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Lattice realization of the generalized chiral symmetry in two dimensions
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While it has been pointed out that the chiral symmetry, which is important for the Dirac fermions in graphene,
can be generalized to tilted Dirac fermions as in organic metals, such a generalized symmetry was so far
defined only for a continuous low-energy Hamiltonian. Here we show that the generalized chiral symmetry
can be rigorously defined for lattice fermions as well. A key concept is a continuous “algebraic deformation”
of Hamiltonians, which generates lattice models with the generalized chiral symmetry from those with the
conventional chiral symmetry. This enables us to explicitly express zero modes of the deformed Hamiltonian in
terms of that of the original Hamiltonian. Another virtue is that the deformation can be extended to nonuniform
systems, such as fermion-vortex systems and disordered systems. Application to fermion vortices in a deformed
system shows how the zero modes for the conventional Dirac fermions with vortices can be extended to the tilted

case.
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I. INTRODUCTION

The chiral symmetry has served as one of the important
symmetries in classifying the disordered systems [1]. For
the two-dimensional massless Dirac fermions as in graphene
[2—4], it has been shown that the symmetry protects the
zero-mode Landau levels, which gives rise to a criticality of the
quantum Hall transition at the charge-neutrality point [5-8].
The chiral symmetry has then been extended to encompass
more general cases, namely tilted Dirac fermions such as
observed in an organic compound «-(BEDT-TTF),I5 [9-15],
where the robustness of the zero modes is retained for tilted
massless as well as massive Dirac fermions [16,17]. So far,
however, the generalization has only been considered for the
Dirac field in low-energy, effective Hamiltonians, so that
it remains unclear whether lattice fermions respecting the
generalized chiral symmetry can be constructed or even exist.
Here we explore exactly this issue, and we shall show how
such a generalized chiral symmetry can be extended to lattice
fermions. This is not only conceptually interesting, but would
also facilitate numerical analyses based on lattice models
to clarify the effect of symmetry. A key idea here is an
introduction of a “continuous deformation” of Hamiltonians
having the generalized chiral symmetry. The deformation,
which does not change the basic profile of the zero-energy
state, can be applied not only to effective Hamiltonians in the
continuum limit, but also to lattice models. The deformation
also turns out to be applicable to spatially nonuniform systems,
so we shall discuss as a spin-off how the zero-energy solutions
in the fermion-vortex system considered by Jackiw and Rossi
[18,19] are generalized for tilted Dirac fermions.

The conventional chiral symmetry is defined by the chi-
ral operator I" (with I'2 = 1) that anticommutes with the
Hamiltonian H (I'HI" = —H). For the conventional Dirac
fermions as in graphene, the low-energy, effective Hamiltonian
is expressed as Hy = vp(o,p, £ 0,p,). The conventional
chiral operator is then simply I' = +o;. Here (0,,0,,0;) are
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Pauli matrices and (p,, p,) the momentum. The conventional
chiral symmetry is defined not only for effective Hamiltonians,
but also for lattice models with a bipartite structure. The
two-dimensional honeycomb lattice for graphene is indeed
typical, where the lattice can be divided into A and B
sublattices with transfer integrals only between A and B. It
is then straightforward to see that the chiral operator reads,
on the lattice, I' = exp(ir Zn cA c,Tlcn), where c:ﬂ(cn) denotes
the creation (annihilation) operator of an electron at atomic
site n. On the other hand, the generalized chiral symmetry
has so far been defined only for the low-energy, effective
Hamiltonian having tilted Dirac cones. Thus our goal is to
explicitly construct or even generate systematically lattice
models that have the rigorous generalized chiral symmetry.
Let us begin with the generalized chiral symmetry defined
by the generalized chiral operator y (y2 = 1), which is not
Hermitian but satisfies y'Hy = —H [16,17]. For general
tilted Dirac fermions described by the effective Hamiltonian

H=[-Xo+ X 0)lp: +[-Yo+ (Y -0)]p,,

with X and Y being three-dimensional real vectors, such y
exists as long as a condition (X x Y)?> — 52 > 0 is fulfilled
with n = Yy X — XY, which is equivalent to the ellipticity of
the Hamiltonian H as a differential operator [20]. An explicit
expression for the generalized chiral operator y is

y=T, T T, ",
e (1)
T;, = exp(qTo - 0/2),

where 7 is a unit vector parallel to (X x Y) x p and tanhg =
In|/|X x Y|. The conventional chiral operator I" for the
vertical Dirac fermion (Xo = Yy = 0) is given by I' = (X X
Y)-o0/|X x Y|. Note that the operator 77, is not unitary but
Hermitian (TJLO = Ty,) with g real as long as |X x Y| > |g].
We shall use the algebraic expression (1) for the generalized
chiral operator y in terms of the conventional chiral operator
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I' to propose a systematic deformation of Hamiltonians
preserving the generalized chiral symmetry. We actually
consider an algebraic deformation H, = T;IHOT;1 of the
original lattice Hamiltonian Hy, respecting the conventional
chiral symmetry for vertical Dirac fermions, using a Hermitian
matrix 7, . We shall show that the deformed lattice Hamiltonian
H; exactly respects the generalized chiral symmetry and hosts
the tilted Dirac fermions in two dimensions.

The present paper is organized as follows. After the
introduction in Sec. II, we extend in Sec. III our deformation
to lattice fermions, where Dirac fermions are always doubled.
In Sec. IV we analyze the consequences of our deformation in
lattice models with the translational invariance. An application
to the zero modes of the fermion-vortex system where the
translational invariance is broken, is given in Sec. V. Section VI
is devoted to summary.

II. ¢ DEFORMATION FOR SINGLE DIRAC FERMION

Before a full description of the general deformation for
lattice fermions, let us first discuss, for illustrative purpose, a
deformation for effective, single Dirac fermions. We define a
deformation H,(q) of the original effective Hamiltonian H as

Ho(q) = [To()1™" Ho [Te(q)] 7, 2
with

T:(g) = exp (%r . a),

where T denotes an arbitrary unit vector and g areal parameter,
which we call “q deformation” in the following. Note that
H;(g) is Hermitian, since T, (q) is. We assume that the original
Hamiltonian Hj respects the conventional chiral symmetry, so
that there exists a chiral operator I' satisfying I' HyI' = —Hj
with T2 = 1. We then define a generalized chiral operator

vy by
y =Te(@) T [Te(g)]™". 3)
It is straightforward to see that

Y H @)y = [Te(@)1 'TH T[T ()] = —H.(q), @
2
y=1.

The g-deformation (2) therefore generates systems with
the exact generalized chiral symmetry from those with the
conventional chiral symmetry.

One of the important properties of this deformation is
that the wave function of zero modes are explicitly given in
terms of those of the original Hamiltonian Hy. If we have a
zero mode Y of the original Hj satisfying Hyyy = 0, the
corresponding zero mode of the deformed Hamiltonian is
given by a simple transformation 7, (g)vo, which is nonunitary
[21-23], since H,(q)[T:(q)V0] = T;l(q)Holpo = 0. The zero
modes are thus retained by this deformation. Furthermore, if
we recall that the zero modes of the original Hamiltonian can be
taken as the eigenstates of the chiral operator I' as 'y = %
[6], the transformed zero modes T,(q)¥o of the deformed
Hamiltonian become the exact eigenstates of the generalized
chiral operator y as y Te(q)¥o = Te(@)T¥o = £Te(q)v0.
We can also note that the determinant of the Hamiltonian is
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invariant in the deformation (det H, = det Hyp), which follows
from det T, (¢) = 1.

It is verified directly that the present deformation indeed
produces tilted Dirac fermions from vertical Dirac fermions.
Namely, from Hy = (X - 0)p, + (Y - 0)p, for vertical Dirac
fermions, we obtain

Hi(q) = (=X + X' -0)px + (=Y + Y -0)p,,
with
X, = sinhg(t - X), Y, =sinhg(t-Y),
X' = X + (coshg — 1)(z - X)t,
Y =Y + (coshg — 1)(t - Y)T.

This is nothing but the Hamiltonian for the tilted Dirac
fermions except for the case T &« (X x Y).

Here the vector T, which defines the present deformation,
can be chosen arbitrarily, and is in principle independent of the
vector n = X x Y /|X x Y| characterizing the conventional
chiral operator I' = n - 6. However, we can emphasize that,
even when the vector T has a component parallel to n, such
a component does not contribute to the tilting of the Dirac
fermions, hence to the breaking of the conventional chiral
symmetry. If we resolve 7 into the components parallel 7
and perpendicular 7, to n, we see that the parameters (X, Y}
are indeed determined only by 7, since (7 - X) = (71 - X)
and(z - Y) = (71 - Y). In the present paper we therefore focus
ourselves on the deformation where 7 is perpendicular to n.

III. GENERALIZATION TO LATTICE FERMIONS

A. General formalism

Now we show that the ¢ deformation can be extended to
lattice models. Generally, the Hamiltonian of a lattice model
that can be reduced to a form

H— DZ‘ D, —iD,
D, +1iD, —D,
=D o, &)

with Dy, Dy, and D, being N x N Hermitian matrices, has
the chiral symmetry if there exists areal vector n = (ny,ny,n;)
with n? = 1 satisfying the condition

D-n=0.
This can be verified with the chiral operator defined as
F=Iy®n-o

that anticommutes with the Hamiltonian 'HI" = —H and
I'?2 = Iy, where Iy denotes the N x N identity matrix.

To be more specific, we consider noninteracting fermions
on a lattice with a bipartite structure respecting the con-
ventional chiral symmetry. Bipartite lattice models can be
expressed as

(0] D, —iD,

Hc = . i
D, +iD, (0]

in a basis (ay, ...,ay,b1,...,by), where a;(b;) denotes the

basis on the A(B) sublattice in the i th unit cell. Here we assume
that the two sublattices have the same number of sites N, while

):DX®UX+D},®G),
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the case of different numbers of sublattice sites is considered
in Appendix B. The conventional chiral operator can then be

defined as
Iy 0]
= =1
(0 —1N> Vo

by setting n = (0,0,1).
We then define the ¢ deformation of such a chiral symmetric
Hamiltonian as

Ho(q) = [To(@] " He [To(@)]7",
with

T:(q) = Iy @ exp (%r ~6>,

where the generalized chiral operator is

y =Te(@) T [Te(@] "

Here 7 = (14,7,,7;) is an arbitrary three-dimensional real
vector with the unit length (z?> = 1) and ¢ a real parameter.
We can readily see that the deformed lattice Hamiltonian
H,(q) respects the generalized chiral symmetry y'H,(q)y =
—H;(g). It should be noted that this deformation can be
performed for a wide variety of systems with or without the
translational invariance, which cover disordered systems and
fermion-vortex systems.

In this representation, the deformation becomes nontrivial
only for the cases 7, #0 or 7, # 0. As discussed toward
the end of Sec. II, we assume t - n = 0, namely t, = 0, for
the deformation of bipartite lattice models. A nontrivial de-
formation respecting the time-reversal symmetry is therefore
possible only when 7, # 0 and 7, = 0, for which the matrix
T.(g) = Iy ® exp(qoy/2) becomes real and symmetric (see
Appendix A). By contrast, a deformation with 7, # 0, e.g.,
T5(q) = exp(goy/2), would break the time-reversal invariance
because the matrix Tj(q) has complex matrix elements that
induce additional complex transfer integrals of the deformed
lattice Hamiltonians.

Since we can assume 1, =0, we can represent T =
(cos @, sin6,0). The matrix T;(q) is then given by

e~ sinh %)
g %)
cosh 2

q
cosh 3

g ==Iv® (e“’ sinh £

Note that we have a relation I' T;(q) = T;(—q) T'. The
deformed Hamiltonian H,(q) = Ty(¢)~" H. Ty(g)~' then
becomes

D

sinh . o 0]
q(e’90+e—191)f)®12+(D; 0"),

H:(q) = s
where

D,=D cosh? % + e 29 pf ginh? %
with D = D, — i D,. If we further define

H.(q) = H:(—q)
= H.(q)+ (€D + ¢ " D")sinhg ® I,

we have a simple relation

H(q@) H(q) = To(q)H [ Te()] ",
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which can be compared with the counterpart in the continuum
[17]. If we denote the eigenstate of the Hamiltonian H,(q)
with an eigenenergy E as g, this relation implies

H(q)H (@)Y
= [E’Ly + E(’D + ¢ D" sinhg ® L1ye
= T H Te(@) " Ve,
which leads to
To(9)[H} — E(e“D + ¢ Dl)sinhg ® L] T ()" Yr
= EXyp.
Completing the square as

H? — ("D + ¢ DNEsinhg ® I

2
_ (DOT g) — (@D + e DNYEsinhg ® I

D(E)

0 2
_ _ 22
= (D(E)T 0 ) E“sinh”q ® Ly,

where D(E)= D — Ee¢™ sinhg and we have defined a
nonorthogonal state W with an “overlap” matrix 7;(2g) as

V= Toq) e, VITQOV = ylye =1,
we arrive at an eigenvalue problem
[HEE)]'w = E?v,
where the Hamiltonian H qR(E ) includes E as a parameter as

0 DR(E)>

R —
H(E) = (D}(E) 0

1 ‘
DR(E) = m(D — Ee_’e smhq)

B. Chiral symmetry breaking for lattice fermions

We can utilize the above formulation for discussing the
effect of the symmetry breaking when a mass term mI" is
introduced. In the presence of the mass term, the g-deformed
Hamiltonian becomes

H"(q) = Tr(q)”"(H. + mD)Te(q)~" = Hq(q) +mT.
If we define A (q) = H,(q) + mT, we have
A" (q)H!™(q) = H.(q)H:(q) + m*
= Te(q)(H? + m*)Te(q)™".

Multiplying these operators to an eigenstate ng”) of H.(q), we
find

(@) H™ @y
= [E? + E(” D 4 ¢ DY) sinh g + m* 1y
= To(q)(HZ + m?) Te(q) 'y,

which gives

[H? — (€D + e " DNE sinhg +m*|¥" = E*W™,
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with W = Ty (q)" 'Y, We finally arrive at
2 m m
{[H}E)] +my}w™ = E2w™,

m

6)

coshg '

This means that E* is generally lower bounded by m%.
Furthermore, if we have a zero mode for H qR (mg) with

Hf (mp)¥" =0,

the eigenvalue E of Eq. (6) is exactly ££m g with an energy gap
2mpg. The sign of E can be determined to be consistent with
the sign in the limit ¢ — 0. If we assume that the eigenstate is
that of the chiral operator I" with an eigenvalue +1 as

m_ (9%
v=(%)

then the equation becomes
1
coshg

Dr(mp)'g? = (D" — mge'” sinh q)g™ = 0.
Note that in this case the energy must be positive, since it must
approach to +m for g — 0.

For a translationally invariant system, this reduces for each
momentum sector specified by a wave vector k to

d*(k) — mge'? sinhg = 0, (7)

where d(k) is a complex number which appears in the
Hamiltonian in the momentum space as

0 d(k)

The existence of doubled Dirac fermions at +k; means that
d(x£ko) =0 and the phases of the complex number d(k)
becomes indefinite at those points (Fig. 1). Assuming the
continuity of a complex number d(k) around the +kj, we
may choose k to satisfy the above Eq. (7) provided that the
amplitude m g sinh ¢ is small enough.

/20

3m/4

k)

/0.5

FIG. 1. The absolute value |d(k)| of the complex number d(k) =
|d(k)|e’% for the honeycomb lattice around valley K, where ko =
(— 31‘/’%“ ,0) with a bond length. The curves starting from kg (center of
the figure) represent phases 6, = 0, /20, /4, £7/2, £37/4,
7. The phase 6, changes from 0 to 27 as we go around the singular
point k.
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Similarly, for an eigenstate in the form

gn— (O
o )

we have the exact eigenvalue —my, if ¢ satisfies the equation

Dr(—mp)e” = (D + mge " sinh q)p™ = 0.

coshg
Another important observation is that the exact zero modes
of the deformed Hamiltonian, which is an eigenstate of the
generalized chiral operator, has the energy expectation value
+mp in the presence of the mass term mI" even for systems
without translational invariance. Let us assume that there exist
a zero mode ¢ for an original Hamiltonian H, satisfying

Dig{ =0,

() mne(3 )

with a normalization (lﬂi)Tlﬁi = 1. Now we define a state

where

m_ L e
vy = \/mTT(q)I/IJ,-s

which is an exact zero modes of the deformed Hamiltonian
H;(g). We then have an expectation value

(W™ [Hy(q) +mTly"™ = m/coshqg = mg,

since H.(q@)¥" = 0 and m(y") Ty = +mpg. The expecta-
tion value of the Hamiltonian for the state v/ gives the same
value as the lower bound of the positive energy.

Similarly for the state

Yy =

T; (Q)wi s
coshg

with

we have
W™ [H.(q) + mTy™ = —m/coshq = —mp,

because m(y™ )Jr 'y™ = —mp, which coincides with the upper
bound of the negative energy.

IV. TRANSLATIONALLY INVARIANT SYSTEMS

For systems with the translational invariance, the Hamilto-
nian can be reduced, in the momentum space, to a form (8)
and the deformed Hamiltonian given as

_ 41, _41,.
H.(q) = exp ( 21 U)Hk exp( 21 a),
with T = (cos 6, sin 6,0) then becomes
H.(q) = — sinhgRe[e'?d(k)]
+ {cosh2 %Re[d(k)] + sinh? %Re[eﬂgd(k)]}ax

— {cosh? %Im[d(k)] — sinh? %Im[e'%d(k)]}oy.
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(@) (b)

FIG. 2. (a) Honeycomb lattice, for which a unit cell (shaded) and
the primitive vectors e; = (ﬁ/2,3/2)a ande, = (—ﬁ/2,3/2)a are
indicated. The filled (open) circles represent A(B) sublattice sites.
(b) The g-deformed honeycomb lattice model with 7:(q), where
second-neighbor (NN) hopping —(¢/2)sinhg (dashed lines) and
the fourth-neighbor hopping (7/2)(coshg — 1) (dotted lines) are
generated. The NN hoppings are also modified to (z/2)(coshqg + 1)
(thin solid lines) across unit cells and # coshgq (thick solid lines)
within a unit cell. The potential energies are modified uniformly to
—tsinhg.

In the following, we consider two examples of transla-
tionally invariant bipartite lattice models, namely, honeycomb
lattice and the 7 -flux model on the square lattice.

A. Honeycomb lattice

For the honeycomb lattice having only the nearest-neighbor
hopping ¢, we have [24]

d(k) = t[1 4 exp(—iky) + exp(—iky)],

where (k;,k,) denotes (k - e,k - e;) with the primitive vectors
(e1,e;) of the honeycomb lattice (Fig. 2) defined as e; =
(v/3/2e, +3/2e,)a and e; = (—+/3/2e, +3/2e,)a. Here
e,(y) stands for the unit vector along x(y) and a the nearest-
neighbor distance of the honeycomb lattice.

First, we consider the ¢ deformation respecting the time-
reversal invariance, where T = ¥ = (1,0,0), namely 6 = 0.
The g-deformed Hamiltonian then becomes

H;(q) = —sinhg Re(d)I, + cosh g Re(d)o, — Im(d)oy,

where I, is the 2 x 2 identity matrix. The corresponding
hoppings are displayed in Fig. 2(b). The energy dispersion
becomes

E4(ky,ky) = —Re(d) sinh g

:I:\/ [Re(d)]? cosh? ¢ + [Im(d)]?,

where the symmetry E,(k(,ky) = E,(—k(,—k;) required by
the time-reversal invariance (Appendix A) is satisfied. In
this representation, K and K’ points are at (kj,kp) =
(=27 /3,42 /3) and (27 /3,—2m/3), respectively. If we ex-
pand the Hamiltonian around the K point, we have

_ 3ta .
ng_o = E(_ sinhg p,I, 4+ coshq p.o, — p,oy),

where an effective momentum p = hdk is defined in terms of
8k = k — ko, with kg being the wave vector at the K point.
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TABLEI For the honeycomb lattice the parameters (X, Yy, X,Y)
normalized by 3ta/2h are given for the effective massless Dirac
Hamiltonian (—Xo + X - 0)p, + (=Yy + Y - 0)p, at valleys K and
K’. For a general case where 7 is given by (cos0,sin6,0),
we have X, =sinhgcosf, Y, = —sinhgsinf, X = (cosh? % +
sinh? % cos26, sinh? 15in20,0), Y = (— sinh? %sin26,— cosh? 1+
sinh? £ c0s26,0) for valley K. The parameters for valley K’ are
obtained by reversing the sign of X and X.

Xo Yo X Y
H;:(q) at K sinh g 0 (cosh¢,0,0) 0,—1,0)
H;(g)at K’ —sinhg 0 (—cosh¢,0,0) (0,—1,0)
H(q) at K 0 —sinhg (1,0,0) (0,— cosh g,0)
H;(q) at K’ 0 —sinhg (—1,0,0) (0,— cosh ¢,0)

Similarly, we can derive the effective Hamiltonian for valley
K’ (Table I). We see that the isotropic and vertical Dirac
fermions at the valleys K and K’ of the honeycomb lattice are
deformed into anisotropic and tilted Dirac fermions (Table I
and Fig. 3). Note that the tilting directions are opposite in the
two valleys K and K’ due to the time-reversal invariance.

In the present system, the staggered potential plays a role
of the mass term mo,. If we include this term, the energy
dispersion is modified to

E} (ki,k2) = —Re(d) sinhgq

j:\/[Re(al)]2 cosh? q + (Im(d)]? + m2.
As discussed in Sec. II1, this can be rewritten in a form
dy(Edr(E,) +m% = E2,

with dr(E,) = [d(k) — E, sinh q]/ cosh q. The energy gap is
therefore given exactly as £mg = +m/ coshq as long as we
have a solution for d(k) — m sinh ¢ = 0, which is guaranteed
for mtanh g < 3t.

Next, we consider the case 6 = /2, where the defor-
mation operator T5(q) = exp(goy/2) breaks the time-reversal

q=0

q=0.5 qg=1.0
E/t
2
0 > 0

2057502 2k 0. 5750 k2 2k0 57502

2 | 2 1 2 1

FIG. 3. Energy dispersions of the honeycomb lattice deformed
by T;(q) with ¢ = 0 (left panel), 0.5 (center), and 1.0 (right). Dirac
cones at K and K’ points are tilted along the 4k, and —k, directions,
respectively.
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S
2-20
kT k

2

FIG. 4. Energy dispersions of the honeycomb lattice deformed
by T-breaking Ty(g) with ¢ = 0 (left panel), 0.5 (center), and 1.0
(right). Dirac cones at K and K’ points are both tilted along the —k,
direction.
invariance. For such a case we find

Hj(q) = sinhq Im(d)I, + Re(d)o, — cosh g Im(d)o,,

with an energy dispersion

E, (ki .ky) = Im(d) sinh ¢

:I:\/[Re(d)]2 + [Im(d)]? cosh? g,

in which we have a symmetry E,(—ki,—k;) = E_,(k(,k2)
(see Appendix A). In this case, the Dirac cones at K and K’
are tilted in the same direction (Fig. 4). The parameters for
the effective low-energy Hamiltonian at K and K’ points are
summarized in Table I.

B. n-flux model

Another lattice model of interest is the w-flux model on
the square lattice [16,25,26] as depicted in Fig. 5(a). The

(b)

FIG. 5. (a) The w-flux model on a square lattice, where we
display a unit cell (shaded) and the primitive vectors e; = (1, — 1)
and e, = (1,1) with the distance between the nearest-neighbor sites
taken to be the unit of length. Thin lines represent the hopping
amplitude —r while the thick ones 7. The filled (open) circles denote
A(B) sublattice sites. (b) g-deformed m-flux model with T;(g).
The hopping amplitudes are given by fop = —(t/2)(coshq + 1) (thin
lines), t; = t cosh g (thick lines), r, = (¢/2) sinh ¢ (dashed lines), and
t;y = —(t/2)(coshq — 1) (dotted lines). The potential energies are
modified uniformly to —f sinh g.
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TABLE II. For the w-flux model the parameters (Xo,Yy,X,Y)
normalized by 2¢a/h are given for the effective massless Dirac Hamil-
tonian (=X, + X - 0)p, + (=Yo +Y - )p, atvalleys K and K’. For
a general case where 7 is given by (cos#, sin6,0), we have X, =
—sinhgsinf, Yy = sinhgcosf, X = (— sinh? % sin 20, — cosh? % +
sinh? £c0s20,0), Y = (cosh? 1+ sinh? £ cos 26, sinh? % 5in26,0)
for valley K. The parameters for valley K’ are obtained by reversing
the sign of Yy and Y.

Xo Yo X Y
H;:(q) at K 0 sinh ¢ (0,—1,0) (cosh¢,0,0)
H;(q) at K’ 0 —sinhg (0,—1,0) (= cosh ¢,0,0)
H;(g)at K —sinhg 0 (0,—cosh q,0) (1,0,0)
Hiy(q)at K’ —sinhg 0 (0,— cosh g,0) (—=1,0,0)

Hamiltonian in real space is given by

Hy _qux = —t Z [(_1)X+ycicrfex + CICrJre),.] +H.c.,
X,y

where r = xe, + ye, with x,y : integers. For this model we
have [16,24]

d(k) = —t{—1+ exp(—ik;)
+ exp(—ikz) + exp[—i(ki + k2)1},

where (ki,ky) = (k - e1,k - e;) with the primitive vectors for
the 77 -flux model shown in Fig. 5(b), (e1,e;) = (ex — ey,e, +
e,) with the nearest-neighbor distance of the square lattice
taken as the unit of length. This model has two Dirac points
(which we shall also call K and K') at (ky,k,) = (0,77/2) and
0,—m/2).

The parameters of the effective Hamiltonians at K and K’
for Hy(q) and Hj(q) are given in Table II. Again we find that
the Dirac cones are tilted in opposite directions [Fig. 6(a)]
by the deformation T;(g) due to the time-reversal invariance,
while the cones are tilted in the same direction [Fig. 6(b)] for
H;(q).

(b)

0 =l
Kk 2~70 .

X

FIG. 6. Energy dispersions of the -flux model deformed by (a)
T;(gq) and by (b) Tj(g) with g = 0.5. Dirac cones at K and K’ points
are tilted along +k, and —k, directions, respectively, for T;(q), while
they are both tilted in the —k, direction for T;(q). The site energies
are also modified uniformly to —¢ sinh g.
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It is to be remarked that the tilting direction in the m-flux
model by the same operator T3(q) [or T5(q)] is different from
that in the honeycomb lattice. This is a clear demonstration
of the fact that the tilting direction is actually determined not
only by the choice of t but by the parameters X and Y in the
effective Hamiltonian at each valley.

V. APPLICATION TO FERMION-VORTEX SYSTEMS

One of the advantages of the present deformation scheme
is that it can be applied to systems without translational
invariance. Let us then take an example in the fermion-vortex
system, where the zero modes are expected to accommodate
fractionally charged states [27-29]. For a fermion-vortex
system, it has been shown that there exist n zero-energy states
localized around the vortex with a winding number n [18].
For a conventional fermion-vortex system, the Dirac cones
are vertical and therefore the lattice models considered in
the previous studies respect the conventional chiral symmetry.
Then the zero-energy states are simply eigenstates of the chiral
operator having their amplitudes only on one of the A(B)
sublattices. Thus it is intriguing to see how the zero-energy
states would be modified for tilted Dirac fermions, so we apply
the present deformation with the generalized chiral symmetry
preserved to vortex systems.

As the starting Hamiltonian, we consider a vortex of a
dimer order in the m-flux model as shown in Fig. 7 [29]. For
that purpose, we introduce to the Hamiltonian H, _g,x four
types of dimer orders,

H:. = Fot Z(—l)y(ciﬂycr — ¢ cr) +He,

reA

H(;“l:é)ler = +d1 Z(_l)y (CL_%_C, + Ci—excl‘) + H.c.

reA

We arrange these four orders (shaded in different colors in
Fig. 7), i.e., Hi* ., HiY . Hy"., and Hy’  are introduced
in the regions x > |y|, y > |x|, x < —|y|, and y < —|x]|,
respectively. Then we have a vortex at the center, which is
assumed to be on B sublattice without a loss of generality.
When the whole system is covered by one of the dimer
orders, for example by Hy .., the dimer order mixes the
two Dirac points K and K’, and the energies E(k) is given
by E(k) = £2[(sin’ k, + cos® ky) + (81)*(sin? ky)]l/2 with a
gap 26t at (ky,k,) = (0, & 7/2). The effective low-energy
Hamiltonian can be expressed with a basis {K4, iKp, K/,
iK'g} as

0 ak_ 0
wky, 0 A 0
0 A* 0 ak+ ’
—A* 0 ak

Her =

where ki = k, £iky, @ = 2ta, and A = |Ale? with |A] =
26t. The phases of A for the orders Hy .., H(;irrfm, and H;;Vler
can be assigned as 6 =0, 7w, and £ /2, respectively. The
winding number n of the present vortex is thus n = —1. It
has been shown [18,27] that such a vortex has a zero-energy
state residing only on the B sublattice. This can be verified

numerically by diagonalizing the Hamiltonian for a finite
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(a) 4=00 (b)
A .B . . . A B

o]

®
®

FIG. 7. (a) A vortex structure of dimer orders in the 7 -flux model.
The amplitudes have ¢ + §¢ (thick solid lines), ¢ (thin solid lines), or
t — 4t (thin dotted lines), where §#(<t) denotes the strength of the
dimer order. The sign of the hopping amplitudes is plus (minus) for
the red (black) lines as in the undimerized m-flux model. (b) The
zero-energy state around the vortex center obtained by the exact
diagonalization of a finite system (50 x 50) with &7/t = 0.6 are
shown. The radius of circle is proportional to the amplitude at each
site.

system with the vortex [Fig. 7(a)], where the zero mode
localized at the vortex indeed has its amplitude only on the
B sublattice [Fig. 7(b)].

The generalization of such zero modes to the tilted Dirac
fermions can be carried out by the present deformation. If
we denote the original Hamiltonian with a vortex shown in
Fig. 7(a) as Hv(gztex, a g-deformed Hamiltonian HV((q,r)tex can be
defined as

H(q)

vortex

_ 0 _
= Tf(q) : H\gol)‘tex Tf(Q) l’

[
=3

(@) q (b)

AB

H%H

log(|Px,0)|/|'¥(0,0)))
(e}

_
<
o

0 5 10 15
x/a

FIG. 8. (a) The zero-energy state of the g-deformed Hamiltonian
Hv(zr)tex with ¢ = 1.0. Amplitudes around the vortex obtained by the
exact diagonalization of a finite system (50 x 50) with 8¢/t = 0.6
are shown. The radius of circle is proportional to the amplitude at
each site. (b) The amplitudes of the zero-energy state along x axis
against the distance from the center of the vortex for ¢ = 1 (dots)
are compared with exp[—(8¢/1)(x/a)] = exp[—0.6(x /a)] (solid line).
The amplitudes are normalized by the value at the center for ¢ = 1.
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with
Teg) = In @ exp ($01):

Here we consider a time-reversal invariant deformation. The
zero-energy state i, for the g-deformed Hamiltonian turns
out to exist, and its spatial profile is obtained as shown in
Fig. 8(a). We can immediately notice that the amplitudes
reside not only on B sublattices but also on A. Note that the
zero-energy state ¥, of the deformed Hamiltonian is related
to that of the original Hamiltonian via v, = T;(g),. Since
the operation of 7; simply results in a modification of the
wave function in each unit cell, which is uniform over unit
cells, the spatial behavior (decay, etc) of the wave function
is little affected by the deformation. Specifically, the decay
rate of the zero-energy state is unaffected by the present
deformation, implying the size of the vortex state is insensitive
to the tilting of the Dirac dispersion. It is to be noted that
the bulk gap at £ = 0 within a single domain depends on
q as AE, = 258t[(1 — tanh g)/(1 + tanh ¢)1'%, which goes
to zero as ¢ — oco. The decay rate, which is independent
of g, therefore behaves differently from the bulk gap. We
have actually confirmed this numerically by the fact that
the amplitude of the wave function for ¢ = 1 (normalized
by its value at the vortex center) and that for ¢ =0 are
indistinguishable over several orders of magnitudes and the
exponential decay of the wave functions is well described by
o exp[—(8t/t)r] with r the distance from the center of the
vortex as shown in Fig. 8(b).

The present deformation for the fermion-vortex system
clearly shows that the zero energy states obtained by Jackiw
and Rossi [18], which are the eigenstates of the conventional
chiral operator, can be extended to tilted Dirac fermions as the
eigenstates of the generalized chiral operator.

VI. SUMMARY

We have proposed an algebraic deformation of the Hamil-
tonian in which the generalized chiral symmetry is rigorously
preserved. The deformation can be applied to a wide variety
of lattice models with/without the translational invariance and
provides a unified theoretical framework for the general two-
dimensional Dirac fermions with/without tilting. By applying
the deformation to conventional Dirac fermions on lattice
models, we have indeed generated systematically the general
tilted Dirac fermions on lattice models with the rigorous
generalized chiral symmetry. Throughout the deformation, the
zero-energy state is preserved as the exact eigenstate of the
generalized chiral operator, where its wave function is given
by a simple transformation of that of the original Hamiltonian.
Since the transformation is uniform over the system, the spatial
profile of zero modes are insensitive to tilting the Dirac cones.
With such a deformation, we have shown that the zero modes
of the fermion-vortex system can be generalized to tilted
Dirac fermions as the eigenstates of the generalized chiral
operator. A possible application of the present deformation
to, e.g., realistic lattice models for massless Dirac fermions
in organic materials with four sites in a unit cell [10-14] that
have considerably tilted Dirac cones is an interesting future
problem.
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APPENDIX A: ENERGY DISPERSION AND
TIME-REVERSAL SYMMETRY

The time-reversal operator ® for spinless particles is
given by the complex conjugation operator K. The original
Hamiltonian for a bipartite lattice (8) is expressed as

H = ald(k)b +H.c.
k

Here ay(by) denotes the fermion operator with wave vector k
on the A(B) sublattice. The time-reversal operation thus yields

OHO™ = "al dky by,
k

hence the time-reversal invariance @ HO~! = H in the origi-
nal Hamiltonian implies d(k)* = d(—k).
For the deformation with T;3(q) = exp(qo,/2), we have

OH(q)0™' = 0T ()0 ' (OHO HOT; '(9)0™"
=T; '(@9)HT; '(9) = He(q),

which suggests that the time-reversal invariance is retained
throughout the deformation. Note that T;(g) is real, so
that ©T;(¢)®~! = Ti(g). For an eigenstate ¥ having an
eigenvalue E(k) with a wave number k, we also have

He(@)Y—x = He(q)OYr = OHe(q)Yi = E,(K) Vi,

which implies a symmetry E, (k) = E,(—k) for the energy
dispersion.

For the case of Hj(g), on the other hand, we have
OT;(q)O~! = Tj(—q), hence

OHy(q)®~" = Hy(—q),

leading to a symmetry E_,(k) = E,(—k). The time-reversal
symmetry is therefore broken in this case, and the deformed
Hamiltonian indeed has complex transfer integrals.

APPENDIX B: LATTICE MODELS WITH FLAT BANDS

Here we show applications of the present deformation to
the lattice models that accommodate flat bands on top of the
massless Dirac fermions. Let us first consider the Lieb lattice
shown in Fig. 9(a), which is a prototypical flat-band model
with a bipartite structure and hence respects the conventional
chiral symmetry. A unit cell consists of three sites, where A
and B sublattices have different numbers of sites, with the
difference giving the number of flat band(s) (here unity). The
Hamiltonian in the momentum space is expressed as

0 1 +exp(iky) 1+ exp(iky)
H =11+ exp(—iky) 0 0 ,
1 + exp(—iky) 0 0

where the transfer integral between the nearest-neighbor sites
is denoted by ¢t and we take the lattice constant as the unit
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(a)

FIG. 9. (a) The Lieb lattice. The unit cell, which consists of three
sites, is indicated by a shaded area. (b) Energy dispersion for a
g-deformed Lieb lattice, with ¢ = 1 here.

of length. The energy eigenvalues are given by E/¢t = 0 and
E/t = £/If (ko> + | f (k)% with (k) = 1 + exp(ik), i.e.,
we have a flat band at E = 0 which pierces a Dirac cone right
at the Dirac point at (ky,ky) = (,7).

For this lattice Hamiltonian, we define the g-deformed
Hamiltonian as

H(g) =T(@) 'HT(@)",

with

T(q) = (exp(qooy/z) (1))

cosh(q/2) —isinh(g/2) O
= | i sinh(g/2) cosh(q/2) 0
0 0 1

Then we can see that the deformed Hamiltonian H(g) has an
intact flat band at E,; /¢t = 0 along with a deformed Dirac cone,

E,/t = sinhgsink,

+/If (k)P coshq+[Re f(k,)P-+[Im f(k,)P> cosh? g.

Namely, the deformed lattice model has a flat band that pierces
a tilted Dirac fermion at the Dirac point, as depicted in
Fig. 9(b).

Another interesting example of lattice model with a flat
band coexisting with the massless Dirac fermion is Kagome
lattice [30]. When all of the hoppings are positive (negative),
the flat band in the Kagome lattice is at the bottom (top) with
doubled Dirac cones in the middle. If we modify the sign of the
hoppings as depicted in Fig. 10(a), we can put the flat band as a
middle one piercing a single Dirac point. The Hamiltonian for

PHYSICAL REVIEW B 94, 235307 (2016)

(b)
E/t ‘ B
4

FIG. 10. (a) Kagome lattice, with thick (thin) lines denoting a
transfer integral —¢(+1¢), for which the primitive vectors are e; =
(1/2,\/§/2), e, = (—1/2,\/§/2) with the lattice constant as a unit
length. The unit cell, which consists of three sites, is indicated by a
shaded area. (b) Energy dispersion for a g-deformed Kagome lattice,
with ¢ = 1 here.

this type of Kagome lattice is given in the momentum space as

0 1 —exp(iky) 1 —exp(iky)
H = —t|1—exp(—ikp) 0 1 — exp(iks)
1 —exp(—iky) 1 —exp(—ik3) 0

Here k;=k-e; i =1,2) and k3 =k, —k; with e =
(1/2,+/3/2) and e, = (—1/2,4/3/2) being the prim-
itive vectors of the Kagome lattice in units of
the lattice constant [Fig. 10(a)]. Energy dispersions
then comprise the flat band at E/t =0, along with
4+2,/sin2(k; /2) + sin?(ky/2) 4 sin?(k3/2) that has a massless
Dirac cone located at (k,,k,) = (0,0).

For this model, we can apply the same deformation H(g) =
T(q)"'HT(q)™" as in the Lieb lattice. The eigenvalues of the
deformed Hamiltonian then become

E,/t =0,

sinhg sink; &/ G(ky,k»),

with G(k,k») = (1 — cosk;)? + sin® k; cosh? g + 4(sin® 2 +
sin? 254 cosh g + 2[sink; — sink, + sin(k, — k)] sinhq.
Namely, the flat band is again intact at E = 0, while the Dirac
fermion is tilted, as depicted in Fig. 10(b).

According to the formalism in Ref. [30], the Hamiltonian
with flat band(s) as in Kagome lattice is expressed as a sum
of (generically) nonorthogonal projections. Then, if the total
dimension of the projections is smaller than the dimension
of the Hamiltonian itself, the dimension of the null space
dy is nonzero (dy > 0). The null space corresponds to the
zero-energy flat bands with a degeneracy dy. As for the Lieb
lattice, which has the chiral symmetry with different numbers
of sublattice sites, we can also apply such an approach [30] in
describing the zero-energy flat band by considering H?. Since
the g deformation introduced in the present work is a linear
transformation, it is natural that the zero-energy flat bands
remains unchanged.

[1] A. Altland and M. R. Zirnbauer, Phys. Rev. B 55, 1142 (1997).
[2] K. S. Novoselov et al., Nature (London) 438, 197 (2005).

[3] Y. Zhang et al., Nature (London) 438, 201 (2005).
[4] Y. Zheng and T. Ando, Phys. Rev. B 65, 245420 (2002).

235307-9


https://doi.org/10.1103/PhysRevB.55.1142
https://doi.org/10.1103/PhysRevB.55.1142
https://doi.org/10.1103/PhysRevB.55.1142
https://doi.org/10.1103/PhysRevB.55.1142
https://doi.org/10.1038/nature04233
https://doi.org/10.1038/nature04233
https://doi.org/10.1038/nature04233
https://doi.org/10.1038/nature04233
https://doi.org/10.1038/nature04235
https://doi.org/10.1038/nature04235
https://doi.org/10.1038/nature04235
https://doi.org/10.1038/nature04235
https://doi.org/10.1103/PhysRevB.65.245420
https://doi.org/10.1103/PhysRevB.65.245420
https://doi.org/10.1103/PhysRevB.65.245420
https://doi.org/10.1103/PhysRevB.65.245420

KAWARABAYASHI, AOKI, AND HATSUGAI

[5] P. M. Ostrovsky, I. V. Gornyi, and A. D. Mirlin, Phys. Rev. B
77, 195430 (2008).
[6] T. Kawarabayashi, Y. Hatsugai, and H. Aoki, Phys. Rev. Lett.
103, 156804 (2009); Physica E 42, 759 (2010).
[7] T. Kawarabayashi, T. Morimoto, Y. Hatsugai, and H. Aoki, Phys.
Rev. B 82, 195426 (2010).
[8] Y. Hatsugai and H. Aoki, in Physics of Graphene, edited by
H. Aoki and M. S. Dresselhaus (Springer, Heidelberg, 2014),
p. 213.
[9] N. Tajima, S. Sugawara, M. Tamura, Y. Nishio, and K. Kajita,
J. Phys. Soc. Jpn. 75, 051010 (2006).
[10] S.Katayama, A. Kobayashi, and Y. Suzumura, J. Phys. Soc. Jpn.
75, 054705 (2006); 75, 023708 (2006).
[11] A. Kobayashi, S. Katayama, Y. Suzumura, and H. Fukuyama, J.
Phys. Soc. Jpn. 76, 034711 (2007).
[12] A. Kobayashi, Y. Suzumura, H. Fukuyama, and M. O. Goerbig,
J. Phys. Soc. Jpn. 78, 114711 (2009).
[13] K. Kajita, Y. Nishio, N. Tajima, Y. Suzumura, and A. Kobayashi,
J. Phys. Soc. Jpn. 83, 072002 (2014).
[14] M. O. Goerbig, J.-N. Fuchs, G. Montambaux, and F. Piéchon,
Phys. Rev. B 78, 045415 (2008).
[15] T. Morinari, T. Himura, and T. Tohyama, J. Phys. Soc. Jpn. 78,
023704 (2009).
[16] T. Kawarabayashi, Y. Hatsugai, T. Morimoto, and H. Aoki, Phys.
Rev. B 83, 153414 (2011); Int. J. Mod. Phys.: Conf. Ser. 11, 145
(2012).

PHYSICAL REVIEW B 94, 235307 (2016)

[17] Y. Hatsugai, T. Kawarabayashi, and H. Aoki, Phys. Rev. B 91,
085112 (2015).

[18] R. Jackiw and P. Rossi, Nucl. Phys. B 190, 681 (1981).

[19] E. J. Weinberg, Phys. Rev. D 24, 2669 (1981).

[20] M. Nakahara, Geometry, Topology, and Physics, 2nd ed. (Taylor
and Francis, London, 2003).

[21] W.-R. Hannes and M. Titov, Europhys. Lett. 89, 47007
(2010).

[22] V. Lukose, R. Shankar, and G. Baskaran, Phys. Rev. Lett. 98,
116802 (2007).

[23] J. Séri, M. O. Goerbig, and C. Toke, Phys. Rev. B 92, 035306
(2015).

[24] Y. Hatsugai, T. Fukui, and H. Aoki, Phys. Rev. B 74, 205414
(2006); Eur. Phys. J. Special Topics 148, 133 (2007).

[25] Y. Morita and Y. Hatsugai, Phys. Rev. Lett. 79, 3728
(1997).

[26] Y. Hatsugai, X. G. Wen, and M. Kohmoto, Phys. Rev. B 56,
1061 (1997).

[27] C.-Y. Hou, C. Chamon, and C. Mudry, Phys. Rev. Lett. 98,
186809 (2007); Phys. Rev. B 81, 075427 (2010).

[28] S. Ryu, C. Mudry, C.-Y. Hou, and C. Chamon, Phys. Rev. B 80,
205319 (2009).

[29] C. Chamon, C.-Y. Hou, R. Jackiw, C. Mudry, S.-Y. Pi, and A.
P. Schnyder, Phys. Rev. Lett. 100, 110405 (2008).

[30] Y. Hatsugai and I. Maruyama, Europhys. Lett. 95, 20003
(2011).

235307-10


https://doi.org/10.1103/PhysRevB.77.195430
https://doi.org/10.1103/PhysRevB.77.195430
https://doi.org/10.1103/PhysRevB.77.195430
https://doi.org/10.1103/PhysRevB.77.195430
https://doi.org/10.1103/PhysRevLett.103.156804
https://doi.org/10.1103/PhysRevLett.103.156804
https://doi.org/10.1103/PhysRevLett.103.156804
https://doi.org/10.1103/PhysRevLett.103.156804
https://doi.org/10.1016/j.physe.2009.10.012
https://doi.org/10.1016/j.physe.2009.10.012
https://doi.org/10.1016/j.physe.2009.10.012
https://doi.org/10.1016/j.physe.2009.10.012
https://doi.org/10.1103/PhysRevB.82.195426
https://doi.org/10.1103/PhysRevB.82.195426
https://doi.org/10.1103/PhysRevB.82.195426
https://doi.org/10.1103/PhysRevB.82.195426
https://doi.org/10.1143/JPSJ.75.051010
https://doi.org/10.1143/JPSJ.75.051010
https://doi.org/10.1143/JPSJ.75.051010
https://doi.org/10.1143/JPSJ.75.051010
https://doi.org/10.1143/JPSJ.75.054705
https://doi.org/10.1143/JPSJ.75.054705
https://doi.org/10.1143/JPSJ.75.054705
https://doi.org/10.1143/JPSJ.75.054705
https://doi.org/10.1143/JPSJ.75.023708
https://doi.org/10.1143/JPSJ.75.023708
https://doi.org/10.1143/JPSJ.75.023708
https://doi.org/10.1143/JPSJ.76.034711
https://doi.org/10.1143/JPSJ.76.034711
https://doi.org/10.1143/JPSJ.76.034711
https://doi.org/10.1143/JPSJ.76.034711
https://doi.org/10.1143/JPSJ.78.114711
https://doi.org/10.1143/JPSJ.78.114711
https://doi.org/10.1143/JPSJ.78.114711
https://doi.org/10.1143/JPSJ.78.114711
https://doi.org/10.7566/JPSJ.83.072002
https://doi.org/10.7566/JPSJ.83.072002
https://doi.org/10.7566/JPSJ.83.072002
https://doi.org/10.7566/JPSJ.83.072002
https://doi.org/10.1103/PhysRevB.78.045415
https://doi.org/10.1103/PhysRevB.78.045415
https://doi.org/10.1103/PhysRevB.78.045415
https://doi.org/10.1103/PhysRevB.78.045415
https://doi.org/10.1143/JPSJ.78.023704
https://doi.org/10.1143/JPSJ.78.023704
https://doi.org/10.1143/JPSJ.78.023704
https://doi.org/10.1143/JPSJ.78.023704
https://doi.org/10.1103/PhysRevB.83.153414
https://doi.org/10.1103/PhysRevB.83.153414
https://doi.org/10.1103/PhysRevB.83.153414
https://doi.org/10.1103/PhysRevB.83.153414
https://doi.org/10.1142/S2010194512006046
https://doi.org/10.1142/S2010194512006046
https://doi.org/10.1142/S2010194512006046
https://doi.org/10.1142/S2010194512006046
https://doi.org/10.1103/PhysRevB.91.085112
https://doi.org/10.1103/PhysRevB.91.085112
https://doi.org/10.1103/PhysRevB.91.085112
https://doi.org/10.1103/PhysRevB.91.085112
https://doi.org/10.1016/0550-3213(81)90044-4
https://doi.org/10.1016/0550-3213(81)90044-4
https://doi.org/10.1016/0550-3213(81)90044-4
https://doi.org/10.1016/0550-3213(81)90044-4
https://doi.org/10.1103/PhysRevD.24.2669
https://doi.org/10.1103/PhysRevD.24.2669
https://doi.org/10.1103/PhysRevD.24.2669
https://doi.org/10.1103/PhysRevD.24.2669
https://doi.org/10.1209/0295-5075/89/47007
https://doi.org/10.1209/0295-5075/89/47007
https://doi.org/10.1209/0295-5075/89/47007
https://doi.org/10.1209/0295-5075/89/47007
https://doi.org/10.1103/PhysRevLett.98.116802
https://doi.org/10.1103/PhysRevLett.98.116802
https://doi.org/10.1103/PhysRevLett.98.116802
https://doi.org/10.1103/PhysRevLett.98.116802
https://doi.org/10.1103/PhysRevB.92.035306
https://doi.org/10.1103/PhysRevB.92.035306
https://doi.org/10.1103/PhysRevB.92.035306
https://doi.org/10.1103/PhysRevB.92.035306
https://doi.org/10.1103/PhysRevB.74.205414
https://doi.org/10.1103/PhysRevB.74.205414
https://doi.org/10.1103/PhysRevB.74.205414
https://doi.org/10.1103/PhysRevB.74.205414
https://doi.org/10.1140/epjst/e2007-00233-5
https://doi.org/10.1140/epjst/e2007-00233-5
https://doi.org/10.1140/epjst/e2007-00233-5
https://doi.org/10.1140/epjst/e2007-00233-5
https://doi.org/10.1103/PhysRevLett.79.3728
https://doi.org/10.1103/PhysRevLett.79.3728
https://doi.org/10.1103/PhysRevLett.79.3728
https://doi.org/10.1103/PhysRevLett.79.3728
https://doi.org/10.1103/PhysRevB.56.1061
https://doi.org/10.1103/PhysRevB.56.1061
https://doi.org/10.1103/PhysRevB.56.1061
https://doi.org/10.1103/PhysRevB.56.1061
https://doi.org/10.1103/PhysRevLett.98.186809
https://doi.org/10.1103/PhysRevLett.98.186809
https://doi.org/10.1103/PhysRevLett.98.186809
https://doi.org/10.1103/PhysRevLett.98.186809
https://doi.org/10.1103/PhysRevB.81.075427
https://doi.org/10.1103/PhysRevB.81.075427
https://doi.org/10.1103/PhysRevB.81.075427
https://doi.org/10.1103/PhysRevB.81.075427
https://doi.org/10.1103/PhysRevB.80.205319
https://doi.org/10.1103/PhysRevB.80.205319
https://doi.org/10.1103/PhysRevB.80.205319
https://doi.org/10.1103/PhysRevB.80.205319
https://doi.org/10.1103/PhysRevLett.100.110405
https://doi.org/10.1103/PhysRevLett.100.110405
https://doi.org/10.1103/PhysRevLett.100.110405
https://doi.org/10.1103/PhysRevLett.100.110405
https://doi.org/10.1209/0295-5075/95/20003
https://doi.org/10.1209/0295-5075/95/20003
https://doi.org/10.1209/0295-5075/95/20003
https://doi.org/10.1209/0295-5075/95/20003



