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Abstract: We discuss the tight-binding models of solid state physics with the Z, sublattice symmetry
in the presence of elastic deformations in an important particular case—the tight binding model of
graphene. In order to describe the dynamics of electronic quasiparticles, the Wigner-Weyl formalism
is explored. It allows the calculation of the two-point Green’s function in the presence of two
slowly varying external electromagnetic fields and the inhomogeneous modification of the hopping
parameters that result from elastic deformations. The developed formalism allows us to consider the
influence of elastic deformations and the variations of magnetic field on the quantum Hall effect.
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1. Introduction

Recently there has been a revival of interest in Wigner—Weyl formalism in both condensed matter
and high energy physics. It was proposed long ago by H. Groenewold [1] and J. Moyal [2], primarily in
the context of one-particle quantum mechanics. The main notions of this formalism are those of
the Weyl symbol of the operator and the Wigner transformation of the functions. Correspondingly,
the formalism accumulated the ideas of H. Weyl [3] and E. Wigner [4]. In quantum mechanics,
the Wigner-Weyl formalism substitutes the notion of the wave function by the so called Wigner
distribution, that is, the function of both coordinates and momenta. The operators of physical quantities
are described by their Weyl symbols (that are also the complex-valued functions of momenta and
coordinates). The product of the operators on the language of Wigner—-Weyl formalism becomes
the Moyal product of their Weyl symbols [5,6]. The Wigner—-Weyl formalism has been applied to
several problems in quantum mechanics [7,8]. Notice that certain modifications of this formalism were
proposed [9-16], where the main notions were changed somehow.

Let us recall the basic notions of Wigner—Weyl formalism in quantum mechanics with the example
of the one dimensional model. The Wigner distribution W(x, p) is a function of coordinate x and
momentum p. It gives the probability that the coordinate x belongs to the interval [a,b] in the
following way:

b oo
Pla<x<b]= %/ﬂ /wOW(x,p)dpdx.

Let A be operator of a certain physical observable. Its Weyl symbol Ay (x, p) is defined as the
function in phase space, which gives the expectation value of the given quantity with respect to the
Wigner distribution W(x, p) as follows [2,17]:
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(A) = 5 [ Awlxp) Wi p)dp s,

For the pure quantum state, the Wigner function is given by:

Wi p) = [ dye Py (x+y/2)p(x— y/2),

where 1(x) is the wave function of the state. The formalism is readily generalized to multidimensional
x and p.
The Schrodinger equation in the language of the Wigner—Weyl formalism acquires the form:

i0:W(x,p, t) = Hy(x,p) * W(x,p,t) — W(x,p,t) * Hy(x, p).

The Moyal product of two functions f and g is given here by:
i e = & =
f*g:fexp<2(ax8p— apax))g-

The left arrow above the derivative shows that the derivative acts on f while the right arrow
assumes the action of the derivative on g.
The definition of the Weyl symbol of an arbitrary operator A is:

Awx,p) = [dye P (x+y/2lAlx —y/2).

We denote by Hyy (x, p) the Weyl symbol of Hamiltonian .

The Wigner-Weyl formalism was also modified somehow in order to be applied to quantum field
theory. The analogue of the Wigner distribution was introduced in QCD [18,19]. It has been used in
field-theoretic kinetic theory [20,21] and noncommutative field theories [22,23]. Certain applications
of the Wigner-Weyl formalism were proposed to several fields of theoretical physics including
cosmology [24-26]. Using this formalism, quantum field theory has been discussed in this aspect in
relation to quantum information theory (see [27-29] and references therein).

Wigner-Weyl formalism has been widely applied to the study of nondissipative transport
phenomena [30-35]. Using this formalism it has been shown that the response of nondissipative
currents to the external field strength is expressed through the topological invariants that are robust
to the smooth deformation of the system. This allows the calculation of nondissipative currents for
certain complicated systems within the more simple ones connected to the original systems by a
smooth deformation. Using this method, the absence of the equilibrium chiral magnetic effect [36]
was demonstrated within lattice regularized field theory [34]. The anomalous quantum Hall effect
was studied using Wigner—Weyl formalism for the Weyl semimetals and topological insulators [35].
In addition, Wigner-Weyl formalism allows one to derive the chiral separation effect [37] within lattice
models [30,32]. The same method was also applied to the investigation of the hypothetical color-flavor
locking phase in QCD [33], where the fermion zero modes on vortices were discussed. The scale
magnetic effect [38] has also been investigated using the same technique [31].

Historically the momentum space topological invariants were treated mainly in the context of
condensed matter physics theory [39-43]. They protect gapless fermions on the edges of topological
insulators [44,45] and the gapless fermions in the bulk of Weyl semi-metals [43,46]. The fermion zero
modes of various topological defects in 3He are also governed by momentum space topology [47].
In high energy physics, the topological invariants in momentum space were considered in [46,48-55].
The Wigner—Weyl formalism in [30,32,34,35] was developed in the context of lattice field theory.
The one-particle fermion Green’s function G(p, q) was considered in momentum space M (p, q € M).
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It has been shown that the introduction of an Abelian external gauge field A(x) resulting in the Peierls
substitution leads to the following equation:

Qp — A(i9,)))G(p.q) = 6(p — q).

Here Q(p) is the lattice Dirac operator. Notice that in lattice field theory, the imaginary time is
discretized on the same ground as space coordinates.
The Wigner transformation of Green’s function is defined as follows:

Gw(x, p) = /dqei""G(Pw/Z,P—q/Z) )
It was shown [30] that for slowly varying external fields it obeys the Groenewold equation:

Gw(x p) *Qw(x, p) =1 )

with the above defined Moyal product * extended to the D-dimensional vectors of coordinates x and
momentum p. Here Qyy is the Weyl symbol of operator Q(p — A(idy)).

In [56-58], the approach of [30,32,34,35] was further developed. In [56], the lattice model with
Wilson fermions was investigated in detail. The precise expression for the Weyl symbol of the Wilson
Dirac operator was derived in the presence of an arbitrarily varying external gauge field. In addition,
the complete iterative solution of the Groenewold equation, Equation (2), was given. As a result the
fermion propagator in the background of the arbitrary external electromagnetic field was calculated.
We refer to [56] for the technical details of the Wigner-Weyl formalism in lattice models, which will be
used in the present paper as well. In [57] it was shown that in the lattice models (i.e., in the tight-binding
models) of solid state physics with essential inhomogeneity (caused by the varying external magnetic
field), the Hall conductance integrated over the whole space is given by a topological invariant in
phase space. This quantity is expressed through the Wigner transformation of the one-fermion Green'’s
functions. The expression for the phase space topological invariant repeats the form of the momentum
space topological invariants of [30,44,45,59,60]. The difference is that Green’s functions entering this
expression depend on both momenta and coordinates, and the ordinary product is substituted by the
Moyal product, while the extra integration over the whole space is added (The topological invariants
of [44-46,59,60] repeat the structure of the degree of mapping of the three-dimensional manyfold to
a group of matrices). It has been shown that the value of the topological invariant in phase space
responsible for the Hall conductance is robust to the introduction of disorder. Certain indications were
found that it is also robust to weak Coulomb interactions.

The topological description of the Quantum Hall Effect (QHE) started from the discovery of
the Thouless - Kohmoto - Nightingale - den Nijs (TKNN) invariant [61] defined in two-dimensional
systems. Three dimensional topological invariants for the QHE were considered in [62]. This formalism
allows one to deal with the intrinsic Anomalous Quantum Hall Effect (AQHE) and with the QHE in
the presence of a constant magnetic field [63]. Unfortunately, the formalism that is based on the notion
of Berry curvature does not admit the direct generalization to the QHE in the presence of a varying
external magnetic field and elastic deformations when the system becomes essentially inhomogeneous.
It is widely believed that the total QHE conductance is robust to the introduction of disorder and
weak interactions. Expression for QHE conductivity through one-particle Green’s functions has
been invented in [59,60]. In the presence of interactions the full two-point Green’s function should
be substituted to the corresponding expression. It has been checked in [58], that the leading order
contributions due to the Coulomb interactions do not change expression for AQHE conductivity in
topological insulators. This expression has the form of an integral in momentum space over the certain
composition of the interacting two-point Green’s function. It is worth mentioning, however, that
there is still no proof in a general case to all orders in the perturbation theory that higher order full
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Green’s functions do not give contributions to the QHE. For a discussion of this issue see also [44,45].
The AQHE conductivity discussed in [58] may be applied, in particular, to Weyl semimetals [64—69].

It is difficult to overestimate the role of disorder in the Quantum Hall Effect [63,70-72]. One of its
effects is the elimination of the Hall current from the bulk, and its concentration along the boundary.
The formalism developed in [57] allows one to give an alternative to prove that the total conductance
remains robust to the introduction of disorder in the majority of systems although the total current
remains only along the boundary of the sample. However, for graphene there are certain complications
to be discussed in the Conclusions section. Namely, when the Hall current remains only along the
boundary, the QHE is absent at the half filling (neutrality point). According to the common lore,
the Hall conductance is assumed to be robust to the introduction of weak interactions, at least in the
presence of the sufficient amount of disorder. However, Coulomb interactions are able to give rise to
the fractional QHE [63,72,73] for clean systems at very small temperatures. This, however, is out of the
scope of the present paper.

Graphene [74-82] represents the two-dimensional Weyl semimetal. The low energy physics of
its electronic quasiparticles is described by the massless Dirac equation. Therefore, it allows one
to simulate in the contect of a laboratory certain features of high energy physics that cannot be
observed directly. Examples of such effects are the Schwinger pair production and gravitational
effects in the quantum-mechanical motion of particles. Gravity appears in graphene in the presence
of elastic deformations [79]. One more exceptional feature of graphene is that (unlike the later
discovered three-dimensional Weyl semimetals) it is described with a very good accuracy by the
simple tight-binding model defined on the honeycomb lattice. The investigation of various features
of this model (including the QHE) based on the Wigner-Weyl formalism constitutes the subject of
the present paper. It is worth noting here that many phenomena in graphene can be adequately
treated even with low energy continuum approximation, within appropriate (pseudo-relativistic)
field-theoretical methods [83,84].

In graphene, the elastic deformations lead both to the appearance of the emergent gauge field
and emergent gravitational field (see, for example, [53,79,85-89]). The emergent gauge field appears
as the variation of the Fermi point position in momentum space while the emergent gravitational
field comes as the slope’s variation of the dependence of energy on momentum (i.e., the anisotropic
Fermi velocity).

Although our main aim is to investigate the tight-binding model of monolayer graphene, the paper
is organized in such a way, that many of the obtained expressions may be applied to some other
lattice models of solid state physics (though, only the model of graphene from this class describes
quantitatively the really existing physical system). The paper is organized as follows. We start from
the description of the almost arbitrary non-homogeneous lattice model in Section 2. We represent
the formulation of such models in momentum space. Next, we reduce the considered class to the
tight-binding models with the jumps of electrons between only the adjacent lattice sites. This section
ends with the consideration of non-homogeneous tight-binding models with Z, sublattice symmetry.
The tight-binding model of graphene belongs to this class. However it is much wider, in particular the
tight-binding models defined on rectangular lattices in 2D and 3D remain in this class.

In Section 3, we introduce Wigner-Weyl formalism in nonhomogeneous lattice models with
Z, sublattice symmetry. We explore the definition of the Weyl symbol of the lattice Dirac operator
(entering the fermion action), which is defined through the integral in momentum space. We calculate
the Weyl symbol of the Dirac operator for the considered models both in the presence of inhomogeneous
hopping parameters and in the presence of the varying external electromagnetic field. Both the
electromagnetic field and the hopping parameters are assumed to vary slowly, i.e., we neglect their
variations on the distance of the lattice spacing. Next, we turn directly to the physics of graphene.
We recall the relation between elastic deformations and the non-homogeneous hopping parameters.
After that, we express the Weyl symbol of the lattice Dirac operator in graphene in the presence of
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elastic deformations and the electromagnetic field through the electromagnetic potential and tensor of
elastic deformations.

In Section 4, we consider the relation between the Weyl symbol of the lattice Dirac operator in the
considered systems and the Wigner transformation of Green’s functions. Additionally, we express the
electric current through the quantities of the Wigner-Weyl formalism.

In Section 5, we again consider the lattice models of the general type. The corresponding
calculations are of course applied to the case of graphene directly. Namely, we extend the results of [56]
for the calculation of the Wigner transformation of the fermion Green’s function (obtained for lattice
Wilson fermions on rectangular lattice) to the case of the non-homogeneous tight-binding models of
the arbitrary form. It is also explained how to reconstruct the Green’s function both in momentum and
coordinate representations from its known Weyl symbol.

In Section 6 we extend the consideration of [57] to the case when elastic deformations are present.
Namely, we prove that for the noninteracting 2D condensed matter model with slowly varying
electromagnetic fields and elastic deformations, the Hall conductivity integrated over the whole area
of the sample is given by the topological invariant in phase space composed of the Wigner transformed
one-particle Green’s function. It is the same topological invariant proposed in [57]. It remains robust
to the smooth modification of the model (if the modification remains local and bounded to the smooth
modification of the Hamiltonian in the limited region of the sample that remains far from its boundary).

In Section 7, we apply the results of the previous sections to the discussion of Hall conductivity
in graphene in the presence of both elastic deformations and inhomogeneous magnetic field.
First, we recall the standard derivation of Hall conductance in the noninteracting 2D models with
constant magnetic field and constant hopping parameters. Next, this standard derivation is extended
to the case of the weakly varying elastic deformations that cause varying hopping parameters that
remain isotropic (i.e., their values are equal for all directions in the given point though they vary
from point to point). We obtain the formula for the Hall conductance that allows one to express
it through the total number of electrons in the occupied energy levels and external magnetic field.
Next, we apply the topological invariant in phase space defined in Section 3 to the consideration of the
QHE in graphene. The very existence of such a representation for the QHE conductance allows one to
prove that it remains robust to the weak elastic deformations of arbitrary form and weak modification
of magnetic field unless the topological phase transition is encountered. Both are assumed to be
localized in the region that remains far from the boundaries of the sample. Finally, in this section we
notice that the elastic deformations in graphene that do not cause the emergent magnetic field give rise
to the isotropic hopping parameters. The corresponding displacement appears to be the analytical
function of the atom coordinates of the unperturbed honeycomb lattice. For the constant external
magnetic field, this allows one to derive the simple relation between the number of electrons in the
occupied branches of spectrum and the value of magnetic field.

In Section 8, we end with the conclusions, discuss the obtained results, and directions for
future research.

Throughout the paper the following notational conventions are used. Latin letters in subscript
a,b, c numerate the spatial components of vectors. The Latin letters in superscript 7, j enumerate the
elementary translations. All momenta vectors are bold italic I, k, p, g from the middle of the alphabet,
coordinate vectors are from its end, x, y, u, v. Operators are denoted by the Latin letters with hat Q, G
and their matrix elements of operators by functions of two variables Q(p, q). The Weyl symbols of
operators are denoted by the sub-index W: (Q)w = Qw.

2. Hamiltonian for the Nonlocal Tight-Binding Model

2.1. General Case

We start our discussion with a general case of the non-local tight-binding model in the presence
of the external electromagnetic field A. The discussion of the present section is applicable, in principle,
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not only to the tight-binding model of graphene, but also to other 2 4+ 1D and 3 + 1D tight-binding
models of solid state physics.
The Hamiltonian under consideration has the form:

H = Z 1f dvA(v)y ¥(x)
XY
= L /dpdqdldk Y(p) Zglf dvA(v) iy (q—p)+ix(—1+k) ®)
[M]2

and here the sum is over the lattice sites x,y, while f(x,y) is the matrix of hopping parameters.
The lattice is assumed to be infinite, which means that we neglect the finite volume effects as well as
the finite temperature corrections. Thus, the integrals in the second line are over momentum space M,
which is the first Brillouin zone specific for the given lattice model.

In the following, we may absorb the electromagnetic field to the definition of f. Therefore, we omit
it temporarily and will restore it in appropriate expressions.

Now let us consider a less general situation of the tight-binding model with the jumps of electrons
between the adjacent sites only—the nearest neighbor approximation. We discuss the case of the
inhomogeneous hopping parameters, which will allow us to discuss elastic deformations. Now,

M

flyx) =)0y — (x+ b)) fV(y) @

j=1

where b are the vectors connecting each atom to its nearest M neighbors, j = 1,..., M, and 1) (y) is
the non-uniform varying hopping parameter.

Then,
1 U gt Yy )
flg,1) = ﬁz e TS (y — (x+ b)) fV(y)
=%y
1 M , Gy
_ 2 Zefl(qfl)erlqb] f(])(y) (5)
M &2
M
~ 3 (g - pen”
j=1
and
1L ¥(p) [F0) b0
H= ™ g/Mdpdq‘P(P) [f (p—q)e" }‘I’(q)- (®)
j=

2.2. The Zy Sublattice Symmetry

Our next simplification is the consideration of a particular case, when crystal lattice exhibits Z,
sublattice symmetry, i.e., there are two sublattices O , that constitute the crystal, and there is the one
to one correspondence between them generated by shift x — x 4+ b() forany j = 1,.., Mand x € O,
orx — x—bl) forx € O,.

The points of those two sublattices are to be considered independently, which gives the sublattice
index « = 1,2 to ¥. We identify ¥(t,x), where x € Oy, with ¥;(t,x), and ¥(t,x) for x € O, is
identified with ¥, (¢, x). We set ¥1(t,x) = 0 for x € O, and ¥, (¢, x) = 0 for x € O;. Then,

Yulp) = |M|l/22%‘ e Y, a=1,2.
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The inverse transform is similar:
1 .
0= s [ e =12

Note, that Brillouin zone M is the same for both sublattices since both of them are built over the
same basis vectors, and thus have the same periodicity. M is formed as space of vectors p defined by
modulo transformations:

p—p+gh

where g(%) are vectors of inverse lattice that solve the system of equations:
eig(k)m(flfz) -1, ].1,].2 —1,..M (7)

while m(172) = p(1) — p(22) form each of the two sublattices O12. Then the hoping parameters
fU) become 2 x 2 matrices. Besides, we assume that the spatial hoping parameters are coordinate
dependent,

i.e., the values of t/) may vary independently but not with time. The diagonal ones are vanishing,
() _ () _
1 =fn =0
The Hamiltonian then receives the form:

M . .
o= ) (t(])(y)‘?z(t,!/)‘lfl(t,x)+t(])(y)‘?1(t,x)‘1’2(t,y)>. )
j:l erl
y:x+b(j)

In what follows we will omit the temporal argument of the wave function whenever no confusion
is provoked.

3. Weyl Symbol for the Lattice Dirac Operator

3.1. Lattice Dirac Operator

Let us rewrite Equation (9) in the following way:

H=Y (Y1(x), Yoly)) H(x,y) (¥1(x), ¥2(y))"

x€0q
ye0, (10)
= Y (B20)Ha (5, 0)%1(5) + 1 (1) Hiox,9) Ta())
veo,
where
M

_ ~ ())) 40i) (Y1t 92 y1 €O

Hoi(y2, y1) ];5(1/2 (1 +0 ))t ( 2 ) y2 € O (11)

Hiz(y1,y2) = Ha1(y2, y1)-

Note that we define the hoping parameter by its values in the middle of the lattice links,
t0) (%) for better readability of consequent formulas.
We will refer to the 2 by 2 matrix operator H as to the lattice Dirac Hamiltonian, although its

geometrical symmetries will only be defined after specifying b'/). Along with Hamiltonian, we also
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introduce the Dirac operator, which enters the action and consequently will be useful for an analysis of
the system’s partition function:

Q:in:< 1w _.Hu). (12)

—H21 1w

Let us consider the off-diagonal term 21 in the Hamiltonian. It can be written in terms of the
Fourier transformation as:

1 _
Har = g /Mdpdq‘fxp)Hm(p,q)‘Pl(q) (13)

modifying Equation (5) for two sublattices, we have:

Hi(q,p) = 1‘ % Y eTinTipEs (y2 —(n + b(j))) ) (lezryz)
= Zig; . (14)
_ 1 % y e~ i(q—p)y1-+igb!) 4(j) (yl + b(f)/z)
M J=lyeOy

We can identify now the points y; + b1 /2, y1 € O7 with those situated in the middle of the
lattice links along the j-th direction. We call these sets of points by Oi]/)z' Now we can write,
M _ i)
Ha(p,q) = )tV (p — q)ePHP7 /2 (15)
j=1

where
tW(p) = —— t0) (x)e 1P, (16)

Note, that the above expression is simply a Fourier transformation of a function shifted by b(/) /2
since tU) are only defined in the middle of the links. In this particular case, when ¢() (x) = t0) ie. if it
does not depend on x, we obtain:

3.2. The Definition of the Weyl Symbol in Momentum Space

We propose the following definition of the Weyl symbol of operator A:

(Aw(x, p) = /quA(PM/Z,P—q/Z)ei""- (17)
Here, the integral is over momentum space M, in which the two vectors are equivalent if they

differ by gU/). In particular this means that p & ¢/2 do not span the whole Brillouin zone M.
For off-diagonal components of H from the above it gives:

Hap(x,p) = [ dge® ) 10 ()" = Y om? [ agil) (). (18)
IM j=1 =1 M

If the hopping parameters are homogeneous, then:

Hyw(x, p) = v/ 10,
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On the other hand, when the hopping parameters vary, we use Equation (16):

How (x, p) = erlpb Z U )/qu el1(x=y)

j=1

yeOl/2
N (19)
=Y ety - ),
=1 ye(’)l/)2
where .
F(x) = W /qu e, (20)

Notice that for x,y € Oij/)z, we have y — x € O and thus, the function F(y — x) vanishes for

allx € (’)?)2 except for x = y. However, it remains nonzero and oscillates for all other values of x,
including continuous ones, and gives unity if summed over Oij/)z for any x,
Y, Flx—y)=1 1)

]

yeOl/2

Each term of the j-sum in Equation (19) receives a particular form if x € O;j/)z (with the same
value of j):

HY) (x,p) = 0" 400 () (22)

eO]( /)2
However, Equation (19) also defines Hy for continuous values of x.
The presence of an external electromagnetic field with a vector potential A may be introduced to

the model via the modification of a hopping parameter in the term Hy;:

- pxrbl)
t0) (x) — tU) (x)e*‘ij:(j) //;A(y)dy‘

In Hj; there should be a complex conjugate substitution:
x—bl /2
£0) (x) — £0) ()0 et 2 AW

From Equation (19) we see that it is simply the Pieirls substitution in the language of Weyl symbols.
Combining this substitution with Equation (12) we get:

ﬁ ()

=)0

=

where 0 B iw/M _40) (x) (b —A0) (x)) 93
Qu (x, p )‘ xeol),  \ —0)(x) e7i(pb-AV () iw/M , )

and M is the number of the nearest neighbours. Here:

() x+b0) /2
AV (x) = /x o AWy,

For both t(/) and A that almost do not vary at the distances of order of lattice spacing we may use
Equation (23) for arbitrary values of x, and get:
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i —10) () ei(pb =AU (x))
iw/N tUV(x)e ) (24)

M
Qw(x,p) = ]; ( —t0) (x) e=ilpbV =A0) (x)) iw/N

This approximation corresponds to the situation, when the typical wavelength of electromagnetic
field is much larger than the lattice spacing.

3.3. Elastic Deformation and Modification of Hoping Parameters

Now we are in the position to consider elastic deformations and Wigner—Weyl formalism in
graphene. In this section we discuss the graphene monolayer in the presence of elastic deformations.
The sheet of graphene is parametrized by coordinates xx, k = 1,2. The displacements of each point
have three components u,(x), where a = 1,2,3. The resulting coordinates of the graphene sheet
embedded into three-dimensional space y, are given by:

ve(x) = xp+up(x), k=12
y3(x) = us(x). (25)

In the absence of the displacements, when u, = 0, the graphene is flat. The metric of elasticity
theory is given by:

1 .
Sik = Oik + 2uj, Uj = 5 (aiuk + dru; + aiuaaku,Z), a=1,2,3, ik=1,2. (26)

When the distance between the given atom and its neighbor is changed, and the change of the
distance is in d7, then the corresponding hopping parameter is modified as t — t(1 — Bér), where B is
the so-called Gruneisen parameter. As a result the elastic deformations change the spatial hopping
parameters, which enter Equation (11), as follows:

t(j)(x) —¢ (1 . ,Buik(x)bz‘(j)bl(cj)) ) (27)
Here,
(Y, = {(-1,0); (1/2,v/3/2);(1/2,—V/3/2)}. (28)

We imply that B|u;;| < 1.
The standard expression for the emergent electromagnetic potential has the form:

B
Ay = —=
1 2 Uip

Ay = % (U —u11). (29)

For the arbitrarily varying field u we obtain the following expression for Qw:

0 ei(pb(f>—A(/') (x)) )

3 N
Qw(w, p; T,%) = iw — t}; (1 - 5”i"(x)bi(])bl(<])> ( (pb)— A0 (x)) 0 0

i
4. Green’s Function and the Groenewold Equation

4.1. Appearance of the Moyal Product

Our definition of the Weyl symbol of operator A in Equation (17) can also be written as:

Aw(x,p) = /MdPe"“’ <p+72)’fl‘p—72)>. (31)
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The integral over P is over the Brillouin zone M, i.e., in M we identify the points that differ by a
vector of reciprocal lattice g(/).

Now let us consider the Weyl symbol (AB)y (x, p) of the product of two operators A and B such
that their matrix elements (p + 1| A|p — 1) and (p + %| B|p — 1) are nonzero only when g remains
in the small vicinity of zero. Then:

(AB)w(x,p) = '/MdP /Md’R,ei"P <p—|— g‘ AIR) (R|B ‘p_ g>

=0 [ PET (o Bl 5) (5[5l )
2b ,

=55 ) A0k TR (p 4§ 1 K[ Alp - k) (p- g+ §

= /qudk [eixq (p+1|A lp— gﬂ e%&z*%ép [eixk <P+§

= {/queixq <P+ g| A |P — g>] e (—0pdx+dx0p) |:/Mdkeixk <P+ %‘ B ‘p_ ]2<>]

Here the bra- and ket- vectors in momentum space are defined modulo vectors of reciprocal
lattice g/, as it is inflicted by the periodicity of the lattice. In the second line we change variables:

B

A

p—1-%) )

NI~

P=gq+k K=q-k

_P+K — P-K
2 2
with the Jacobian:
_| 1 1|_.p
I=1 1 1|72

This results in the factor 2P in the third line. Here D is the dimension of space. In the present
paper it may be either 2 or 3.
Hence, the Moyal product may be defined similarly to the case of continuous space:

(AB)w(x,p) = Aw(x, p)ez O =33) By (x, p) (33)

Notice, that for the chosen form of the Wigner transformation on a lattice above the equality is
approximate and works only if the operators A, B are close to diagonal.

4.2. Lattice Groenewold Equation

Let us define the Fourier components of field ¥ (7, x) that depends on both space coordinates x
and imaginary time T as:

1 ‘
Y, (T, x :7/ dpdw ¥, (w, p)eP¥, a=1,2.
«(T,7) V2r| M2 Jreop P «(w p)
The partition function of the considered models has the form:
zZ= / D¥DY SYY Sy, 9] = / AP 4T (0, p)OF (w0, p). (34)
’ RoM 27T|M| 7 7

As usual, we relate operators QO and G = Q! defined in Hilbert space H of functions (on R ® M)
with their matrix elements Q(p, q) and G(p,q), where the D + 1 dimensional vectors consist of the
spatial parts p, g and frequencies pp1,4p+1:
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Q(p,q) = (p|Qla), G(p.q) = (pIQ"q).

It is implied that the basis of # is normalized as (p|g) = d(ppi1 — 9p+1)0P)(p — q).
The mentioned operators satisfy:
QG =1 (35)

or, equivalently,
(p|QGlg) = 6PV (p —q).

Equation (34) may be rewritten as follows;

S T/‘P - —_— 71}[ , ‘Y 36
%] /11{@/\/1 27| M| /1R®M 27| M| (P1)Q(p1,p2)¥ (p2) (36)

while the Green’s function is:
1 B _
Gas ko 1) = / D¥DY W, (kp, k;) eS1%) (37)

where we introduced the Grassmann-valued Wigner function:

_ Ylp)  Yalg)
Wab(prQ)—\/zn|M|\/zn‘M" (38)

Formally we may also define operator W, = Wy [¥, ¥], whose matrix elements are equal to the
Wigner function, W, (p,q) = (p|W,u[¥, ¥]|q). Indices a, b enumerate the components of the fermionic
fields and we will omit them for brevity.

We may consider the D + 1 dimensional version of the Wigner transformation of G in a similar
way to that of Equation (17):

Gw(x,p) = Gw(T, %, pp+1,p) = /Rd%m /qu TG (p +q/2,p — q/2). (39)
Its inverse then is:

1 —i
G(p+a/2,p—q/2) = W/]RdT Y e WGy (1, x50, p). (40)

x€0q

In the same way the D + 1 dimensional Weyl symbol of Q may be defined. For Q = —9, — H we
obtain:

Qw(x,p) = iw — Hw(x, p)

where Hyy is the D-dimensional Weyl symbol of the Hamiltonian that was defined above.

For the slowly varying external electromagnetic field and/or in the presence of weak elastic
deformations the function Qw (x, p) varies slowly as a function of x on the distances of order of lattice
spacing. As a result, matrix elements (p+ 4| Q |p — 4) and (p+ 4| G |p — 1) are both nonzero in the
small vicinity of g = 0. This imposes the bounds on the value of external magnetic field B: It should be
much smaller than 1/4? (where a is the typical lattice spacing). In practice this means B < 1000 Tesla.
Then we are able to use Equations (33) and (35) becomes a lattice version of the Groenewold equation:

Gw(x,p) * Qw(x,p) =1 (41)

that is, o
1= Gy (x, p)e2 O =9%) Qi (x, p). (42)
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The Weyl symbol Qyy of operator Q has been calculated above and is given by Equation (30).
For external fields that vary slowly on the distances of the order of lattice spacing, we are able to
represent it as a function of t)(x) and combination p — A(x):

Qw(x,p) = Qw(t) (x), p — A(x)).
4.3. Expression for the Electric Current

Let us consider the variation of the partition functionin Equation (34), corresponding to the
variation of the external field A.
We note first that the action can be written as an operator trace,

S[Y,¥] = Tr (W[¥,¥]Q), (43)

where W[¥, ¥] is the Wigner operator corresponding to Equation (38). Vacuum expectation value,
defined in the usual way,

3 — L [ pepwy OeSIE Y
() = - / D¥DY 0S¥ Y, (44)

gives then for the variation of the action:

sy = [ ®M2;|lfw|tr [Gup,x) 3, Qu (1) (x), p = A(x))| 34 (x) (45)

where we used Equation (37) for the expectation value of W and expressed trace of (almost diagonal)
operators through a trace of their Weyl symbols:

. ©ood
TrAB = Tr(Aw * Byy) = 2/ WPDH tr(Aw * By).
Now we obtain:
dlogZ = —/ dx/ _dp_ tr [Gw(p,x) % 3, Qu (£9) (x), p — A(x))} SAL(x). (46)
RO+ JRoM 27| M| P

We used that for the slow varying fields:

dx
~ — (47)
L= om
where |V| is the volume of the lattice cell. Additionally, we used the following relation between |V|
and | M|:

VIIM| = (2m)P.

The total current, i.e., the current density integrated over the whole volume of the system,
appears as the response to the variation of A(x) integrated over the whole space-time:

D bt [Gu(p, 1) Qu (p, )] (48)

ky —  _ _r
U = T ledx /R®M (271)D+1

Here T is temperature that is assumed to be small. We rewrite the last equation in the
following way:

JF) = = Tr [G(p, )05, Qui (p — AX)]. (49)

(271)
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This expression for the total current is a topological invariant, i.e., it is not changed when the
system is modified continuously and provided that there are periodic boundary conditions in space.
Here Tr of a Weyl symbol of an operator stands for integration over whole phase space and summation
over spinor indices, if any:

TrAw(x, p) = /]RDde /]R@Mdp tr Aw (x, p). (50)

5. Calculation of the Green’s Function in the Inhomogeneous Lattice Models

5.1. Calculation of the Wigner Transformation of the Green’s Function

In this section, we propose method of calculation of electronic Green’s function in lattice models.
This method is based on solving the Groenewold equation of Equation (42):

Qw * Gy =1 (51)

for the Wigner transformation Gyy as defined in Equation (39). In the following we use Equation (30)
as the definition of the Weyl transform of Q. Let us also introduce the following notation:

Foi(5.0-57.).

The solution may be written as follows:

1, v . (M Ak Nk
Gn=Qw+ Y ¥ HTW[--{QW 1Qw]| Q! B Q] Q- B Q]| Q5!
n=lop=1 0 EN
ij]‘zn
ki #0
= 3 [-on 00w 01 - eT)au]- 01— eF)ow] 03 -

M brackets

I
agk

{ {Qv’vl(l _ *)QW} Qui(1— *)QW} Qi (1 — *)QW} ot

M

0

M brackets

In the first row, the sum may be extended to the values M = n = 0, then the first term will be
equal to Qa,l. Let us introduce the product operator e, which works as follows being combined with
the star product introduced above:

AeB%C=(AB)xC, AxBeC=(A%B)eC.

In the first equation, * acts both on AB and on C while in the second equation it acts only on A
and B. These rules allow us to write the above equation in a compact way:

Gw(x,p) =Y. Qu'(1—+)Qw e Q' (1 —%)Qw e Q' ...(1 — %)Qwe Q)

agk

=
I

0
M e —products (53)

Qi (1—%)Qws )" Oy
( )

Mz

=
I

0
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We may write symbolically:

Gw(x,p) =(1- Q' (1= %)Qw e ) Q;vlz(Q;;*Qw-)”Q;; : (54)

In order to show that Equation (52) is indeed the solution of the Groenewold equation, let us
substitute Equation (55) to the star product Gy * Qw and obtain:

Gw * Qw = i <Q17\/1(1_*)QW°)MQ;\/1*QW
M=0
(@it -=1awe) Qi - Qw + L. (- mowe )"

0 . . (55)
(Qwa-mawe) + ¥ (e —nQus)"

0 M=0

- (@it -awe)" =1

e T2

5.2. Reconstruction of Fermion Propagator from Its Wigner Transformation

Using the definitions of the Wigner transform in Equation (39) and its inverse in Equation (40),
we find the Green’s function in discrete coordinate space:

G(x1,x2) = 27r|/\/l|/ dprdpz G(p1, pp)ePrH1 1222

2 e ilpr=p2)xtipa—ipn g, (x p1+p2) (56)
72
xeOq
- ip(x1—x2)
27T|M|/ / dp ) D(x— (1 +x2)/2|p)Gw(x, p)e .

x€0y

It is assumed that p; = (w;, p;) and x = (7, x). Here,

1 .
D(ylp) = ™I /Mdmdr’z /}Rqu e o(p — (p1+p2)/2)0(q — (p1— p2)) )

1 .
~ M| ./Md”ldpz e PP (p — (p1+ p2) /2).

Notice, that function D(y|p) is not equal to the lattice delta function.
In this particular case, when both hopping parameters and the external electromagnetic field vary
slowly, we may substitute the sum over x by an integral, and D(y|p) by é(y). This gives:

G(x1, %) =~ dp Gy ((x1 +x2)/2,p)ei”(x1_x2). (58)

271]/\/1\ /
6. Total Hall Conductance as the Topological Invariant in Phase Space

6.1. Derivation in the Framework of Wigner—Weyl Formalism

We discuss here the case when D = 2 and slightly modify the derivation presented in [57]. Let us
start from Equation (49) for the electric current. We represent the electromagnetic potential as a sum of
the two contributions:

A=AM 4 AE)
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where A(F) is responsible for the electric field while AM) is responsible for the magnetic field.
The former is assumed to be weak, and we will keep in Equation (49) the term linear in A(F).

The Groenewold equation for Gy may be solved iteratively. We will keep in this solution the
terms linear in A(F) and in its first derivative. The zeroth order term (that does not contain AE) at all)
is denoted G](/g). Then,

Gw ~ Gly +Giy) % (9, QwAn) + Gy (59)

Next, we further expand the second term in derivatives of A and write symbolically:

Gw ~ G + G + G (60)
where,
Gx(/\lz) = (G ‘(N amew G(O)) (E)
Gl = %(d %3, Qw % 9, GI)ay, ALY — i(a,,,c;( %3, QW « cW)a,, AP
_ %(G“’ 59, QW) % G\ %9, Q) « G\ F(E) (61)
where we used that 9, GI(/\(;) = _GI(/S) * dp, Ql(,g,) * GI(,S). The Qw does not depend on the derivatives of

A, therefore, it is given by:
Qu = Qi + 95, Q) A3’ (62)

Upon the substitution of Equations (60) and (62) in Equation (49) the terms proportional to AE)
(i.e., with no derivatives) cancel each other. The remaining term proportional to the field strength
FB) is:

2 0 i 0 0 (0)\ p(E 0
Tr (GlyaQl ) = 3Tr (G + 3, QW * Gy %9, Q) * GYIE( 3l )
i

_ ETr((GI(/S) %9, QL) *G( W 05,01 « G < 9 QW)F ).

(63)

Here we assume that the periodic boundary conditions in space are imposed in the absence
of the electric field. Then the star may be inserted to the product inside the integral: GI(,\Z,) Ok Q](/S) —
GI%) * O Q](/S). We come to the following representation of the average Hall current (i.e., the Hall current
integrated over the whole area of the sample divided by this area .A) in the presence of electric field
along the x; axis:

N
(h) = *Ez
Here,
Te;ix dQw(x,p) oGw(x,p) 0Qw(x,p)
N =% | Gp(x, p) « =W P, SR : 64
A31452 wlxp) Ipi Ip; Ipk AE)—g o

with Tr defined in Equation (50). This expression for A is a topological invariant in phase space, i.e., it is
not changed if the system is modified smoothly within a finite region distant from the boundary of the
sample or from infinity if the sample is infinite. This may be checked via the direct consideration of a
variation of Equation (64) with respect to the variation of Q.

Note that Equation (64) is distinct and has a wider application than the classical TKNN
invariant [61] since it is also applicable to non homogeneous systems.
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6.2. From Topological Invariant in Phase Space Expressed Through Gy, Qw to the Standard Expression for
Hall Conductance

In the previous section we showed that Hall conductance (i.e., the conductivity integrated over
the whole area of the sample) is given by 0y, = N /27 where NV is the topological invariant in phase
space. Our derivation is applicable to the general case of the inhomogeneous one-particle Hamiltonian
including the case when elastic deformations are present. Our next purpose is to bring Equation (64)
to the conventional expression for the Hall conductance in the case, when the non-interacting charged
fermions have Hamiltonian H.

First of all, one may show that Equation (64) is equivalent to the following representation for N
in terms of the Green’s ’s function written in momentum representation:

T(2
N = Aé,Z 2€l]k/Hd3 { <>,p(2))([a

< (B0 +3,016( P ) (B0 + ap£1>]Q(p<4),p(”))] o ®

j

ot ap§3>]Q(P(2),P(3)))

This may be proved noticing that the functional trace of a product of two operators is expressed
through their Weyl symbols as follows:

TrAB = Tr(Aw * Byy) = /d3x/

d3
n’; tr(Aw * Byy).

(2
Again, we need the matrix elements (p+ 3| A |[p — 1) and (p + {| B|p — 1) to be nonzero only
when g remains in the small vicinity of zero. Applying this formula several times to Equation (64) we
come to Equation (65).
Secondly, for non-interacting fermions described by H with energy eigenstates |n): H|n) = E,|n),
function Q(p1), p?)) in momentum space has the following form:

Q(pW, p@) = (pW|O|p@) = ((5(2)(p(1) — p@)iw® — <p(1)|7-l|p(2))) 5wV — w®?) (66)

where p = (p1, p2, p3) = (p,w). At the same time:

W ,@y_y_ 1 L@
G(p',p?) ;iw(l)_&lw ) (n]p@)é(w) — )
This way we obtain:
nzA 2/ d“’Hd ey
1
o2 2 (3)
[ g Pl (18,6 49,0 (0 1))

Gz PO KR (B0 +3,0) )]

One may represent:
0,0+, wl(pW | HIpW) = i(pW [ Hz; — 2H|p!V) = i(pW|[H, 2] 1p1).
j j
By operator £ we understand id,, acting on the wavefunction written in momentum representation:

¥ (p) = (pI%;|¥) = i0p, (p[¥) =19y, ¥ (p).
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Then, for example,

26® (q — p) = (p|2jlq) =10y, (plg) =i9,,6® (p — q) = —id,, (qlp).

Therefore, we can write
%lp) = 19y, p).

Notice, that the sign minus here is counter-intuitive because the operator £ is typically associated
with +id,. We should remember, however, that with this latter representation the derivative acts on p
in the bra-vector (p| rather than on p in |p). Above we have shown that the sign is changed when the
derivative is transmitted to p of |p).

Thus we have:

_i(np (nl [, %3]k (k| [, ]| )
N"s#A%AM% (w — 2w — &)

i 3 —&, X A
= _287(5272 nZJ(GijW(nHH,xJk)(k[?—[,xjﬂn). (67)

The last expression is just the conventional expression for the Hall conductance (multiplied by
27) for the given system. Notice, that it is valid for the slowly varying electromagnetic potential only
(the potential almost does not vary at the distance of order of lattice spacing). Then operator £ = i%
has the meaning of the coordinate operator.

7. Integer Quantum Hall Effect in the Presence of Varying Magnetic Field and
Elastic Deformations

7.1. Constant Magnetic Field and Constant Hopping Parameters

In this subsection we repeat the standard derivation of the Hall conductance in the noninteracting
2D models with a constant magnetic field perpendicular to the surface, and constant hopping
parameters. It is assumed here that the magnetic field B is sufficiently weak, so that |B|a®> < 1,
where 4 is the lattice spacing. Then the Hall conductivity may be represented as '/ (277), where N is
given above in Equation (67).

In order to calculate the value of N we decompose the coordinates x1, x; in relative coordinates &;
(with bounded values) and center coordinates X; (the unbounded part):

H=86+X, fHh=L+% (68)
where,
2 ﬁz — BX1 A ﬁz
Y i § X, =2 69
&1 TR 1= 13 (69)
&= _n X, = 1B (70)
B’ B

Then the commutation relations follow:

[61,G2] = E (X1, %] = —é/ 6, X1 =0 Vij. (71)

Since the Hamiltonian is a function of ¢; only (in Landau gauge)

H =H(G1,82), (72)

its commutator with X]- vanishes:
[H, X1] = [H, X2] = 0. (73)
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We use these relations to obtain:

N= 7215327?4 Z[ (& 1gn) <n|[Hfgi]|k><k|[7‘[/§j]|”>}A:0€ij9(*5,1)9(5;()
2irT
=T Le (&0 K& Im]  e(-Ee(E)
Ar (74)
=74 L [0l &aim],_e(-&)
2irT

Momentum p; is a good quantum number, and it enumerates the eigenstates of the Hamiltonian:

H|n) = H(p1, p2 — BR1)|p2, m) = Em(p2)|p2,m), m € Z.

We assume that the size of the system is L x L. This gives,

dpoL 1
R Mk e} 75)

Average value (x) = p,/B plays the role of the center of orbit, and this center should belong to
the interval (—L/2,L/2). This gives,

N = Nsign(—B). (76)

Here A = L? is the area of the system while N is the number of occupied branches of the spectrum.
In conventional systems they are counted from the neutrality point, and this way we come to the
standard expression for the Hall conductance of the fermionic system in the presence of constant
magnetic and electric fields. On the other hand, in the exact treatment of the honeycomb lattices
(e.g., for graphene) the levels are to be counted from the edge of the band. This introduces into
consideration levels with large negative Chern numbers [90]. As a result, close to half filling the
conductivity is given by the ‘Dirac-Landau level index’ [91] counted from zero energy.

However, our approximation in Equation (47) is probably valid only up to |Eg| ~ t, i.e., in the
region between the innermost van Hove singularities [91]. Thus we cannot correctly take into account
the above mentioned deep lying levels. On the other hand, for the constant magnetic field in the
absence of elastic deformations their contribution is known as it cancels precisely that of N/ (27)
at the half filling. We denote this term by U,Eg) = N©/(27), and the final expression for the Hall
conductivity becomes:

N
Oxy = 7 - U;Eg), (77)

which we can also rewrite as: ,

Oxy = %sign(—B) (78)
where N’ is counted from the half filling (the LLL being occupied contributes with the factor 1/2).

7.2. Constant Magnetic Field and Weakly Varying Hopping Parameters

Let us consider the case when:

t0) (x) = tef,
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(with some constant spatial vector f) for specific Hamiltonian, which we define by its Weyl symbol:

M _ () (x) el(p =AU (x))
u/N tV)(x) e
Hyy(x, p) = . 79
W“p>J§<tm()mw 0) (x)) —u/N )

and here y is the chemical potential. As above, we decompose the coordinates x1, x, into relative
coordinates §; and the center coordinates X; using Equation (68). We still have the commutation
relations in Equation (71). However, since t) (x) now depend on coordinates, the Hamiltonian does
not commute anymore with Xj, X5. Instead we have:

P
Hw * Xw,j — Xw,jx Hw = ﬁeﬂfi (Hw — n). (80)
Here,
ri P1—Bxy
X, = 5 X, = 5 (81)

and Xyy ; is their Weyl symbols. This gives,
HE;— XH = == f; (H — p). (82)

Then for n # k we obtain:
(n|HX; — XjH|k) =0

and we come again to Equation (74)

2 2
N=-5 L (nln)o(=&x) = - (83)

where now p is the average density of occupied states.
If we require, in addition, that t/) does not depend on y and depends on x only, then momentum
py is still a good quantum number, and Equation (75) is applicable. As above, we will obtain:

N = Nsign(—B). (84)

Recall that A = L? is the area of the system while N is the number of the occupied branches of
spectrum. One can see, that in the presence of constant magnetic field and the hopping parameters
that depend on x1 and do not depend on x; (i.e., tV )(x) = t Joxif 1) the Hall conductivity is given by
the same standard value as for the constant hopping parameters. Here we also assume that weak
elastic deformations are not able to modify the contribution U,ES) of the deep Landau Levels, so that
Equation (77) remains valid, and we come finally to the conductivity (averaged over the area of the
sample) as:

N/

Oy = 5 sign(—B), (85)
where the number of occupied branches of spectrum N’ is counted from the half-filling.

7.3. Weak Variations of Magnetic Field and Hopping Parameters

Without elastic deformations the constant external magnetic field results in the appearance of
Landau Levels. Each Landau level is highly degenerate. Weak elastic deformations result in the
appearance of the emergent gauge field and anisotropic Fermi velocity. Both emergent gauge field
and anisotropic Fermi velocity vary in space. The latter may be interpreted, in addition, as the
emergent gravitational field (see [80,81]). Both emergent fields result in a certain modification of
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the band structure. It is discussed, for example, in [82], where particular cases were considered.
In these particular cases the elastic deformations modify the Fermi velocity and degeneracy of Landau
Levels. In a general case it is expected that the degeneracy of the Landau Levels may be lifted by
both spatial variations of magnetic field and elastic deformations, so that the energy levels become
thick. The overall number of the one-electron states in each Landau Level may be affected as well.
When the elastic deformations and variations of magnetic field become more strong, we expect that the
band structure may be modified more crucially. In particular, certain Landau Levels may merge and
form the common strip of the states. The gaps between different strips may disappear and, possibly,
appear again in the different ranges of energies if the variations of fields become stronger.

In Section 7.1 we considered a constant magnetic field and hopping parameters. It was noticed
there that although the deep LL of the honeycomb lattices (those near the edge of the band) could not
be taken correctly in our approximation, their contribution was known and could be used, given by
the value of Equation (64) at half filling. Since those levels are deep, they cannot be affected by weak
elastic deformations and weak variations of magnetic field, which modify only the contributions of the
energy levels sufficiently close to half filling.

Let us suppose, that the magnetic field is slowly varying in the limited region of the sample,
such that it approaches constant value B close to the boundary of the sample. Then we come to the
following result valid in the presence of varying elastic deformations as well. The total average Hall
conductivity (i.e., the Hall conductivity integrated over the area A of the sample and divided by this
area) has the form of:

1
= — —N©
= on (N N ) (86)
where N is the topological invariant in phase space:
R IQw(p,x) 9Gw(p,x) 9Qw(p, x)
N = 3142 Sk /RDde /R®Mdp tr [GW(P,x) * o, * 3, * o . (87)

In graphene, NV'(0) is the value of Equation (87) at half filling and unlike it is to be calculated
with a constant magnetic field and without elastic deformations.

The value of A" may be affected by variations of magnetic field and by elastic deformations.
The resulting Hall conductivity becomes vanishing at half filling when those variations of magnetic
field are sufficiently weak as well as the elastic deformations. At the same time, we do not have any
reasons to suppose that the sufficiently strong elastic deformations/variations of magnetic field cannot
lead to the deviation of Hall conductivity from zero at half filling.

7.4. Analytical Elastic Deformations In Graphene

In graphene, the relation between t, A, and u is given by [79],

0 (0) =111 - pua 8], Ar= Py 4= L (). (88)

With elementary translations given by Equation (28), the nontrivial part of () is:
2 4141]

L g
ukl(x)b,((])bl(]) =7 Ui +2v/3u1p +3up | . (89)
u11 — 2v/3u1a + 3u

Requiring that,
) (x) = ) (x) = 1O (), (90)
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is consistent with Section 7.2, thus we come to the Cauchy-Riemann conditions:

Ju;  duy duly duq

ox;  ox’ o oxp
thatis h(z) = uy(z) + iup(z) is analytic as a function of z = x; + ix,. (There is another solution of (90)
diuy = —2—dauy, d1up = daliy,

which however brakes the smallness condition B|u;;| < 1.)
In this case we have a vanishing emergent gauge field, while up to the terms linear in the
derivatives of the hopping parameters the results of Section 7.2 give:

=—— 1
N 5P (91)
where p is the average density of occupied states. On the other hand, the results of Section 7.2 ensure
that any weak variations of both hopping parameters and magnetic field give:

N = —NsignB

where N is the number of occupied Landau Levels (now instead of the degenerate Landau level
we may have the energy band parametrized by certain parameters). Comparing this result with
Equation (91) we obtain:
B
p=5-N
for the elastic deformations given by an analytical function of coordinates (i.e., when the emergent
magnetic field is absent).

8. Conclusions and Discussions

In the present paper we proceeded with the development of Wigner—Weyl formalism
for tight-binding models of solid state physics (or, equivalently, for the lattice regularized
quantum field theory). We extended the previous works made in this direction [30-35,56-58].
The developed technique was applied to the class of inhomogeneous models that include, in particular,
the tight-binding model of graphene in the presence of both inhomogeneous magnetic field and
nontrivial elastic deformations. It is worth mentioning that the majority of our results may be
applied to other models of solid state physics. Apart from the family of two-dimensional honeycomb
lattice materials (graphene, germanene, silicene, etc), all rectangular lattice crystals, both in two and
three dimensions could be treated with developed methods, if described within nearest-neighbor
approximation. In these cases the electrons may jump only between the nearest neighbors, and there
is the Z, sublattice symmetry. The lattice consists of the two sublattices O; and O,. For each x € O
site x + b0) € O, with fixed vectors b(f), where j = 1,2,..., M. For the honeycomb lattice M = 3,
for the 2D rectangular lattice M = 4, for the 3D rectangular lattice M = 8. Among the mentioned
models only the two-dimensional model on the honeycomb lattice sufficiently and accurately describe
the real system (graphene). Therefore, the emphasis is on the application to the physics of graphene.
The particular interest in our study was the consideration of the arbitrarily varying external magnetic
field and nonhomogeneous elastic deformations.

We obtained the following main results:
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1. We calculated the Weyl symbol of the lattice Dirac operator (i.e., the operator Q that enters the
action Y., ¥xQxy¥y) in the presence of both elastic deformations and slowly varying external
electromagnetic field:

i(pb(j)fA(f) (r))
0 e ) 92)

o ~ (7)) v
Qw = iw t;(l Pu (x)b;"by )(ei(pwmm(r)) 0

where u;; is the tensor of elastic deformations while,

) x+b0) /2

AV (x) = / A(y)dy.

¥ =], AWy

It was assumed that the variation of electromagnetic field A(x) at the distances of order of the
lattice spacing may be neglected. In practice this corresponded to magnetic fields B that obeyed
Ba? < 1. In practice this bound read B < 1000 Tesla. Additionally, we required that the typical
wavelenth of the external electromagnetic field was much larger than the lattice spacing. This did
not allow the use of Equation (92) for matter interacting with the X-rays with the wavelengths of

the order of several Angstroms and smaller;
2.  The Wigner transformation of the electron propagator in the presence of the slowly

varying magnetic field and arbitrary elastic deformations may be calculated using the
following expression:
Ared Ared Ared
Gwixp) = ¥ [-[en'a—e®)ow]Qnt—e®)Qu]..(1-e*)aw] o
M=0...c0 (93)
M brackets

where )
S N o =
8 =2 (9:0,-0,94);
3. The electron propagator in the presence of a slowly varying electromagnetic field and elastic

deformations may be expressed through the Wigner transformed Green'’s function as follows:

1

G(xl,xz) W

/ dpGu ((x1 + x2)/2, p)e—Pl1—%2) (94)

where | M| is the area of the Brillouin zone.
4. The total average Hall conductivity (i.e., the Hall conductivity integrated over the area of the

sample and divided by this area) in the presence of varied weak magnetic field B < 1/4% and
elastic deformations had the form of:
N NO
Tay = 5~ 5 (95)
where N is the topological invariant in phase space, which is the generalization of the classical
TKNN invariant [61] since it is also applicable to non homogeneous systems:

T .
N = A3 47?2 Cijk /JRD+1dx /lRegMdp B

here A is the area of the sample. For the conventional systems, like those with the one particle

9Qw(p,x) , 9Gw(p,x) , 9Qw(p,x)

, (96
api ap; Ip )

Gw (p, x) *

Hamiltonian p?/2m (in the absence of magnetic field), when the spectrum was bounded from
below, N'(©) = 0, but in graphene it was given by the value of A" at half filling (with a constant
magnetic field and without elastic deformations). Thus, in the presence of a constant magnetic
field at half filling the Hall conductivity vanished. The value of N0 originated from the
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contribution of the deep Landau Levels was not affected by variations of magnetic field and by
elastic deformations. At the same time, the value of N/ may, in principle, be affected by them.
The resulting expression worked for the magnetic field slowly varying in the limited region of the
sample, such that it approached constant value B close to the boundary of the sample. The applied
electric field resulted from the electric potential varying in space. The latter may be considered
also as a variation in space of chemical potential or Fermi energy. Voltage U appeared as the
difference of the Fermi energy between the edges of the sample. Then the Hall current is given by:

N —NO

(Recall that we used the relativistic system of units. To obtain expression for the Hall current in an
ordinary system of units we have to multiply the above expression by the unity of conductance %) ;
5. The above mentioned representation of the average Hall conductivity through the topological
invariant in phase space allowed us to prove that in graphene it was robust to both sufficiently
weak variations of magnetic field and sufficiently weak elastic deformations. It is worth
mentioning that both mentioned variations of magnetic field and elastic deformations were
to be concentrated within the finite region far from the boundary of the sample. Under these
conditions Equation (96) was not changed for the smooth variations of lattice Hamiltonian (for

the proof see Appendix D in [57]);
6. The special case of elastic deformations was considered, when the emergent gauge field in

graphene was absent. It was shown that the corresponding deformations were given by the
arbitrary analytical functions of coordinates. Namely, the condition of the absence of emergent
gauge field was equivalent to the Riemann—Cauchy conditions for the displacement function u;,
i =1,2. As a result the function u(z) = u1(z) + iup(z) appeared to be an analytical function of
z = x1 + ixp, where x; were the coordinates of the carbon atoms in the unperturbed honeycomb
lattice. Under these circumstances for the constant magnetic field B the Hall current was given by:

!

Ly = sign B (98)

271
where U is voltage while N’ is the number of occupied Landau Levels (counted from the half
filling). Now unlike the case of the unperturbed graphene the Landau Levels may already not
be degenerated.

It is worth mentioning that our results were obtained in the absence of both disorder and Coulomb
interactions. In the presence of disorder the Hall current density is pushed towards the boundary.
However, its total value is generally believed to remain the same. This is proved, at least, in the absence
of elastic deformations when the magnetic field is homogeneous It appears that the neutrality point
(when chemical potential is in the middle of the Lowest Landau Level) corresponds to vanishing Hall
conductivity. Again, the Landau Levels (LL) participate in the QHE being counted from the neutrality
point. This occurs now because close to the boundary, the branches of energy spectrum above and
below the neutrality point behave differently. Energies of those branches above the neutrality point are
increased while energies of the branches situated below it are decreased. As a result there is no crossing
of the energy levels with the Fermi level on the boundary at neutrality point [72], and, consequently,
there are no gapless edge states that are to be the carriers of the Hall current. This shows that weak
disorder does not cause a jump in the value of total conductance. The average conductivity (the
conductivity integrated over the area of the sample divided by this area) is given by oy, = 2% sign B,
where N’ is the number of occupied electronic energy levels counted from the half filling. Therefore,
for graphene, N’ may be both negative and positive. Moreover, for the chemical potential just above
zero only half of the Lowest Landau Level contributed to the Hall conductance. Therefore, in this
case N' = 1g.¢, = 3 = 2. We also supposed that weak variations of magnetic field and weak
elastic deformations do not change this property, and the value of the average Hall conductivity
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should remain the same until the topological phase transition to the state with a different value of Hall
conductivity is encountered. For sufficiently strong elastic deformations and/or variations of magnetic
field the very notion of Landau Levels may lose its sense, but the values of Hall conductivity may still
remain nonzero.

We expected that the Hall current would be robust to the weak Coulomb interactions (at least in
the presence of a sufficient amount of disorder) although the detailed investigation of this issue is still
to be performed (see [58] and references therein), especially in the presence of elastic deformations and
variations of magnetic field. At the same time, the clean samples of graphene (very weak disorder)
exhibit the Fractional Quantum Hall Effect (FQHE) due to the Coulomb interactions. The investigation
of this issue remains out of the scope of the present paper although we expect that Equation (96) may
still be related somehow to the description of the FQHE.

We suppose that the results obtained here may be used further in the investigation of various
properties of graphene. In particular, Equations (92) and (93) determined electron propagator in the
complete tight-binding model in the presence of both elastic deformations and slowly varying external
electromagnetic field. This propagator may be used in those investigations of transport properties
that require use of the complete tight-binding model, i.e., when the low energy effective continuum
field theory of graphene is not sufficient for the solution of a particular problem. Since the form of the
obtained expressions is rather complicated, and the result of Equation (93) is represented in the form
of the infinite series, the practical applications of the obtained formulas are likely to require certain
numerical techniques.

We also expect that the practical calculation of Hall conductivity using Equation (96) may
require the application of certain numerical procedures. The possible problem to be solved using this
expression is the calculation of Hall conductivity in the presence of varying magnetic field and/or
varying elastic deformations. For the constant external magnetic field and without elastic deformations
the result for the Hall conductance is well known. According to our results, weak elastic deformations
and weak variations of magnetic field could not affect the value of the total Hall current. However,
when the variations become stronger, the system may undergo a topological phase transition to the
state with different value of Hall conductance. We may determine the critical values of magnetic
field variation and/or deformation tensor variation using the direct evaluation of an integral in
Equation (96). Both numerical and analytical methods of this evaluation await for their development.

It is worth mentioning, that the simplified version of Equation (96) (discussed in [30]) that
appeared when Gy did not depend on coordinates, represents the generator of the co-homology group
H ) (M), where M is momentum space. Equation (96) also awaits for the interpretation using the
language of algebraic topology. At the present moment we noticed only that this topological invariant
certainly played a role in the classification of the homotopic classes of maps G : M ® R — GL(2,C),
where R is the coordinate space with certain boundary conditions while M is momentum space.

We would like to notice again, that the theory presented here is valid for the slowly varying
potentials, which is consistent with the requirement Ba?> < 1. It would be interesting to extend the
Wigner-Weyl formalism to the precise consideration of the tight-binding model of graphene in the
presence of strong magnetic fields B ~ 1/a%. Another challenge is an extension of our results to the
investigation of the fractional Hall effect.
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