the size of the magnetic unit
cell. We define k as k within the reduced BZ (RBZ). Now,
k. € [0, 27 /q), while k, € [0, 27r). k is a good quantum num-
ber, but there is now an additional degree of freedom that we
denote [ such that [ € [0, g). A single-particle state is fully
determined by a triplet (k, [, o), with ¢ ; , = ¢\ gy, Ze o

On a finite cyclic lattice, the momentum space is discrete,
with a step of the size 2w /L. If gcd(L, n) = 1 there is only
one k, value in the RBZ (equal to 0), and for each momentum
there are g = L different values of /.

The Hamiltonian has a block-diagonal structure. For a
given (k, o), the Hamiltonian in the space of [ is given by
the Harper equation

- 2
(Hy g0l = (-Ma — 2t cos (kx + 17))51,1'

— 1™ 8 15y + €81 1),
where @ denotes the cyclic addition modulo g defined as

lol'=1+1 —qdivl +1, ),

s)

(16)
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and p=n/gcd(L,n). We also introduced wu, =pu —
(=1 gupB./2.

Each block of the Hamiltonian can be diagonalized to yield
the eigenenergies & ,, ,,, with m € [0, g). The basis change

matrix elements are defined by

Cli;ﬁl,a = Z[aka]l’mcl;z,m,a' (17)

m

Note that throughout this work, we distinguish between dif-
ferent operators (¢; s = Cr,,05 Ck,o» C.1.05 Ck.m.o» €IC-) ONly by
the choice of the symbols in the subscript (e.g., cg; , is not
equal cg ,, , even if [ = m), and similarly for other functions.

The blocks of the Hamiltonian have several symmetries.
One can invert the x axis

*
[Ho.t ko )0 = [Ho.tiyo g1 g1 (18)

which means that

*

= [“(fﬁx,lé,\»,a]q_l,m 19)

and that the eigenenergies remain the same upon inverting the
X axis.
One can also invert the y axis

[Hot, 0.0 10 = [Hoio .0 )10 (20)

Again, inverting k, does not affect the eigenenergies, but
merely flips the chirality of the eigenstates

[O‘<12X,1€y>,a]z,m

*
[a(ix,];v)va]l,m = [a(];x,—/;y),a][,m' (21)
Inverting both axes at the same time therefore means
[HO,(IZXJE,\‘),G]LI/ = [HO,(—IEX,—IE;»),U]q—z,q—zf (22)
and
[a]}.g]l,m = [a_f(,g]q—l,m- (23)

There is an additional periodicity along the y axis

Sﬁ,a,m = 812+(271C/q)ev,a,m (24)

and

iCZ ]
[Olf(,g]lp mod g, m = e [aﬁ-‘r(zﬁc/(j)ey,o']lp mod ¢, m (25)

with C integer. This symmetry is important on a finite lattice,
where k, takes values of the form C2z /L. If L =gq [i.e,
ged(n, L) = 1], this means that the density of states and other
relevant quantities can be obtained by considering only the
block k = (0, 0). Otherwise, ky values up to 27 /g need to be
considered. For a proof see Appendix D.

B. Gauge-invariant Green’s function

A uniform magnetic field does not break physical transla-
tional invariance. However, at the formal level, the inclusion
of the appropriate vector potential means that all correlators
connecting two or more points in space depend not only on the
relative positions, but also on the absolute positions. The spa-
tial dependence of correlators can depend on the gauge choice.
Nevertheless, physical observables preserve both translational
and gauge invariance.

The quantity of primary interest is the Green’s function. It
is defined as a function of imaginary time

Gijo(T) = —(Trci o (T)ch , (0)). (26)

As a function of complex frequency z, and as a matrix in the
site space, one can always write

G, (z) = [zl —Hy — ()], 27)

where X(z) is the self-energy. The diagonal elements of the
Green’s function with z = w + /0" determine the local spec-
tral function which is a physical observable. As such, the
local Green’s function is uniform in space. Nevertheless, the
off-diagonal elements do not exhibit translational invariance
Gij = Gr,—y,, but rather this equality is satisfied only up to a
phase.
It can be shown that the quantity

Gijo(2) = e 1G4 (2) (28)

is gauge invariant, and preserves the full symmetry of the
lattice. We reproduce here a proof from Ref. [56] which is
valid in the noninteracting case, but is completely analogous
in the case of a fully local and spatially uniform self-energy.
In orbital space we have

G = [Ihiz — Ho[A] — IZ(2)] ",
G = [Ihiz — Hyo e —IX(2)],
I = [Ifiz — Hyo ¢ — IZ(2)]G. (29)
It is also easy to verify that I o e/f = I so we can further write
Ioet = ([Ihz — Hy — IZ(2)] 0 DG,
Lo = (Thiz —Ho — IZ(@)] 0 eH)(Goe").  (30)
We now write the scalar form

(S,‘jeiﬁj = Z[IFIZ - H() — IZ(Z)]ikeiﬁkajeif“,
k

8ij = Z[Ihz —Hy — IZ(2)]4 Gy e e e =i,
k

8ij = Y _[hz — Hy — IZ@)]aGrje el (31)
k

The expression e'ie'fiielfii is simply the magnetic flux pass-
ing through the triangle defined by the lattice sites i, j, and k.
This quantity is gauge invariant. As Eq. (31) is a defining rela-
tion for G;;, it means that G;; is gauge invariant. Furthermore,
the quantity [I4z — Hy — IX(2)];x has full lattice symmetry,
thus G;; does as well.

However, it is interesting to consider the case of a general
(possibly nonlocal and nonuniform) self-energy X. In that
case, the step performed between Eqgs. (29) and (30) reads as

[I7z — Ho o " — X(z)] = [Tz — Hy — Z(z) o e "o €™
(32)
The proof can proceed from there completely analogously, but
only if the quantity X(z) = X(z) o e~ is gauge invariant and
preserves the full lattice symmetry.
A proof for the gauge invariance and lattice symmetry

of ¥ can be given in terms of Feynman diagrams for a
special case of local density-density interactions, as follows.
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Each diagram’s contribution is a product of a certain number
of fermionic loops. In case of local density-density interac-
tions, a single Green’s function loop is just the density, and
this quantity is gauge invariant. Then, we have a loop of
arbitrary size N:
G0,y G0.izis - - - Goivis = G0,i1i Go.inis - -

x elfuis gifiis

- Go.iyiy
cefwin o (33)
which is gauge invariant for the same reason as we had above
[note that for the bare propagator Gy, gauge invariance and
symmetries have already been proven by Eq. (31)]. The closed
fermionic loops are multiplied with the fermionic line con-
necting the terminals of the self-energy. Say, in case of %;, ;,,,

G0,i1i, G0, inis - - - G0,y iy = G0,11i2 G0,y - - - G0,iy_yiy

x efinellai | elfviin,(34)
Clearly, if we multiply now both sides with e v, we get on

one side %;, ;,, and on the other

GO,iliZGO,i2i3 - GO’iNiliNe’ffliz efoin | efivoiiv g~ Uinin
. eifiN—l’N eifizv«"l

(35)

= GO,ilizGO,izlé . G()ﬁ,‘NiliNe‘lf’l"Z 6lfi2"3 ..

and again the right-hand side is gauge invariant. This proves
that the contribution to ;; of each Feynman diagram individ-
ually is gauge invariant. Moreover, ¥ is expressed solely in
terms of objects with full lattice symmetry, thus, it must itself
exhibit full lattice symmetry.

Efficient calculation of G

A straightforward calculation of G performed in site space
would involve an inverse of the N x N matrix

G(z) = e o[zl — Hy[A] — ()] . (36)

[Note that here the Peierls phase needs to be taken as Eq. (A2),
see Appendix A]. This operation scales as O(N?) and the size
of the lattice one can treat this way is limited to N ~ 1000. A
more efficient approach can be formulated, and especially so
in the noninteracting case, and the case when the self-energy
is fully local, i.e., whenever the Green’s function is fully diag-
onal in the eigenbasis of Ho, i.e., G ) & .m) = Ok i Smm G -
This is precisely the case relevant for our DMFT calculations.
We will make use of the basis change matrix elements to go
from eigenbasis |k, m, o) to orbital basis |i, o'):

li,o) = % Xk: e ®TK, o)
— % %ei(l}+1217e*)'ri|l~(, 1, o)
= ﬁ Z TN o Jwlk m o). (37)
k,/ m
Therefore,

1 *
Grro@) = kZ W eoWemroGima @ (38)

with

—i(k+12Z o)
Wf(,m,r,a = Z e . v ) r[aﬁ,g]l,m- 39
!

Calculation of [og ] scales as 0(g*). As there is N/q
different Kk to consider, the first step scales as O(qu), with
g < L, ie., at most O(N?). Then the calculation of Winr.o
scales as O(q) but there is N different Kk, m to consider, and
we need N different r, which is in total O(qu), i.e., at
most O(N2L), which is the bottleneck in the calculation. The
calculation of each G (z) then scales as O(N), but only if
G is diagonal in l~(, m; if it is only diagonal in Kk but not in
m, this scales as O(Ngq). As Gy = Gy_y, we only need to
calculate N different elements of the G matrix rather than all
N? of them:

Gr = e r=0Gr . (40)

In total, this scales as O(N?). Again, if G is diagonal in k (as
we expect it to be in the absence of translational symmetry
breaking), but not in m, then the scaling is O(N 2q), which is
still better than the direct matrix inverse. When there is no
translational symmetry (e.g., there is disorder), then the scal-
ing is O(N*), which is worse than the direct matrix inverse.
In that case G is still gauge invariant, but is not translationally
invariant, and all N2 r, '/ components need to be calculated.
Finally, we are interested in the spatial Fourier transform

Gk = Z eik-rGr,
r

which will be discussed in Sec. IIT A 2.

We note that other approaches might be possible for the
efficient calculation of G, e.g., the recursive scheme from
Ref. [57].

(41)

C. Current density operator and the current-current
correlation function

1. Orbital space

We will be interested in the direct current conductivity
with respect to an infinitesimal uniform electric field. Such
electric field E = 9,A®** can be introduced with an additional
vector potential A pointing uniformly in a given direc-
tion, and growing linearly with time. For the purposes of a
linear-response calculation, the current couples to such vec-
tor potential instantaneously through — [ j(r) - A (r)d’r =
—Veell D_; Jr: - Aﬁj“, where v = a2c is the volume of the unit
cell. The additional Peierls phase coming from a A®' can
therefore be safely rewritten within the slowly varying field
approximation

arj
¢ f A e DA ). @)
dal

In the case when we have just the nearest-neighbor hoppings
[as in Eq. (12)], the kinetic term in the Hamiltonian can be
rewritten as

iucfe,.ey},0

i ea pext,
Hyn = —t el(fri'ri+“+ w A u)CI,- o Cri+u,o + H.c.
(43)

without any additional approximation.
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We can now derive the expression for the current density operator (with units of A/m?) in the absence of electric field, by

employing
. 1 0H
b= A (44)
Ucell aAr Aext_5()
1e
=it—= Y wehinel oo +He. (45)
ac uciey.ey},0
The vector component 7 can be written as
) . le
=it D Y] pere, 0 + He. (46)
o

with p(r) = (1, &5 B:¥),

The current is an observable and it should be zero even in the presence of a magnetic field. Commonly, one separates the
current into the paramagnetic and diamagnetic parts. In magnetic field they may be nonzero even in thermal equilibrium, but

they must cancel. See Appendix E for details.

For the sake of generality, we define the current-current correlation function without assuming zero persistent currents:

A (D)

( '"(r)j;’/ ©O) = (7))

0,0’ b,b'e{0,1)}

X (¢l ey (Tt -016,0 (e, o (0 ex (121600 (0)

where CJ..
Cc’=1.

We are interested in calculating the Kubo bubble, i.e., the
disconnected part. The disconnected part will have a static and
a dynamic term. The static one cancels the persistent current
part, and the dynamic term can be expressed in terms of the
Green’s function as

.] is the operator of complex conjugation, and

A:m/,disc(_c)

r,r
= azcz hzZ Y Dy 1 Ty ()]
o bbe(0.1)
X Gy (1-b)e, r+be,,0 (—T)Gri(1-bje, v +be, 0 (T). (48)

We can now rewrite this expression in terms of G. In the case
of the longitudinal component

di
Afxr/ lSC( )
5 1 e’ _ _
=1 @ﬁ Z Gl"*l'Jrex,G(_T)Gl‘*l‘urex,G (7)
o

+ Gr’—r—ex,a (_T )Gr—r/—ex,a (f)

(eazBZ
—2 cos
h

: (y - y,)> Gr’—r,u(_f)cr—rﬁa(f)}-
49)

We see that the expression only depends on the distance which
means that it preserves translational symmetry, and is only
expressed in terms of gauge-invariant quantities. We have
checked explicitly that exactly the same expression is also
obtained in the symmetric gauge. Furthermore, this expres-
sion has all the expected spatial symmetries. A completely

- azcz hzZ > D I [y ()

— (), (47)

[
analogous calculation for AY*(7) yields the expression
with x,y — y, x. A general proof of the gauge invariance of

Al '7 d“C(t) is given in Appendix F.

2. Momentum space

As we have shown that the current-current correlation
function satisfies all the desired spatial symmetries, we can
proceed to discuss the uniform current-current correlation
function in a straightforward manner by performing the spatial
Fourier transform. We have

AMH(T) = Veen ) Arr=o(7). (50)
r

This is followed by the Fourier transform in imaginary time to
finally obtain

A””()(zv)—vceuZ% / dT e Appo(r).  (51)

We can rewrite this expression more conveniently using the
uniform current operator as

. y B
AgLo(iv) = 7 f_ dr(j q_o(f)Jq 0(0), (52)
where V is the total volume V = Nvg. and
1
I in
o= 2 (53)
Note that we have here defined the uniform current operator as

the average current (density) operator, rather than the spatial
Fourier transform of the current operator. Using the creation
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and annihilation operators in the eigenbasis of the noninter-
acting Hamiltonian, we can write

; it 1e o
]q=0 = Nachz Z kmm Ned l:l l~(.m’,(r (54)

o Kmm
with
Uﬁ,m,mgg _ Z[aﬁ,a]l,zn[“ko]}k,m/ [eﬁ;,eiz{—,” R ,l-n]
(55)
and

y _ - ikyr . 7* —ikyp o E
vf(,m,m’,o’ - Z[ak,g]l,m [6 ’ [ak,U]IGP,Wl’ —e [ak,(r]léBP,m/]'
l

(56)

The proof for the above expressions is given in Appendix G.
Assuming no persistent currents, the uniform current-current
correlation function is therefore

A""O(lv)

1?e* 1 (I
=——62—Z—/ dte'’”
Ch No’ o Zh 7/5/5

o
x 2. X u
k1 my,m,o kzmzmz(rz

ki,mi, m ky,my iy

(0+)Cl~(2,m;_,(72 (O))
(57)

f +
x (CR| myp,o (T )Ckl m 01 (T)ckz ny,op

The disconnected part written as a function of bosonic
Matsubara frequency reads as (see Appendix H for proof)

E DD

o Kk,m, mj,my,m),

Arm dlSC

n "
X Vs J
Uk,ml,m’l,a k,my,m},0

1
x 2 D Gy om0 (10)Gi .y o (10 + V).

iw

(58)

D. Method
1. DMFT
In dynamical mean field theory (DMFT), the lattice prob-

lem is mapped onto a set of self-consistent local impurity
problems on each lattice site 7, defined by the action [58-61]

‘mp Z/dr dt'c (r) g(;,-l](f —1)cio(T)

U/d‘l,' cl%(t)c,-,T(t)c;’Ll(r)cw(t). (59)

The bare propagator Gy ; in the impurity problem i is deter-
mined self-consistently, so that the Green’s function in each
impurity problem is equal to the local Green’s function on the
site of the impurity problem, assuming that the self-energy on
the lattice is local and on each site equal to the self-energy

of the corresponding impurity problem. This self-consistency
condition can be written as

Go.i(2) = 1/(IG (@) + =™ (2)), (60)

where $™(z) is the self-energy calculated in the impurity
problem at site i, and the lattice Green’s function is calculated
as a matrix in the site space as

G(z) = [z — Hy[A] — diag(Z™(z))] ", (61)

where diag(£'™) is a diagonal matrix, with £;""(z) entries
on the diagonal. This construction is general and can be used
in the presence of translational symmetry breaking fields,
disorder, and even used to probe spatially ordered phases. The
DMFT approximation notably becomes exact in the limit of
infinite coordination number, where the self-energy can be
shown to be fully local [58], at least in the absence of magnetic
fields.

We see that in the calculation of the bare propagator for
the impurity problems, only the local Green’s function plays
a role, and this quantity is gauge invariant and spatially uni-
form. Therefore, even in the presence of the uniform magnetic
field, all impurity problems are equivalent, and we may solve
only one impurity problem and calculate the lattice Green’s
function as

G(z) = [Ihz — Hy[A] — IZ™ ()] 7. (62)

This leads to further simplifications. First, a local and spatially
uniform self-energy is diagonal in the noninteracting eigenba-
sis (Zq,ij = 856 = (k, 0, m|ZIK, 0, m') = 8¢ S T
see Appendix I for proof) which means that the lattice Green’s
function is diagonal as well:

Gl-(,m,m/,a (Z) = 5mm'GR,ml71,6 (Z)’ (63)

thus, we can drop the second eigenstate index and simply
calculate the lattice Green’s function as

1
Gimo(@) = . 64
o, ( ) hz — glz,m,o* - EU(Z) ( )
The local Green’s function can then be obtained at low nu-
merical cost from the knowledge of the local density of states
po(e) as (see Appendix J for proof)

_ po(€)
Giio(2) = /dg—hz @) (65)

Therefore, the DMFT calculation for the Hubbard model in
the magnetic field proceeds as the standard DMFT, and all
the effects of the gauge field are contained in the noninteract-
ing density of states [41]. In all our calculations we employ
the numerical renormalization group (NRG) impurity solver
[62—-65] which works directly in real-frequency space, so no
analytical continuation is needed to perform calculations of
conductivity. The NRG solver has been previously thoroughly
cross checked in Refs. [7,11,13].

2. Calculation of conductivity in DMFT

The fact that the Green’s function is diagonal in the non-
interacting eigenbasis leads to a simplification in the Kubo
bubble [Eq. (57)]. One is left with only two summations over
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eigenstates m:

Armdlsc _ﬁl
=—552 23 Z

9 Kk,mm'

n n’
X V- ~
k,m,m',oc "k,m',m,o

Gﬁ,m,a(iw + iv)Gf(,m’,a (iw).
(66)
Furthermore, because the self-energy is local, the Green’s

function only depends on the energy of the eigenstate, so we
can define G(¢g ,, ,» iw) = G ,,, , (iw) and rewrite

" t
Jdisc /.
Azn:() (iv) =

z—ejznzé%:/de?/ds/

x vy (e, €)G(e, iw+n)G(E, iw) (67)
with
n.n N l (S -
vl (e, &) = N ~Z (& = €kmo)
k,m,m’
/Al n n
x 8(e 8k,m’,(r)U]},m,m’,ovﬁ,nz’,m,a' (68)
In Landau gauge, one has the symmetry vkmm o=
— X *
vf(,mxm,a) (see  Appendix G), and therefore
. X _ x 2 . XX /
vﬁ,m,m’,avﬁ,)n’,m,a - km mo'| > which  means Vo (8’ 8)

is purely real. On the contrary, as already noted in Ref. [38],
vy (g, &') is purely imaginary.

The sheet conductance is related to the current-current
correlation function through

A (v) — A (v = 0)
C .

o™ (v) = :
LV

(69)

The z-axis lattice constant ¢ cancels out ¢ from veey = a?c and
its value is irrelevant. In the following we will discard the dif-
ference between the sheet conductance and the conductivity,
and refer to o as conductivity, even though it is actually sheet
conductance and the units of the two quantities are different
[(Q2m)~! vs Q71 respectively]; this is common practice in the
field.

After several lines of algebra aimed at the analytical contin-
uation to the real-axis frequency (see Appendix K), we obtain

Ream dlﬂc(v _0) =t __Z/dé‘/dg/vxx(g {;‘)/da)

x ImG(e, w)ImG(g’, a))nF(a)), (70)

where np(w) = — BheP ™ /(1 + eP)? is the derivative of the
Fermi function.

For Hall conductivity one obtains [38]

Reo_xy dlsc(v — O)

= ——ZZfdefdsImv"y(s 8)/dw/dw

np(w) — np(@')

x ImG(e, 0)ImG(e', ') @)

(71)

An additional simplification is possible in the case of Hall
conductivity when U = 0. In that case we have [22]

Re g™ (v = 0;U = 0)

. ng(e) — ne(e’)
_—t—E /ds/dslmv)(ee)l:( 51;2 .
(72)

Finally, the resistivity is obtained as a matrix inverse

pxx pxy o*x o™y -1
e p ) T \e ow)

3. Vertex corrections in DMFT

(73)

Finally, to calculate the full current-current correlation
function, one should in principle also compute the vertex
corrections. At the level of the DMFT, in the absence of an
external magnetic field, the vertex corrections cancel due to
the well-known argument due to Khurana [42]. As we show
in the following, a generalized Khurana argument holds even
in the presence of the magnetic field. In the following we
first derive the Khurana argument in real space, and then
generalize it to the case of nonzero magnetic fields.

We start first by writing the vertex corrections in orbital
space, in the most general way:

AZT]_,COI]H(T _ T/)

= czhzZ 2 o

o,0' bbe

XWZ@MMWWM]

r,r’

< )

ry,r,r3,rg

d‘L’ld‘L'zd‘L'3d‘L'4

X Gy rtpe,.0 (T1 — T)Gri(1-b)e, 12,0 (T — T2)
x F((ry, 71), (12, 12), (r3, 13), (14, 74))

'[S)Gm,r/-&-b’eu,,a’('lfz; — ‘L',),
(74)

I
X Gr’-&-(l—b’)eu/ 3,0’ (r' =

as illustrated in Fig. 1(a). In the absence of external magnetic
field or spontaneous symmetry breaking, G, » has full lattice
symmetry and depends only on the difference G,_,.. However,
there is no symmetry operation which guarantees cancellation
of all terms. There is only one symmetry operation that leaves
the Green’s functions intact and flips the overall sign, but it
does change the full vertex. It can be formulated either for
internal variables ry, r, b or for rs, r4, &', and we illustrate the
latter case in Fig. 1(b). The transformation can be formulated
as follows:

r'—> —r'+4+r+r—e;,, bV—>1-V,

(r3, 73) < (14, 74). (75)

The flip of &' changes the overall sign, but the exchange of
terminals of the full vertex function changes its value in no
obvious way, and there is no cancellation in the general case.
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generic DMFT
(a) (c)
1/
r'r! r7
rqT. V=0 V=0
| HYD) rlTlTQ
T Y2737y
rs373
17
rT M rT

transformation

(b) (d)

Irs73
I'sTo - r17-17'2
77 2737y
AL 4Ty =1
- r'nm '’
ro— 4=l rT

FIG. 1. Real-space diagrammatic representation of a contribu-
tion to the connected part of the current-current correlation function.
F is the full vertex, red segments indicate a term in the current
operator connecting two nearest-neighbor sites in the x direction;
swapping the direction of the red arrow changes its sign. Top panels:
for generic case [left, Eq. (74)] and DMFT [right, Eq. (76)]. Bottom
panels: after the transformation in Egs. (75) (left) and (77) (right).

However, in DMFT there is an additional simplification
that the full vertex F' depends on only two spatial indices:

A ,conn(r _ ‘L'/)

q=0
= DD DR e
- 2,252
arcih = o
1 / /
x5 L CmIC 1 Y [ dndrdrdr
r,r' ry,ro,

X Gy, rybe,,0 (T — T)Grr(1-bye,.r,0 (T — T2)
x F((ry, 1), (ry, ), (r2, 73), (12, 74))
X Grt(1-t)e, 10,0 (T = 13)Gry r4e, 0 (Ta — T').
(76)
In that case, a transformation
b—-1-V 77)

! !
r — —r —e, +2r,

keeps both the Green’s functions and the full vertex intact,
while changing the overall sign. Then the two symmetry-
connected terms together read as (up to a prefactor)

Gr’+(l—b/)en,,r2,a’(7—', - "53)Gr2,r’+b/en,,a’(f4 - T/)
- Gfr’+2r27(lfb’)e”r,rz,o’(f/ - 13)

X Grz,—r’+2r2—b’e,7r,a’(f4 - T/)' (78)

When the lattice preserves inversion symmetry, one has
Gyy = Gr_y = Gy_y, and the above two terms always
cancel. This is the real-space version of the Khurana
argument.

However, when there is magnetic field, there are additional
complications. Nevertheless, the full vertex is a gauge-
invariant quantity, as the irreducible vertex in the particle-hole
channel I'P" is fully local and therefore gauge invariant and
spatially uniform Ff;}d = 88,48, I"P". This comes as DMFT
is the local approximation of the Luttinger-Ward functional

ph _ 0’9[G] ~ 02PPMT(Gi)i)
[58,66], and i = 9G;;0G l6=Genee ¥ 3G;;j0G l6=Gowrr-

Therefore, we have

Ei,jj = SijFPh + thGijGjinh
+ Z thGﬂGl,‘thGleleph —+ -
1

= (Sijl”"h + thGijGjinh
+ Z thG[[G]inhG]jGjlrph —+ - (79)
!

and F is clearly expressed entirely with gauge-invariant quan-
tities. Here we have omitted spin and temporal arguments and
the corresponding sums and integrals for the sake of brevity,
as they do not play a role in the proof.

In the presence of the magnetic field, the Green’s function
does not satisfy Gy = Gy_p = Gy, and it is not a priori
clear that the terms in Eq. (78) cancel. We can, however,
rewrite them in terms of G:

ifer =
g (1=t )e, 1 Gr’+(l—b/)enr,r2,<7’(‘[/ _ 1,3)

i e =
x e ey Grz,r’+b’e,]/,zr/(f4 - f,)

(f et 20—ty 1y
— ¢ Gorar—(1-beymao (T = T3)

ifr —r/ 42y —be ; /A

x e sty Grz,—r’+2r2—b’en/,a’(f4 - T/)- (80)
As G satisfies Gy = Gr_p = Gp_y, the products of G are
the same in both terms, thus, what determines whether there
is cancellation or not is

elfr’Jr(]—I/)en/.rz e’frz.r’w’en, _ e‘f—r’+2r2—(]—b/)e”, [frz‘—rurlrz—h’ev/ )

e
@81)

In Landau gauge and for, say, n’ = x, we get

2B ’ . ea?B;
o G (=Y I 2+ (1=0)] i S5 (0 =32 (2 +)
cea®Br 3 _(—p cea®By o _p43
— et 2B =2 =(1=00)] i =55 (=¥ +y2) (=¥ =b'+3x2)
. ea?B; (a—y)(1—2b' »sz;B >V Y (— 1425
— 012 _ i B vy (1420
=0. (82)

This means that the vertex corrections cancel. This proof is
immediately valid for both A™ and A**. Having in mind a
completely analogous transformation of r and b, this proof
holds also for A* (a different proof was given for A* in
Ref. [38]). However, we also want to check what happens
with n’ =y, which is relevant for A*. In that case, the
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transformation affects also C? [yy(r")] so we need to take that into account:

. 2 . .
el(l —Zb’)%B:X’ elfr’+(l—b’)eﬂ/ ) elfr2,r’+b’e”/

=e

-ea’B;

2 . )
_ o i1-20) S Bo(—x +21) elf—r’+2r2—(l—b’)eﬂ/,r2 elfrz.—rurlrsz’e”/

. / (’02 ’ »(‘Ilz 7 -4‘4’2 7 / ’ . S(lz J
i(1=26) 4 B! i3 [y =y = (1=b)](02+x) i <55 (B =y2) (') _ =i(1=26) % B~ +2x2)

2B, 1 / ’
% ei%b’ =12+ (1=0)1Bx2=x") ,i 5= (=¥ 432 =) (=¥ +3x2)

i(l—zh’)%&x’ 12: (1426 (2 +x") _ e—i(l—2h’)%32(—x’+2x2)eif“:ff [(1-26")(3x,—x)]

= e
_ ei"“zthz[2(172b’)x’7(172b’)(xZ+x’)| _ eie“zzfz[2(172b’)x’74(172b’)X2+(172b’)(3x27x’)|

L B W ) i (- 2h Y x4 2)

=0. (83)

Indeed, the vertex corrections for AYY cancel as well. As we
have shown that the Kubo bubble is gauge invariant (see
Appendix F), and having that the full correlation function
needs to be gauge invariant as it relates to observables, the
proof given here is fully general, even though it is formulated
in Landau gauge. The proof also does not depend on whether
there is Zeeman term in the Hamiltonian or not.

III. RESULTS

A. Density of states and spectral function
1. Noninteracting density of states

In the DMFT, the magnetic field enters through the
noninteracting density of states pg(w). The magnetic field
dependence of pg(w) (the famous Hofstadter butterfly [55])
is shown in Fig. 2. This result was obtained with lattice size
L = 1999, and about 4000 energy bins, which sets the res-
olution and the minimal size of an energy gap that one can
observe.

2. Translation-invariant spectral function

As we have already proven, on a finite lattice L x L
and L = ¢, there is no dependence of the Hamiltonian on

lo (w)
100 J10P0
0.75 - )
2.0
0.50 -
0.25 1 15
8 0.00 -
3 1.0
~0.25 -
~0.50 -
0.5
—0.75 1
-1.00 . . ; . 0.0
0.0 0.1 0.2 0.3 0.4 05

p/q~Bz

FIG. 2. Noninteracting density of states, as a function of fre-
quency and magnetic field (the Hofstadter butterfly [55]).

(

ky. A straightforward basis change of the Green’s function
to the original k states in the full BZ yields a meaning-
less result for the spectral function with no k, dependence
whatsoever. Moreover, this result is gauge dependent, as
the choice of a slightly different gauge A ~ (—y, 0) would
yield a spectral function result with no k, dependence
instead.

One is therefore interested in the translationally invariant
G, as it has all the lattice symmetries, and can ultimately
be Fourier transformed into momentum space. We show this
result in the noninteracting case in Fig. 3. We have used a
small broadening X(z) = —isgn(Imz)n, n = 0.02, to regular-
ize the results. We observe that the result for the imaginary
part of G is not necessarily negative, which is a signature of
a breaking of causality, and thus the result is not a proper
physical spectral function. As expected, the nonphysical fea-
tures subside as the magnetic field is taken to zero. Note
also that G = Gioc, S0 the causality of the resulting lo-
cal Green’s function is restored upon the summation over
momenta.

3. Local spectra from DMFT

In Fig. 4 we present the DMFT(NRG) results for
ImGjo.(w), at different values of magnetic field, and fixed
U =2.5D,n=0.85and T = 0.025D, which corresponds to
the regime of the doped Mott insulator. On the left panel we
show the full frequency range, while on the right panel we
focus on the quasiparticle part of the spectrum. Increasing
the magnetic field appears to affect an ever growing range
of frequencies around w = 0, but up to the highest fields the
effect is restricted to the quasiparticle peak and no significant
change is observed in the Hubbard bands, apart from the
lower Hubbard band getting flatter. No apparent change at
all is observed below p/q = 0.1 for these values of model
parameters.

B. Conductivity
1. Longitudinal dc conductivity o™ (v = 0)

We start by inspecting the effect of the magnetic-field de-
pendence of the self-energy on the conductivity. In the upper
panel of Fig. 5 we show 1/ (v = 0) calculated with the
self-energy obtained from the DMFT(NRG) calculation for
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ImG(k, w), p/g=1/48, L =96, n=0.02, U=0
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E 0.25 4 17.0
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FIG. 3. Spectrum of the translation-invariant Green’s function
ImGy(w). The examples are given for U = 0 with a broadening
n = 0.02D, and at three different values of p/q, as indicated in panel
titles. The spectrum is not negative definite, and is therefore not
indicative of the physical spectral function.

the given B, (black curve), and compare it to the one obtained
with the self-energy obtained in the B, = 0 calculation; in that
case the magnetic-field enters the calculation only through
the current vertex vifm’m,,a. Here, we can choose to fix the
chemical potential to the one corresponding to the B, =0
calculation, which will lead to some density variation as the
magnetic field is increased (red curve); otherwise, we can
correct the chemical potential for each given B, so that the
overall occupancy is fixed (lime curve).

We see that there is excellent agreement between all three
curves. The parts of the black curve that are missing are
due to our inability to properly converge the DMFT(NRG)
calculation at those values of B,. As finite-B, DMFT(NRG)
calculations are difficult and require significant computational
time, it is a very important observation that we can obtain
solid finite B, results by using the self-energy from the B, = 0
calculation. This way, the bottleneck of our calculation be-
comes the calculation of the conductivity, rather than the
DMEFT solver. In the regime of the main interest, this does not
present a significant additional approximation. Therefore, in
the remainder of the paper we fix ¥ = ¥ (B, = 0) and correct
w at each B, so that the overall density is fixed, unless stated
otherwise.

In the bottom panel of Fig. 5 we present the density of
states at the Fermi level [~ImG(w = 0], as well as the effec-
tive scattering rate [~ImX(w = 0)]. The oscillations in these
two quantities as functions of the magnetic field appear syn-
chronous. However, the oscillations in the conductivity follow
a completely different pattern. The oscillations in the density
of states and the scattering rate can be readily connected
with the Shubnikov—de Haas effect, where the period of os-
cillations in the space of inverse magnetic field is inversely
proportional to the surface area of the Fermi sea (roughly the
density (n,)), while the oscillations of the conductivity appear
to correspond to the full area of the BZ. This mismatch in the
oscillation frequencies of the spectral and transport properties
is, however, restricted to only certain parameter regimes. The
high-frequency oscillations have been previously identified
in the experiment [44—47] and dubbed the Brown-Zak (B-Z)
oscillations. We discuss this phenomenon in more detail in
Sec. III B 3, and in Ref. [48] which is devoted to this very
topic. In Appendix L we check that no p/q = 1 oscillations
are present in thermodynamic potentials.

We also cross-check the results of our finite B, calcu-
lation against the reference B, = 0 results, in the limit of
low field. As the results are obtained numerically in rather
different ways, this is a stringent test of our formalism and
implementations. In Fig. 6 we show the DMFT results at U =
2.5D, at four different levels of doping (n = 1 is half-filling),
at B, = 0 and at three smallest possible fields in a finite B,
calculation with L = g = 1999. At high temperatures, small
field does not significantly affect the result, and finite-field
results are on top of the zero-field result, thus validating our
numerics. At low temperature, the effect of the field becomes
observable, but the results do tend towards the B, = 0 result
as the field is decreased.

Next, we inspect the effect of the magnetic field on the
temperature dependence of o_'(v =0) on Fig. 7. At low
temperature, the behavior drastically depends on the precise
choice of the magnetic field. At high temperature the behav-
ior is weakly modified, and one still observes roughly linear
dependence. At very high fields, the values appear increased
by a constant prefactor, which means that the slope of the
linear dependence is also increased. This can be more easily
confirmed by looking at the linear scale plots in Fig. 8. The
effect of the magnetic field appears somewhat insensitive to
the strength of the interaction, and the overall trend appears
similar in all three panels on the left side of Fig. 7. We are able
to roughly collapse the curves at three different values of U by
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FIG. 4. Local density of states as a function of magnetic field. Left: full frequency range. Right: quasiparticle part of the spectrum. The
result is obtained with the DMFT(NRG). The parameters are U = 2.5D, (n,) = 0.425, T = 0.025D/kg. The calculation was performed with

L=gqg=997.

simply rescaling the temperature T — T /T*(U ), with T*(U)
roughly a linear function of U. The scaling appears partic-
ularly valid between U = 2.5 and U = 4, while the U =1
curves somewhat deviate.

Finally, in Fig. 9 we present the magnetic-field dependence
of the conductivity, at a fixed temperature and doping. At low
temperature one observes increasingly strong oscillations as
magnetic field is increased. At low fields, the oscillations are
relatively small and regular, which corresponds to the SdH
regime, while at strong fields the oscillations cover multi-
ple orders of magnitude, and exhibit no simple pattern as
a function of the magnetic field. (This is the quantum limit
dominated by the lowest Landau levels).

2. Hall conductivity and resistivity

In Fig. 10 we show results for direct current o™, 1/ as
well as p* and p**. We see that 6™ exhibits a nonmonotonic
dependence on the magnetic field, and also some oscillation,
similar to o**. The difference appears to be that when o™ has

a local maximum, o has a local extremum in the value of its
first derivative. The results presented in this plot correspond
to the high-frequency oscillation regime, where the maxima
in o™ coincide with p/g = 1/q. This behavior is in line with
the experimental observations in Ref. [45]. We also see that, as
expected, o™ tends to zero as magnetic field is decreased. The
effect of o™ on p™ is not negligible, and one clearly has p** #
1/0**. Nevertheless, the oscillatory behavior of p** appears
very similar to that of 1/0** and in phase with it.

We further study the behavior of ¢ in the limit of U = 0
where the calculation can be performed at low numerical cost.
The results are presented in Fig. 11. First we look at the
temperature dependence (upper panel). We see that o falls
off exponentially with increasing temperature. At 7 = 0 the
result corresponds to the Chern number of the topological
insulator, whenever the chemical potential falls in an energy
gap. We see that decreasing field produces gaps with ever
larger Chern numbers. On the middle panel we look at this
dependence more closely, and see that at a given chemical
potential, the Chern number grows in a power-law fashion
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FIG. 5. Upper panel: conductivity obtained with the full
DMFT(NRG) calculation (black line), and the simplified calculation
where the self-energy is taken from the zero-field DMFT(NRG)
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FIG. 7. Left panels: the T dependence of the inverse conductivity
at different values of the field and fixed coupling and density. Right
panel: the same results with rescaled temperature T — T /T*(U).
T*(U) is given in the inset.

with 1/B,. It is clear that this law does not have a well-defined
limiting behavior at B, = 0, as in the absence of magnetic field
there are no gaps and strictly 6 = 0. This is an indication
of the fractal structure of the density of states at low fields:
the gaps become smaller and smaller, but more and more nu-
merous, and fully disappear only strictly at B, = 0. However,
this ill-defined behavior is corrected at finite values of the
interaction (Fig. 10), and one observes a downturn of o™ at
a finite value of the field, and o tends to zero smoothly as
B, — 0.

Finally, we study the dependence of ¢ on the chemical
potential, at several different values of the field and 7 = 0,
in the bottom panel of Fig. 11. One has 6™ () = —o™(—pn).
The plateaus in the value of Hall conductivity are indications
of gaps in the density of states and are always found at integer
values. We benchmark our implementation with the data in
Ref. [38] in Appendix M.

3. Quantum oscillations of 1/0**

As already noted in Sec. III B 1, the conductivity dis-
plays oscillatory behavior as a function of magnetic field. We
start by inspecting the region of the phase diagram where
notable oscillatory behavior is present. We define a charac-
teristic (p/q)*(T;n, U) (denoted by shaded circles in Fig. 9)
as the value of magnetic field at which the first extremum in
1/0™ (B, ~ p/q) occurs (1/o™ initially grows, so the first
extremum is always a maximum). Oscillations in the slope
of 1/6™ (B, ~ p/q) might survive even below this character-
istic value of the field [or inversely at temperatures higher
than 7' ((p/q)*)]; the amplitude of oscillations dies out with
temperature exponentially, as in Lifshitz-Kosewich law [43]
(see Fig. 12; the oscillatory part of 1/0™(p/q) is extracted
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FIG. 9. Magnetic-field dependence of the inverse conductivity at
two values of coupling constant, and various temperatures. Shaded
circles correspond to the first extremum (p/q)* (see text).

by subtracting from the full result the average value in the
range [p/q — f(p/q). p/q+ f(p/@)], where f ~ p®7). The
quantity 7 ((p/q)*) is presented in Fig. 13. We denote the
doping withé = 1 — n.

We see that there is always roughly a plateau in 7' ((p/q)*),
followed by a kink and a near saturation of (p/q)*(T) at
high temperature. This is because above a certain temperature,
no oscillations are present at any value of magnetic field,

U=1D, n=0.85, T=0.05D/kg, L =997

— Pxx [h/e?]
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1072 - — 1/o [h/e?]
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p/q ~ B,

FIG. 10. Different components of the conductivity and resistivity
tensors, showing the effect of the Hall component on the relation
between the longitudinal resistivity o™ and the inverse longitudinal
conductivity 1/o**.
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dence of the Hall conductivity for a selection of magnetic fields. Gray
lines indicate the value at 7 = 0, which is the Chern number for the
corresponding topological insulator. Center: field dependence of the
Hall conductivity at zero temperature. Bottom: chemical potential
dependence of the Hall conductivity for a selection of magnetic
fields.

and there remains at most a single maximum below p/q =
0.5. The maximum can persist at a roughly fixed p/q up to
some temperature, and then ultimately moves to p/q = % The
shape of (p/q)*(T) appears nearly universal for all §, U. We
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FIG. 12. Zoom-in on the oscillatory part of the magnetic-field
dependence of inverse conductivity, in a range of weak fields. Differ-
ent curves are different temperatures. Lime and black points denote
the apparent antinodes of the wave, i.e., the amplitude of oscillation,
up to a sign. Inset: dependence of the amplitude of oscillation vs
temperature, on the logarithm scale, revealing exponential decay
with T'.

are able to roughly collapse all the curves on the left panel in
Fig. 13 by rescaling the temperature as T — T x U® (right
panel), with c(§) given in the inset. It is clear that the bigger
the doping and the lower the interaction, the oscillations will
persist up to a higher temperature, and start at a lower value
of the field. It is interesting that roughly (p/q)* ~ T?/ in the
regime where multiple oscillation periods are observed.

The oscillations have a fixed period when o** is plotted
as a function of inverse magnetic field. When this period is
inversely proportional to the surface area of the Fermi sea,
this corresponds to the well-known Shubnikov—de Haas ef-
fect. However, in our results, we observe in some regimes of
parameters an additional oscillation frequency. This is docu-
mented in Fig. 14 where we present the Fourier transform of
(cf)"‘)’l(BZ’l = q/p). The presented part of each oscillation
spectrum is normalized to 1. In the left panel we show the tem-
perature dependence of the oscillation spectrum as a function
of temperature, at fixed doping and coupling constant. At low
temperature one observes peaks at roughly integer multiples
of the density (n,) which corresponds to the SdH effect.
However, at intermediate temperature, there is an additional
frequency corresponding to the full area of the BZ, and its
higher harmonics [48]. At even higher temperature, before the
oscillatory behavior is erased by thermal effects, the p/q = 1
peak in the spectrum becomes dominant. In the right panel we
inspect the effect of doping on the oscillation spectrum, at a
fixed temperature. The SdH peak is present at all dopings, and
is always found at p/q =~ (n,). The doping appears to reduce
the p/q = 1 peak, which is no longer the dominant peak at
8 > 0.2. At very low doping, it is not possible to distinguish
between the p/q = 1 peak and the second harmonic of the
SdH peak, as (n,) approaches 0.5. However, it is unexpected
in the SdH effect that the second harmonic is stronger than the
first harmonic (fundamental), which indicates a presence of a
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results showing reasonable overlap.

separate mechanism which contributes to the amplitude of the
peak at p/q = 1. In the next section, we are able to trace the
origin of these high-frequency oscillations; the full descrip-
tion of the observed phenomenology and its relationship to
experiments is presented in a separate publication (Ref. [48]).

4. Oscillations of the current vertex

At the level of the DMFT, the magnetic field enters the
calculation of conductivity through the self-energy and the
current vertex v. As we have concluded in Sec. III B 1, the
dependence of conductivity on the self-energy is of secondary
importance, and cannot possibly account for the observed
p/q = 1 frequency oscillations, as the self-energy oscillates
with the frequency p/q = (n,). The p/q = 1 oscillations then
must come from the current vertex. This was already sug-
gested in previous experimental works [45,46], where the

osc. spectrum, a.u.
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oscC. freq., pl/q ~ B

T=0.0356
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T=0.0089
T=0.0073
T=0.0060
T=0.0049

p/q = 1 frequency oscillations have been linked to periodic
changes in the velocity of magnetic minibands, featuring
spikes at p/q = 1/q.

We first discuss which part of v**(¢, ¢’) plays a role at
a given choice of parameters. First, by inspecting Eq. (70)
we see that the o integrand will generally have two
peaks, centered around w*/w* such that *”) + pu —&®) —
ReX(w*”) = 0. The width of those peaks is roughly propor-
tional to ImX(w*”’). When the two peaks are further apart
than is their width, the contribution of the integral will be
very small. Additionally, if they fall outside of the thermal
window, they will not contribute. Assuming in a most simple
way w*") = 1 — &), and that the contribution is negligible if
le —¢&’| > T, with " playing the role of the width of the peaks
[say roughly I' &~ —ImX(w = 0)], and taking that the thermal
window is a hard cutoff |w*’| < T, we can isolate the relevant
values of v (g, &’), which determine the value of the overall

U=1,T7T=0.0196728

1
i

osc. spectrum, a.u.

0.5 1.0 15 2.0 2.5

osc. freq., p/q ~B,

FIG. 14. Fourier spectra of the oscillatory component of the inverse dc conductivity. All spectra are normalized to 1. Left: temperature
dependence at fixed electron density. Right: density dependence at fixed temperature. Both panels: vertical red dashed lines correspond to
SdH frequency p/q = (n,) and its higher harmonics; vertical blue dashed lines correspond to p/q = 1 oscillation frequency and its higher

harmonics.
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FIG. 15. Oscillation spectra of the current vertex (as quantified by Y') at various I', 7. Spectra are colored gray where no pronounced peaks
are observed, red where the standard SdH p/q = (n,) peaks and its higher harmonics are observed, purple where we also observe the p/q = 1
peaks, but the SAH peaks are dominant, and blue where p/g = 1 peak is stronger than p/q = (n,) peak.

integral. We define a quantity

Y(u,T,T;B,) = /ds / de'v™(e,e';B)O( — e —€'|)

x[0(T — |e — ul) + 0(T — |&" — uD)]
(84)

and inspect its oscillation spectrum as a function of BZ_]. The
results are presented in Fig. 15. We see that at low T and
low I', the oscillations resemble the SdH effect. However,
increasing I" leads to an onset of p/q = 1 oscillations, which,
with an increase of T, eventually become dominant. To better
understand this behavior, in Fig. 16 we show the spectrum
as a function of u, at a fixed low temperature. We see how
p/q = (n,) peak and its harmonics move with changing u, as
expected. On the contrary, the p/q = 1,2, 3 ... peaks (when
present in the spectrum), do not move with changing w. The
main insight is that roughly Y (u, T +6T)~ Y (u,T,...) +
Y(u+ou, T,..)+Y(—38u,T,...). At high temperature,

the contributions from different p will interfere destructively,
and the p/q = (n,) peak will wash out. On the other hand,
the p/q = 1 will accumulate, and become the dominant peak,
which is precisely what we find.

5. Conductivity in the finite-lifetime approximation (FLA)

In the previous sections we have concluded that the
high-frequency (Brown-Zak, B-Z) oscillations of conductivity
originate from the current vertex. Therefore, it is expected that
B-Z oscillations are observed even in the most simple models
that feature no variability in the self-energy whatsoever. In
this section we calculate conductivity in the finite-lifetime ap-
proximation (FLA), where the self-energy is assumed to be a
local, frequency-independent, and purely imaginary quantity,
ie.,

AN @ +i07) = —iT's;;, (85)

where I' is the scattering rate. At a fixed u = —0.1D,
we construct the Green’s function, and evaluate the Kubo

osc. spectrum of Y(u, T,T; B;t), T=0.003

u [D]
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FIG. 16. Evolution of the oscillation spectrum of the current vertex (as quantified by Y) with chemical potential, for two values of I'.
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temperature.

bubble (70). We are in particular interested in the trends
with respect to temperature and scattering rate, and we wish
to inspect the relative contributions of & ~ ¢’ and ¢ # ¢’
terms in the double integral. We split the contributions by
d = |e — ¢&|: the contributions with d > 0.0003 we consider
“interband” contributions, where the particle and the hole of
the particle-hole pair reside in different bands; the contribu-
tions with d < 0.0003 we consider “intraband” contributions,
where the particle and the hole reside either in the same
band, or two different bands which are very close in energy.
The choice for the threshold value 0.0003 is made based
on the finite-energy resolution that we can achieve and the
systematic error made in energy levels due to finite lattice
size.

The results are shown in Fig. 17 as a function of inverse
magnetic field, i.e., g/p. On the plots on the left, we take a
small value for the scattering rate I' ~ 3 x 1073, and show
the two contributions to conductivity as well as the total result
at several different temperatures. At low temperature, the dips
in conductivity roughly coincide with g/p = 0.407/i, with i
integer (denoted with vertical gray dashed lines). This clearly
corresponds to SAdH oscillations, and signals that the occu-
pancy at © = —0.1D is about (n,) = 0.407. It is immediately
clear that with increasing temperature, the SdH oscillations
subside, and what is left is apparently a fractal-like behavior
which cannot be fully resolved with our current resolution.

At low temperature, both intraband and interband processes
contribute, while at high temperature, the intraband processes
are dominant.

On the plots on the right in Fig. 17, we take a high
temperature 7 =~ 0.215 and show results for different values
of I'. As I' is increased, the interband processes contribute
increasingly, and ultimately become fully dominant; the frac-
tal behavior is replaced by regular oscillations, with maxima
coinciding with g/p = g/1. These are the high-frequency (or
B-Z) oscillations, which appear only when the scattering rate
is sufficiently high.

We illustrate the trends with respect to temperature and
the scattering rate on Fig. 18(a) where we plot the oscillation
spectra obtained by the Fourier transform of the data in the
range of the field p/q € [0.03, 0.15]. The results show clearly
that at low I', high-frequency oscillations are never observed,
but that at sufficiently high I', they are observed above some
threshold temperature, but up to indefinite temperature: note
that the highest temperature that we show is 10 in units of half-
bandwidth, with no sign of weakening of the high-frequency
oscillations. In contrast, the SdH oscillations subside sim-
ply due to increasing temperature. All oscillations disappear
at very high scattering rate, and there seems to be a well-
defined upper cutoff I" for the observation of any oscillations.
These findings are summarized in the rough phase diagram of
the FLA model in Fig. 18(b).
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onset field for the nonmonotonous behavior (p/q)*.

It is also interesting to compare the doping dependence of
the quantum oscillation phenomenology in FLA and DMFT.
On Fig. 19 we show the color plot of log,, o™ (v = 0) in the
doping-field plane, at a high temperature where SdH oscilla-
tions are already thermally washed out. We see opposite trends
in the two plots: in FLA, the oscillations are the strongest
close to half-filling (u = 0), while in DMFT, the oscillatory
features become stronger in the empty-band limit ({(n,) — 0).
The difference must be due to the fact that in the Hubbard
model, the scattering rate is maximal at half-filling and van-
ishes as the number of electrons goes to zero. In FLA, the
scattering rate is simply held fixed at all dopings. The FLA
result on Fig. 19 is in solid agreement with the experimental
results in Ref. [45]. This indicates that the scattering rate
in experiment is not vanishing with doping, as one would
have in the pure Hubbard model. The additional scattering in
experiment probably comes from phonons, or even impurities.

IV. CONCLUSIONS AND PROSPECTS

In this paper we have identified several important features
of the DMFT results for conductivity in the square-lattice
Hubbard model in a perpendicular magnetic field. First, the
T -linear resistivity at high temperature is not strongly affected
by magnetic field. At high temperature, varying the interaction

also does not strongly affect the resistivity, but rather sets
the temperature scale in a linear fashion. Next, we observe
that the effect of the magnetic field comes mainly through
the current-vertex factor (which only contains kinetic effects),
and not the self-energy (which involves dynamic effects and
defines the energy and momentum windows with significant
contribution in the integration). We are able to reproduce the
SdH effect and observe quantum oscillations in 1/0**(B~!)
with the expected frequency B, ~ p/q = (n,). However, we
also observe oscillations on a different, higher frequency
B, ~ p/q = 1, independently of doping. For this behavior, the
prerequisites appear to be moderate scattering rate, moderate
temperature and relatively high magnetic field flux per unit
cell. Our observations are in line with the experimental results
of recent experiments on moiré (graphene superlattice) sys-
tems [44—46].

For the future work it will be necessary to investigate
how much of the observed phenomenology is representative
of the exact solution, and how much is an artifact of the
DMEFT approximation. At the level of DMFT the two im-
portant simplifications are (1) the self-energy is fully local
(which means that the Green’s function is diagonal in the
eigenbasis of the noninteracting Hamiltonian), and (2) the
vertex corrections cancel. This question can in principle be
addressed with cluster DMFT calculations [67], but these may
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FIG. 19. The doping-field dependence of longitudinal dc con-
ductivity within FLA and DMFT. Color code is logarithmic: white is
—2.40 and —3.12, respectively; black is 0.98 and 1.03, respectively.

not be trivial to formulate or execute. Additionally, analytical
continuation of self-energy data might be difficult [or an exact
diagonalization (ED) solver might be used, which introduces
additional systematic error]. Finally, calculation of vertex
corrections in cluster DMFT schemes is notoriously difficult
[68—72]. Another possibility is to use recently developed Di-
agMC technique which requires no analytical continuation
[73-77], and can access the thermodynamic limit directly. As
the observed phenomena are not restricted to very high values
of the coupling and can already be observed atU = 0.5 — 1D,
a DiagMC calculation with only several orders could be suffi-
cient to work out the generic effect of self-energy nonlocality
and vertex corrections.
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APPENDIX A: PEIERLS PHASE IN LANDAU GAUGE
[PROOF OF EQ. (9)]

For the following derivation, we introduce r(«)=
a(x(a), y(a)) = alr; + a(r; — r))]and dr = ad do, withd =
r; —r;, while keeping r; = (x;, y;) dimensionless and x;, y;
integers. The Peierls phase for the uniform magnetic field per-

pendicular to the lattice B = (0, 0, B;), in the Landau gauge
(7) can be expressed as

m:%/jA(r)-dr

i

1
=@/ da A(r())-d
hJo

6(12

1
= —Bz/ dax(a)e, -d
b Jo

ea® 1
= 7Bz(yj - yi)[ da(x; + ady)
0

e I
= 732(}’] _yi)|:xi+dx/ da Olj|
0

1

2 2

ea o
= 73z()’j —y)| xi +dx7 .
0
We finally have
ea® Xj—X;
fij = = B0 —yi)[xi + = 5 l]

2
ea- B

= TTZO’/‘ — yi)(xi + x;). (A1)

When doing real-space calculations on a finite cyclic lattice,

it is necessary to always consider the shortest distance be-

tween the sites and take instead the following periodicized

expression:

2
fin. latt. €4 X; © X

ﬁ] Fl

B.(y; © i) |:xi + i| (A2)

where & denotes the shortest distance on a finite cyclic lattice.

APPENDIX B: PROOF OF UNIT-CELL SIZE

We prove now that in the Landau gauge, the size of the
unit cell in the x direction is g. Consider that we shift both
r; and r; by ge, = (g, 0) [we remind the reader that we use
dimensionless r; = (x;, y;) as arguments of f]. We must show
that the additional phase shift must be an integer number times
2r:

ea’ B,
fr,-Jrqex,errqex = 77(}’] —y)xi+gq +xj +4q)

ea* B
= fror, T — = (yj —y)2q. (B1)
h 2
We now apply B, = 2n§(%)‘1:
27r§
fri+qex,rj+qe,( = fri,rj + T(yj - Yi)2q
=fl',',l'j +2]Tp(y] _yl)‘ (B2)

As p(y; — y;) is an integer, the condition (10) indeed satisfies
periodicity along the x direction.
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APPENDIX C: PROOF OF EQ. (14)
Here we rewrite in momentum space the kinetic term in the Hamiltonian (12) to reach Eq. (14):

1 nn _— .
Hkin,a — _t]v § : § : elZﬂ Zx,u-eye—zk-r,cl’i o'elk <(r,+u)ck,’0 +Hec.

kK" i,uc{e, e}

1 2 n.. o -+ 1 .
_2¢ 2 :COS kxnk,a _ tﬁ § : 2 :ezZUZx,efzk.r,Cl:1 O'elk .(r,+ey)ck,ﬁ +He.
k,o Kk i

1 o n T s
— _ 2 :COS kenic.y — tﬁ § : 2 :elznzr"exeﬂk‘r’cl; O'elk .(r,+ey)ck,ﬁ +He.
k,o Kk i

1 .y — n
= -2t Z cos kyng o — tﬁ Z e’ ‘e«“c;ack/,a Z e —ktimpe) 4 ¢

k,o k. kK

i,o

—2t E cos kxi’lk’(, —1 E elk"Clt’UCk/’(,(sk/'k_zﬂ%ex + H.c.

k,o k.k’
"
=2 coskg, —1 ) €Ml ckarre. +He. (C1)
k,o k,o

APPENDIX D: PERIODICITY WITH k,

We prove here the periodicity of the noninteracting eigen-
problem along the k, axis, as stated in Egs. (24) and (25).
We start by reordering rows and columns of the Hamilto-
nian (15): one can achieve that by redefining |k, [, o) = |k +
2712, o), or simply |k, /pmod ¢q,0) — |k, [, o). In that
case, the Hamiltonian reads as

(Hyi ol = (—MU — 2t cos (k + 2nz§))3,,,,

—1(e®8) pa1 + e P 81g1.1). (D1)

This transformation does not affect the eigenvectors and
eigenvalues.

Now, we apply a unitary transformation defined by
[Uglir = 8~ and apply it to the Hamiltonian as

Hyg, = UgHyg , Uf. (D2)

The transformed Hamiltonian ﬁO,f(,a‘ has the same eigenvalues
as Hy ., and the original eigenvectors can be obtained from

the eigenvectors of Hy g, as [m, k, o) = U£|n“1, k, o). As U
is diagonal, the element-wise equation for Hg , reads as

(Ho k.o i = [UglulHy g o L [UR 5 (D3)

The diagonal elements remain unchanged, and we must con-
sider two special cases for the off-diagonal elements: (a) |/ —
I’ =q—1,and (b) |l — I'| = 1. The two cases correspond to
whether the hopping between momenta winds around the BZ
or not. In the latter case, we have for

oilky i(1— 1k,

y i,
[Hygolistr=1-1 = ee

_ Gi(1=Dky yiI= 1k,
=1
= [Hy g o li<q—1.0r=141- (D4)

(

But in the case when there is winding around the BZ, we get

7 —i(g—Dk, —ik,
[Ho g o li=g-1,0=0 = @70

— e*iqu
= [HO,R,U]T:O,I/:q—l' (D5)

These are the only elements of the matrix that depend on k,,
which means that the blocks of the Hamiltonian are invariant
under a transformation

k — (ki &k, +27C/q), (D6)

where C € Z.
For the basis-change matrix elements, this periodicity
means

HO,f(,o > [ak,d]lp mod g,m

permute -~
—> Hygo [Okolim

unitary tr. o —ik,l
H(),]}_Ga e - [ak,a]lm

translate - ikl
Hy iyorc/ge,or € [kolim

inv. unit. tr. =~ 3 —ik, ik, 4+27C/ )l
Hy it orc/gre,or € [k lime™

i(2 [
= el( ©C/4) [ak,a]lm

permute back ixCla)l
e erClo [ak,a]lp mod g, m-

D7)

HO,k+(2n~C/q)ey,a ’

APPENDIX E: DECOMPOSITION INTO DIAMAGNETIC
AND PARAMAGNETIC CURRENTS

The current operator can be divided into the paramagnetic
and diamagnetic parts

jr = jr,P +jr,D7 (El)
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where we use Eq. (46) with
},r,P = (15 1)7 (EZ)

YD =¥r — Vrp- (E3)

Because the inversion symmetry is preserved along the x axis,
the diamagnetic part of j* is going to be zero. This does not
hold along the y axis, so there will be nonzero paramagnetic
and diamagnetic parts in j*, but (jr p) = —(jr.p) so that the
total current is zero. This must hold as the total current is
a physical observable, and thus a gauge-invariant quantity.
Using the gauge-invariant Green’s function, this can be easily
proven: up to the constant prefactor, the thermal average of
the paramagnetic part is simply

(Jrp) = iGr+ey,r(T =07)— iGr,r+ey(T =07)

= i(eif”e»‘”' — e_if”e»"")Gr,rJrev(T =07)

e’

_ i(e—i%B;x L B:X)Gr’r+ey(f =07), (E4
and similarly

i ea®

- ea® = _ .
<jr,D> = i(elTBzx —e ' Bzx)Gr,r-key(T =07)= _<.]r.P>-

(ES)

APPENDIX F: PROOF OF GAUGE INVARIANCE OF THE
KUBO BUBBLE

We start with the expression for the site-space matrix (op-
erator) for the current coupled to a vanishing external gauge
field A, and in the presence of a rotary gauge field A de-
scribing a perpendicular magnetic field. The total gauge field
is A = A* + A. The corresponding contributions to the
Peierls phase (which is additive as well) yield f'* = fext 4 f:

P
r AT | yex g
_ (€™ o Hyn[A™ = 0])
AT A0
ael'fl()‘
= —— o Hyjn[A™ = 0]
AT |y
afﬁXt .
= —iW oef o Hyp[A® =0].  (F1)
r At

Expressed in terms of second-quantized operators, for the
general TB Hamiltonian

afext

o r,r+u

]r - Ztr,r+u ext
- YA

A —0

X (ieifr.r+u CICI'-Q-H _ l‘e_ifr.H»u C:+ucl‘)7 (Fz)

where the sum over u goes over all sites, and we have omitted
the spin indices and the sum over spin for the sake of brevity.
The current-current correlation function is then

.’
Ay (1)
S SRNIAIL a2
- r.r+u‘r’,r'+u’ ext,n ext.n
s 1
w 8Ar ASt_5() 8Ar, A0

X Z (_])b+17'+1ei(—l)”.fr.r+uei(—l)" Jrrtu Z

b,b'e{0,1} 0,0’

X 0Ly pu o (Dt (b0 (D)0 o (00w 41—t ro(0)).

(F3)
The dynamic and disconnected part is
AL
ext ext
I PR Y i
- OAr " a0 AT | o
x 30 (i D frrru pi (=D fir i
bb'e(0,1)

X Z[—Gr+(1—b)u,r'+b/u/,n(T)]Gr/+(1—b/>u/,r+bu,a(—T),
(F4)

where the Green’s functions are obtained with A" = 0. We
now rewrite in terms of the gauge-invariant Green’s function

’ a eX[ a e/X"/ !

Aﬂﬂ? (‘L') _ t t r,r+u r,r'+u

r,r - § : r,r+ulr’, r+u aAexl.n aAext,n’
u,u r A =0 r A0

;o b ; 4
x Z (_1)b+b D frrvu pi (=D for i
b,b'e{0,1}

X e’fr+(l—b)u.r’+b’u’ et bue (6w

X Z Grt(1-byu,r+bw,0 (T Gr(1—p ' r+bu,o (—T).
(o2

(F5)

The sum over b, b’ yields four terms with exponential prefac-
tors,

b= 0’ b/ =0: ei.fr,r+u eifr/,r’+n/ eifr+u.r’eifr’+u’.r’
b = O’ b/ =1: el‘fr,r-%-ueifr’ﬂl/‘r/ fetur+w eifr’.r’
b — 1’ b/ — 0 : eifr+u,reifr’,r’+u’eifr,r’ eifr/+u’.r+u’
b — 1’ b/ — 1 : eif;'+u,reifr’+u’,r’eif;-,r’+u’ eifrﬁr+u (F6)

and each factor above is gauge invariant. Therefore, what
determines whether the Kubo bubble is gauge invariant are the
frrvu
3 Aéxtﬂ
on the choice of the gauge for A. A vanishing uniform electric
field E = 9,A®*, can be achieved by letting A**'(r, 1) — A™,
i.e., by having a constant and uniform vector potential. The
only gauge freedom for the external electric field then cor-
responds to choosing the inertial reference frame, which is a
trivial transformation that our calculation is certainly invariant
to; the slowly varying field approximation holds, and we have

a

AN

factors of the type

|aex— o Which clearly do not depend

r+u . 9 .
A (E) - dit = —— (AT -u) =u" F7
/r (F) Py ) (F7)

which clearly does not depend on the precise choice of the
uniform A%, We therefore conclude that for the calculation
of the linear response to a spatially uniform q = 0 electric
field, the Kubo bubble (47) is gauge invariant.

We also emphasize that the bubble for the charge-charge
correlation function is trivially gauge invariant because
GijGji = G,’jGj,‘.
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APPENDIX G: CURRENT OPERATOR IN MOMENTUM SPACE

Here we derive the current operator in momentum space. The general form is

.0 .
]qzo_N(,lCFlZ Z kmmo kma Ckom' o (G
o kmm'
The goal of this section is to get expressions for the vertex factors vlg o . We start with the current along the x direction. The

local contribution is given in Eq. (46). After plugging this in Eq. (53) and applying the basis transformation from Eq. (37), we
obtain

. 71(k+12lel)r z(k’+l/7ex) (r+e,)
f;:o—wz 5 s Dkl iy 3

o kmK,m Ll
(k’+l’—e )-ey
= E E C Cir E (o o Lrmleip o 1) e Sk ko + H.c.
NGCFZ mo kK',m',o k,oll, kK, ,odl',m
o kmK,m L
z(k+l e))er
= § E C Ck E [og ]l,m[O‘~ ]* € + H.c.
NClCFl k,m,o k,m',o k,o k,oll,m
9 kmm l
ik w il
= e o€ E [og  imlog ;17,0 ¢ +H.c.
Nach km(r k,m',o k,o k,oll,m
o k,mm! !
_ iky x  ilE i —ik, * —il
Nach E E ko€ E (ot o limlatg o 17 e = oo CRmo© E log o lf mlog o limwe 0 | (G2)
o kmm! l l

We are free to swap m and m’ in the last term:

x . i i ~ —ik, B ok milE
Ja=0 = Nachz 2 [ Z[“ka]’m[“kvll e’ = om0 € A;[ak’a]lwm[ak’a]we q]

o kmm
it e T w [k il ik =il
= Nach 2 2= ko DLk lnlog ol e e’ T —ehe ], (@3)
o Kmm' !

and we can simply read off Eq. (55).
Along the y direction, similarly we have

ach . 2im Lr-e, —1(k+l Ze,)r z(k/+l’2lel)(r+e)
N_Jqozltz Z c ck,m(,Z[akd]lmak/ ],/mNZe "> 4+ H.c.

e - ~
o Kk,mK' . m Lr
1 -f(/ 121 27 ’ 121
4+ 7o —k—12Z eﬂr —e r ik I—ex -e
= it Z Z k m, O‘ Z[akﬁ]lvm[al}/,a]}k’vmﬁ Z el( ! b ’ l( ey + H.c.
o k m, k/ ’ N4 r
i
=it Z Z e C~ .o CK o Z[aka]l_m[aﬁ,’a]f,,méﬁk,&gle,, + H.c.
o Rl L
=it Z Z é l o Ckom' o Z[O‘R,a]lﬁm[aﬁ,a];ﬁep,m’ +H.c.
o Kmm i
_ T . . R —iky T B _o* 5
=it Z Z |: l} O-Ck,m’,(f Z[ak.a]lqM[ak,(r]lep,m’ —e )cﬁﬁmr,gck,m,(f Z[ak,(r]l,m[akﬁ(r]lepam']
o k.mm l 1
_ T . iky . ERE _
=u Z Z Cl},m,gck,m’,a e Z[ak,a][qm[ak,a]lep,m’ Z O[k a]l m ak a]léBp m (G4)
o kmm I 1

and we can immediately recognize Eq. (56).
We can use the property of the basis change matrix elements (23) to work out a symmetry of v* with respect to momentum
inversion:

R L
Vikommrs = Z[a_k{,]l,m[a_ﬁﬂ]im,[e hee s — e (G5)
2w a2
= (o lg-tmlog 1y e %e" s — e 7). (G6)
1
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We now make a change of variables, I’ = ¢ — 1,1 =qg— 1"

—ik, i(g—1)E ik, —i(g—1")*= —ik, —il'E ik, il' %
vif(,m.m/,(r = Z[al},n]l',Wl[al}.a]T’,m’[e ' el(q )q —ee i@ )(]]:Z[al},o’]l/,m[aﬁyg];ﬂ”m’[e e S —é el "]. (G7)

4 4

Therefore,
Vo = ~Vkmmo (G8)
Furthermore, by noting that v can be more simply written as
VF e = =20 Y [0 o Jrmlog o 17, sin (%x + 1%”), (G9)
1
we can easily prove
Vet =~ Cmna) (G10)

The matrix [vy , | is hence anti-Hermitian, which also implies Revg =~ = 0. Also, by using Eq. (21), it is easily proven that

= . (G11)

v -
(ky,—ky),m,m’ .0 ky,ky),m',m,o

APPENDIX H: DERIVATION FOR Az;”(’,’di“ @iv)
The disconnected part of Eq. (57) reads as
AL Gy = LA * 1 Iy oy "G e H1
(iv) = 3 Fz ch2 Ul},ml.m’l,avl},mz,m’z,a k,mg,mla( ) k,m’],mz,a(t)' (HI)
o k,mI,ml,mz,m’2

We now apply inverse Fourier transform to the Green’s functions

1 )
G(r) = 5 > e Gliw), (H2)
to obtain
AT i) Z S / 3 G ()G o i )L o L SOt (1)
- k,my,m o kmzngﬂZ k,mj,myo k,m},my,0 2% ,
o Kk,my, ml,my,m) iw,iw'

where [7}, d ¢!t@=)" = 215, ,,_,, which immediately yields Eq. (58).
APPENDIX I: PROOF THAT DMFT SELF-ENERGY IS DIAGONAL IN THE NONINTERACTING EIGENBASIS

The following shows that a local self-energy is also diagonal in the basis of |k, m, o) states. We have

[Sio @l = (K Lo |Zo K 1 0) = [wo T ) ol i Sie @ = 5o@ Y [wal , [welir; = o @3, (A1)

where w,, is the basis change matrix, for the transformation from site space to Kk, space. We can, therefore, write

[Sieo @l = (kom0 |21k, m' o) = [ L] [o! ], Zine (@) = Zo (@, (12)
!

which immediately yields Eq. (63).

APPENDIX J: CALCULATION OF LOCAL GREEN’S FUNCTION IN DMFT USING THE NONINTERACTING
DENSITY OF STATES

Here we prove Eq. (65):
Giio(2) = (i, 0|Go (2)]i, 0)

k 12l iy, k 17 )T - -
= —ZZ ST T N (g Yy mletg 15 (K m, 0] G (2)IK, m, o)
km LU

= —ZZ ST g Nt o1 (K. . 0|Go ()[R, m, 0). an

km LU
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Because we know that G;;(z) must be uniform, we can define

1
Gioc,o (2) = N Z Giis(2)
—i((I=1N2Z e )r: 5 ~
= 2 Yokl T DR o, 016, @k )
kom LU

1 . -
=7 O le o lmlog 17, N (K, m, oG (2) |k, m, o)

km LU

1 - -
= 5 2K m, 01Go )IK, m, 7)Y [t g liml®
k,m 1

1 - _
=3 2o &m0 1Go @)K, m, o). (12)
k,m
Therefore, we can identify
1 1 po(€)
Gio(z) = — = /de—. J3
(@) N;hz—eg,mﬁ—za(z) fz—t— 5,0) )
,m
APPENDIX K: CONDUCTIVITY EXPRESSION IN DMFT: PROOF OF EQS. (70) AND (71)
Starting from Eq. (67), we first perform the Hilbert transform of the Green’s function
1 ImG ot
G(iw) = ——/d M (K1)
iw—¢
where ¢ and iw have the units of frequency. We obtain
ImG(e, w) ImG(¢', o)
nn dlSC _ n ’
AN i) = hznzz Z/de/dsv (ee)/dw/d e o (K2)
Now we apply the partial fraction expansion la L — ;= %(% — Z_Lb):
A"”dlsc /de/dev"”ee /dw/demGe o)ImG(e', w
=03 ) e G, o)
1 1 1
X — — — - . (K3)
—WHo—o|iv+iv-w ivo—o
We apply 3 >, m = np(2):
A"" dise — Z/de/da v (¢, € )/da)/dw ImG(s, ®)ImG(e', @) ————— — (=i + ) — np(@)].
(K4)
The bosonic frequency does nothing in the argument of np so we can rewrite
A”" dise h — Z / de / de' v’ (¢, ) / dw / dw'TmG(e, ©)ImG(e', ©)——— — () —np(@)].  (KS)
Formal continuation to the real axis is performed by replacing iv — v:
AZibd'sc de | de'v (e, ¢ )/da)/da/lmG(s )ImG(e', o) ———— [nF(a)) —np(@)].  (K6)
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As we are interested in the real part of the conductivity, and having in mind ImA™" (v = 0) = 0, we get

. Im A7 :455¢(y))
AT =0
Reaé’lédm(v) =c—3=

t2 2 , 1 _ ’
- h—;zg:lm/dsjds’vg” (a,s’)/dw/dw’ImG(s, )ImG(E, o) [nr(w) V”F(w 1
(K7)
For the longitudinal conductivity specifically, v is purely real, so the imaginary part comes from the delta-peak part of the
w, o' integrals through fdxx_y# = Pfdxx%v + iné(x — y). In the limit v — 0 we get Eq. (70).

For Hall conductivity the imaginary part comes from the principal part of the integral, and one can estimate it through [38]

71 1
P fdwf dw Y Svfo—o v (—vto—w'): T

:Pfdwfdw/lm__fda)fdw/m_i_fdwfdw/l w—ao

vm. In the limit v — 0

the second term cancels exactly due to the antisymmetry of the integrand with respect to the exchange w <> @', and we get

Eq. (71).

APPENDIX L: OSCILLATIONS IN THERMODYNAMIC
PROPERTIES

With the NRG impurity solver, it is possible to directly
calculate the thermodynamic properties of the lattice problem
(i.e., without any integrations over parameters such as 7 or
i, which is error prone). This is based on Eq. (46) from
Ref. [58], which relates the lattice grand potential (Landau
free energy) Q2 = F — uNyy = E — TS — uNyot (Nyo¢ s total
number of particles) and the impurity grand potential ®;p,, =
Emp — MPimp:

Q oo
N Qimp_kBTZ /;OO de po(€)

iw,0

X In{[iwh 4+ n — Xy (iw) — €]G, (ia))}), (L1)

-0.675 .

-0.68

imp

-0.685

att

S 2 g
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=
N

LB L e

0 0.05 0.1 0.15
p/q

FIG. 20. Dependence of total free energy and its components on
the magnetic field.

(

where G, is the local Green’s function. This may be analyti-
cally continued to the real axis to give [78,79]

Q 1 —+00 +o0
N=Qamp+;;/_w depo(é)/_oo dw
x ImIn {[fiw + 4 — Zp (@) — €]Gy(w)}np(w), (L2)

with the Fermi-Dirac distribution ng(w)=1/(1+
explfiw/Tkg]). The impurity free energy can be directly
calculated in the NRG using the full-density-matrix approach.

We consider the case shown in Fig. 5 which exhibited
significant transport oscillations at the high frequency, while
the self-energy and the Green’s function showed instead os-
cillations at the SdH frequency. In fact, at this temperature,
the Fourier transform of the oscillatory part of the inverse
conductivity shows no component at the SdH frequency, it is
already thermally washed out. Indeed, we find no remnants
of the SAH/dHVA oscillations in the thermodynamic proper-
ties either. In Fig. 20 we plot three elements that enter the
full thermodynamic potental: impurity free energy Finp, the
chemical potential v (which enters as —jnim, with constant
Nimp = n = 0.85), and the lattice contribution from the double
integration ®j,yice. None of these show any clear oscillations;

U=3D, T=0.025D/kg

2.0
1.5

1.0 - \
0.5 / \

—— our result
reference

Oy [e%/h]

u [D]

FIG. 21. Benchmark with the data from Markov et al. [38]. Our
data: DMFT(NRG solver). Reference data: DMFT(exact diagonal-
ization solver with five bath sites)+Padé analytical continuation used
to obtain continuous spectra.
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if they exist, they are below the numerical uncertainty. We
only observe a weak quadratic dependence on the magnetic
field in all three contributions. This confirms yet again that
the high-frequency quantum oscillations show up exclusively
in the transport properties through the vertex factors, thus they
are, in this sense, a purely kinetic effect.

APPENDIX M: BENCHMARK

To benchmark our formalism and implementation, we
cross-check our o™ (v = 0) results with the data from
Ref. [38]. We perform a chemical potential scan ata fixed U =

3D and T = 0.025D/kg, which corresponds to the (doped)
Mott insulator regime. The results are shown in Fig. 21.
The agreement is solid. Neither of the curves fully satisfy
(v =0;u) = -0 (v = 0; —u), which reveals the extent
of the systematic error bars. The biggest difference is the
position of the two peaks in the curves, which can be attributed
to the difference in the impurity solvers used (we have used
NRG [62-65], directly on the real axis; in Ref. [38] they used
exact diagonalization with five bath sites, and Padé¢ analytical
continuation to obtain continuous spectra). We reproduce the
change of sign of o (v = 0) as chemical potential crosses the
edge of the Hubbard band into the Mott gap (at around u = 1
and 2), which appears to be a robust feature of the solution.
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