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Based on a detailed symmetry analysis, we state the general rules to build up the effective low-energy
field theory describing a system of electrons weakly interacting with the lattice degrees of freedom. The basic
elements in our construction are what we call the “memory tensors,” which keep track of the microscopic discrete
symmetries into the coarse-grained action. The present approach can be applied to lattice systems in arbitrary

dimensions and in a systematic way to any desired order in derivatives. We apply the method to the honeycomb
lattice and reobtain the by-now well-known effective action of Dirac fermions coupled to fictitious gauge fields.
As a second example, we derive the effective action for electrons in the kagome lattice, where our approach
allows us to obtain in a simple way the low-energy electron-phonon coupling terms.
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I. INTRODUCTION

The synthesization of graphene has triggered an enormous
interest in the analysis of its low-energy properties using
techniques from relativistic field theory due to the fact that
electrons in this material show a Dirac-type behavior for
stoichiometric fillings.! The origin of this lies in the band
structure of fermions in the honeycomb lattice: the Fermi
surface degenerates at a number of points, known as “Dirac
points,” close to which the dispersion relation takes a conical
shape.

The conical shape of the Fermi surface is not exclusive
of graphene, but it shows up in a number of unrelated
cases: fermions on the kagome lattice close to % filling (or
Z depending on the sign of the hopping amplitude)>* and
fermions in the w-flux state on the square lattice* are just two
examples of along list. One also encounters a degenerate Fermi
surface in the mean field description of strongly correlated
systems for particular solutions of the self-consistent mean
field equations, or in the Schwinger fermions mean field theory
of Heisenberg models.’ Last but not least, graphene arises
as another candidate to illustrate this kind of physics.®” In
Ref. 8, the appearance of Dirac cones on the Fermi surface was
investigated in a general way, while in Ref. 9 their existence
was exhaustively studied for all possible nonmagnetic three-
dimensional crystals. We note in passing that Dirac cones were
observed at interfaces of topological insulators.'®!!

In the study of graphene, different approaches have been
employed to construct the low-energy effective dynamics for
fermions in the presence of phonons. On the one hand, one
may start from the microscopic model and follow, for the
case in which the lattice is deformed, the same steps that lead
to the Dirac-type Hamiltonian in the undeformed lattice.'>!?
We call this the tight-binding approach (see Ref. 1 for a
detailed review and an extensive list of references). On the
other hand, one may promote the configuration space in which
the Dirac fermion propagates into a curved manifold, and then
use the standard coupling of relativistic fermions to curved
backgrounds.'#!> We call this point of view the covariant
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approach (see Ref. 16 and references therein). This last
approach allows the description of topological defects'” as well
as smooth deformed manifolds.'®!® Despite the strong bases
of both approaches, there are some apparent discrepancies
between them, a step towards solving which can be found
in Ref. 19. See also Ref. 20 for related work applying the
covariant approach.

A crucial ingredient for the construction of the low-energy
effective action is the symmetry group of the underlying
microscopic theory. A symmetry-based approach for graphene
has been proposed in Ref. 21 and used in several other
works.?>”?7 The symmetries of a lattice system are given by
the discrete translations of the Bravais lattice, the discrete
rotations and reflections known as point symmetries, and
possible internal symmetries such as spin or color. In the
process of taking the continuum limit to describe the physics
at sufficiently low energies, one may naively expect that
any fingerprint of the underlying discrete space would be
washed out, leaving a quantum field theory with no detailed
information of the particular system at hand. In other words,
one may expect the symmetries in the continuum limit to be
given by continuous rotations and translations, together with
the internal symmetries.

In this paper, we revisit in detail how symmetries are
used to constrain the low-energy dynamics of a generic
lattice system, under the assumption that one needs to retain
specific information about the underlying discreteness of the
lattice symmetries. The main idea is that in the infrared,
the discrete translations of the microscopic Bravais lattice
become continuous translations, while the point group retains
its discrete nature. In other words, the low-energy dynamics
will be described by a field theory with continuous fields
transforming in representations of the discrete point group.
Since any term in the Lagrangian should be invariant under
the full symmetry group, the system recalls its discrete origin
through the invariant tensors of the point group that are needed
in order to contract the field’s indices. We call such invariant
tensors the “memory tensors” of the lattice. In this way, a
low-energy description of a system microscopically defined
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by certain degrees of freedom in the square lattice (whose
point group is D4) or in the hexagonal lattice (whose point
group is Dg) will differ in the content of memory tensors, and
this would lead to different invariant local terms in the effective
Lagrangian.

The paper is organized as follows: In Sec. II, we give a
general description of the methodology. In Sec. III, we show
the method at work in the case of the Dg point group, and
we apply it to analyze both graphene and kagome systems.
We study as a first example the graphene case, and show how
to derive the low-energy effective field theory reproducing the
tight-binding expressions.'>!3 These results have also been de-
rived in Ref. 21 following a related symmetry-based analysis.
The advantage of the present approach is that it can be applied
to study more general cases in a straightforward manner. In a
second step, we apply the method to fermions in the kagome
lattice, which describes a tight-binding model at filling % (or
%, depending on the sign of the hopping amplitude).>? In this
example, the method shows its power since the derivation of the
effective action is quite straightforward. Section IV contains
the conclusions and outlook, and in the Appendixes we present
an alternative way to derive the transformation properties of
the low-energy fields.

II. GENERAL CONSTRUCTION

In this section, we present the procedure to construct the
low-energy effective action of an arbitrary d-dimensional
lattice system. We give the guidelines to build invariants out of
the fields representing the low-energy degrees of freedom and
the memory tensors that keep track of the discrete point-group
symmetry in the infrared description, and discuss the basic
elements defining the field theory for electrons and phonons
on a lattice.

A. Point-group field theory

A d-dimensional lattice system is defined by a unit cell
containing A atoms or molecules at positions {F}ae(1..a]
within the cell, which is repeated periodically on a Bravais
lattice, consisting in linear combinations of a set of d basis
vectors {d;}ie[1..4) with integer coefficients R = Zf:l n;d;
with n; € Z. In other words, such a system has a configuration
space consisting on sites

Xp,=R+7a, 1)

where the components of the vectors 7, in the {a; }iert...q) basis
are smaller than one and positive. For the kind of lattices we
are interested in,”®?° a space symmetry transformation acts on
the lattice sites X, as

X =P Xz, +1, )

where 7 is an arbitrary Bravais lattice vector, and P belongs
to the point group Gp which is a finite subgroup of the d-
dimensional orthogonal group O(d), consisting of discrete
rotations and reflections. The group of space symmetries can
be decomposed as Gy X G p, where G is the group of discrete
translations of the Bravais lattice.
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1. Low-energy symmetries and field theory

In the continuum limit, the Bravais sites R get replaced
by continuum Cartesian coordinates X in a d-dimensional
Euclidean space R?. In other words, the group of translations
G is replaced by continuous translations R?. This implies that
the low-energy degrees of freedom are well described by fields
@(X) which are functions on R?. Naively, one would expect
that the point group would be replaced by the continuous
Euclidean point group O(d), resulting in a space symmetry
group RY x O(d). If this expectation were realized, the fields
would transform under O(d) and any memory of the ultraviolet
discreteness would be lost in the infrared.*

The point of view taken in this paper is that the last step in
the above reasoning must be omitted; the discrete group G p
must be maintained in the low-energy limit as the group of
point transformations. In other words, our guiding principle
is that the low-energy space symmetry group of the theory is
R? % G p. The low-energy degrees of freedom will therefore
be described by fields ®,(X) with £ € [1... L], transforming
under a point-group transformation P € Gp according to an
L-dimensional representation of G p:

D)) = D [D(P)]e@e(P™" X). 3)
14

The low-energy dynamics of the system has to be invariant
under R? x G p. Invariance under translations is guaranteed if
any term in the Lagrangian is written as an integral of local
products of the fields ®,(X) and their derivatives. In order
to construct invariants under G p, we need to contract the £
indices with suitable G p invariant tensors, which we shall call
memory tensors. A generic G p-invariant tensor of order p
satisfies

Toey..0, = Z[D(P)]g,z,[D(P)]sz - [D(P)le,e, ey, -
64t

“

Thus, a generic RY %G p invariant term in the Lagrangian
density, of order p in the fields and containing no derivatives,
reads as

L= Totrt, @0, @)D, (¥)... (). (5)

6.t

Notice that derivatives 9; transform under the vector represen-
tation of G p, which in what follows we will denote as V. The
vector representation is defined by

[DY(P));; = [P, ©6)

where [P];; is the standard d-dimensional matrix representa-
tion of P. In consequence, terms containing derivatives can be
built in a similar manner, with the help of invariant tensors with
as many additional vector indices as derivatives are present.
Explicitly, a term of degree ¢ in derivatives and order p in the
fields reads as

Ly = Z Tiy..iyty.0, 05, Pe, (X) ... 0., @, (X)), (7)
[1...(1,,1'1...1',7

where the tensor T;, ¢, e, satisfies (4) with the i indices
transforming in the vector representation.’!
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2. Obtention of the invariant tensors

The L-dimensional representation D(P) carried by the
fields ®,(X) is in general reducible. A reducible representation
D(P) can be decomposed as a sum of irreducible representa-
tions of G p as

D(P) = P a;D'(P), ®)
J

where J labels the irreducible representations of G p and the
integer ay accounts for the multiplicity of the irreducible
representation J in the decomposition. Among the irreducible
representations of G p that will be of interest in what follows,
we have the singlet representation E in which any point-
group transformation acts as the identity, and the vector
representation V that we defined above (6).

A given term in the action contains a product of fields and
their derivatives that transform in the corresponding tensor-
product representation of G p. The existence of an invariant
tensor to contract all the indices in such a product can be
traced back to the presence of the singlet representation in the
corresponding decomposition (8).

To obtain the decomposition of a given representation
D(P), one needs to compute the character vector x? =
(tr[D(Py)], e[ D(P>)], .. .), where P;, P, are representatives
of the conjugacy classes C;, C;, and the ellipsis standing for
the remaining classes of the point group G p. The multiplicities
ay are obtained by linearly decomposing x” in terms of the
characters of the irreducible representations

X" = ayx’. ©)
J

Given a representation D(P), one finds its projection onto the
irreducible representation J by use of the projector>>

y_ dimJ
IGpl

Z tr[ DY (P D(P). (10)

PeGp

In order to construct an invariant tensor as those entering
into Egs. (5) and (7), one needs to project the tensor-product
representation into its singlet component, using

PE D(P). an

|Gpl el

The action of this projector is easy to understand: acting
on an object that transforms under D(P), it gives the sum
of all its images under point-group transformations. The
resulting object will necessarily be invariant under Gp.
Explicit examples will be given in the following.

B. Phononic and electronic fields

The natural question is then as to which representations
of G p have to be considered when constructing the effective
field theory of a given lattice system, or in other words, what
is the correct field content ®,(X). In this section, we obtain the
field content that takes into account the low-energy degrees
of freedom related to phonons and electrons moving in the
lattice.
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1. Phononic field

To analyze the vibrational degrees of freedom of the lattice,
we denote by v 1,1(13) the displacement of the atom a on the
Bravais site R in the Ith direction of three-dimensional space
I € [1...3]. Notice that for the case of a lower-dimensional
d < 3 lattice, the vy, include the transverse displacements as
well as the displacements along the directions of the lattice.
They give a total of 3A degrees of freedom which enter
quadratically in the Lagrangian at the harmonic level. The
resulting 3A normal modes can be classified, according to the
standard theory of phonons in solids, as 3A — 3 optical modes
plus 3 acoustic modes.*® At sufficiently low energy, only the
acoustic modes are relevant, and they have linear dispersion
relation. In consequence, at low energy we need to consider
only three fields v;(X).

The fields v;(X) can be decomposed as v; =
U1, ... ug,hy, ... ,h3_g). The u;(¥) fields take into account
the deformations of the Bravais lattice and transform under
the point group Gp in the vector representation V defined
in (6). On the other hand, the 3 — d fields A,.(¥) account for the
transverse (or “flexural”) displacements, and they are scalars,
i.e., transform in the singlet representation E.

To isolate the elastic degrees of freedom from the global
translations and rotations of the lattice on the Euclidean three-
dimensional space in which it is embedded, the effective action
must depend only on the combinations 9;/,(X) and u;;(X) =
1/2[0;u;(¥) + 9ju;(¥)].** The field 3;h,(X) transform in the
vector representation

(X)) =D Py 0ih (P X) (12)

and we denote this as
diheV. (13)
Regarding u;;(X), it is a symmetric tensor that transforms in
the product representation V ® V as
uj(@) = PiPjjuy (P ), (14)
i
in other words
Uijj (S S(V@V), (15)

where S stands for “symmetric part.” Notice that any symmet-
ric tensor can be decomposed into its trace and its symmetric
traceless parts, namely,

| . 1 .
uij(x) = E(Sij Zukk(x) + Z (5ik5ﬂ - 351']'31(1) 1y (X).
k il
(16)

Since the first term is invariant under point-group trans-
formations, the representation S(V ® V) contains a singlet
in its decomposition, i.e., S(V® V) = E & .... This singlet
describes the homogeneous dilation of the lattice.

2. Electronic field

In order to derive the transformation properties for the
electronic degrees of freedom, we need to work out the
implications of Eq. (2). To do that, we note that under a

045126-3



CABRA, GRANDI, SILVA, AND STURLA

° ° ® ° ° °
° ) ) € ) ) °
b
) ) ¢ ¢ " e ¢ )
® ) e / ® ® ®
° ° . e
° ) ) ° °

- ;
° o o/ o e
) °

72,0 ®

FIG. 1. (Color online) In the honeycomb lattice, a rotation P
maps the atoms a and b corresponding to the cell at position I_é, into
the atoms b and a corresponding to two different cells, none of which
sits at the rotated position P - R. In order to express the positions of
the rotated atoms in terms of the atoms corresponding to the rotated
cell, we need to use the vectors 7 and 7.

point-group transformation P, the position 7, of the ath atom
inside the unit cell transforms as

FL=P Fy=rFg +1). an

Then, under a point-group transformation the atom a in the
Bravais site Ris mapped into the atom ap in the Bravais site
P - R +1F. The Bravais lattice vector Z,” arises whenever the
action of P takes 7, out of the unit cell (see Fig. 1).

Calling ca(ﬁ) the operator that annihilates an electron in
the Wannier state localized around the site X, a point-group
transformation P acting on the lattice maps such state into the
corresponding Wannier state centered around the transformed
point P - Xj,, namely,*

c(R) = cap (P - R+ 1)) (18)

Bloch states are annihilated by the operators

Ca(lz) = Z

ReBravais

e kR e (R). (19)

Using (18), one finds that a point-group transformation P acts
on Bloch states as

AOENDY

ReBravais

e PORAID ¢ (R). 20)

In other words, we obtain3®
(&) = PO e, (PR, @21

As will become clear in the following, the phase factor on
the right-hand side characterizes the transformation properties
of the low-energy electronic degrees of freedom under point-
group transformations.

In a noninteracting system, the Hamiltonian is diagonalized
by linear combinations of Bloch states with fixed k. Since the
index a takes A values (corresponding to A atoms or molecules
in the unit cell), there would generically be A different energy
bands {8,1(/2)},,6[1___ 4. Calling cn(l;) the operator that creates
an energy eigenstate with crystalline momentum k in the nth
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band, we can write

A
cak) =Y tan cu(K). (22)

Bloch theorem implies that states with crystalline momentum
k accommodate in representations of the group G consisting
in those point-group transformations that leave k invariant, the
so-called “little group” of k.37 This in turn implies that, if there
exist values of k such that the transformation rule (21) contains
a nontrivial representation of the little group Gy, then the n
indices mix under little group transformations, and the energy
bands will be degenerate at those points. We will assume that
such degeneracy occurs at isolated points {k;, }mer1...m1-

The ground state of the noninteracting electron system
is obtamed by filling all Bloch states with negatlve energy
sn(k) < 0 while those with positive energy sn(k) > 0 are
empty. We will assume that interactions do not alter this
picture.

Now, we are ready to take the low-energy limit. Given
an energy cutoff e.y,f, high-energy bands, those which lie
completely above it, are not excited at all at low energies.
On the other hand, low—gnergy bands can be excited only for
momenta satisfying |&, (k)| < &cutoft-

We will assume in what follows that low-energy bands
have their minima or maxima at degenerate points {iém bmerl...m
and we will tune the chemical potential to ensure that those
points lie at zero energy. In consequence, loyv—energy states
have momentum close enough to some of the k,,. To construct
the low-energy effective action, we replace the annihilation
operators by

(@) = culkm + ). (23)
With these operators we can recover, in our original basis (22),
Cma (é) = Z Qan Cnm (é) (24)

Notice that in (23) we have also expanded the high-energy
bands’ annihilation operators around the minima of the low-
energy bands, and that we have included the resulting operators
in the sum of (24). Since this corresponds to an assumption
on the high-energy modes, it would be harmless as long as the
corresponding additional degrees of freedom are gapped in the
effective theory. This observation will be important in Sec. III
when we study the kagome lattice.

Since under point-group transformations the energy bands
have to lze invariant, then the transformation P of one oﬁ the
minima k, must necessarily result in another minimum &, ,,
namely,

Pk =k, (25)

With this, and using formula (21), we can state that under
point-group transformations, low-energy annihilation opera-
tors transform according to

¢ a@) = e*rr e (P, (26)

where, in the low-energy limit, we have disregarded the g
dependence of the exponent in the right-hand side of (21).
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By Fourier transforming this low-energy operator, we get our
electronic annihilation fields

\I’ma()_é) = /ddq ei(;'fcma(a)- (27)

The coordinate ¥ in the above equation denotes the position in
the Bravais lattice. The transformation rule (26) determines the
representation of the point group under which the electronic
fields transform, its properties being fixed by the transforma-
tion rule of the atom positions 7, and of the minima l;m of the
low-energy bands. Explicitly,

V(X)) = / diq T (§) = et W, (P -F). (28)
To make the above equation compatible with the general
transformation rule (3) of a field, we need to replace P in
the above formula with P! to obtain®

V(&) =Y [D(P)lama Yma (P~ -5, (29)
with

[DP ™Y mama = SmpSaape™r @ | (30)

where the indices m,a determine mp,ap. We denote this
representation as R, i.e.,

Yina € R. €29}

Notice that this representation is in principle reducible.

To summarize, in order to construct the low-energy field
theory, we need to identify the discrete point group G p. Low-
energy fields representing phonons consist on flexural 9;4,(X)
and in-plane u;;(X) degrees of freedom, transforming in the
vector V and symmetric product S(V ® V) representations of
G p, respectively, while those representing electrons consist
on V¥,,,(X) transforming in the representation R defined
in (29). In consequence, our field content is given as ®,(X) =
[0:71,(X),u;5(X), Wya(X)], and invariant terms will be built
out of memory tensors with indices in the corresponding
representations. The list of such tensors can be exhausted
by group-theory methods, thus providing the most general
effective action compatible with the point symmetries. Up to
this point, we have only made use of the point symmetry
group of the system. At low energies, the translation subgroup
enters only through its continuum description, which implies
the conservation of g. Nevertheless, the underlying discrete
translation symmetry imposes the conservation of crystalline
momentum, thus a term in the Lagrangian originating transi-
tions between states at different minima Em in the Brillouin
zone must be forbidden. This implies that, among all the
possible invariant tensors, we must keep only those which
are completely diagonal in m. In the next section, we apply
this procedure to a particular important case.

III. Dg FIELD THEORY

In this section, we apply the methodology described above
to the case in which the point group is De, which arises, in
particular, for the cases of the hexagonal and kagome lattices.

We first discuss the common features of these two different
lattices, i.e., the decomposition of reducible representations
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into irreducible ones that allows us to construct the invariant
tensors. In a second step, we construct the singlet terms (Dg
invariants) that conform the low-energy effective action as
an expansion in momenta. The results are compared with
the literature. At this point, we analyze the different lattices
separately, showing how to derive the relevant invariant terms
in each case.

A. Dg group and its representations

In general, the “dihedral group” D, is defined as the
symmetry group of a regular n polygon. It is generated by
two elements R, F, as

D, = {R,FR" = e,F? =e,F,'RF, =R},  (32)

where e is the neutral element of the group.

The Dg group is a non-Abelian discrete group of order
|Dg| = 12. It can be generated from a 60° rotation R and a
reflection through the x axis F,. It has six conjugacy classes:
those of the identity and R* of dimension 1, those of R and
R? of dimension 2, and those of F, and RF, of dimension
3. For completeness, we mention that Dg is a product group
Dg = D3 x Zo with D3 the symmetry group of an equilateral
triangle generated from a 120° rotation and a reflection.

1. Representations

The Dg group has six irreducible representations, which we
denote by

J=E.A,A,A3,V,V, 33)

where E is the singlet representation, A;,A,A; are one
dimensional, and V,V’ are two dimensional. V is the vector
representation (6) and we refer to A; and V' as “pseudoscalar”
and “pseudovector” representations, respectively.

The pseudoscalar representation A;, which will appear
below, corresponds to representing the rotations trivially and
the reflections by a sign. The (faithful) vector representation
V is written naturally in terms of 2 x 2 orthogonal matrices
acting on the plane

1 _ V3
A% _ 2 2
D(R)—(ﬁ \ ) 34
2 2
v (1 0
DY(F,) = (0 _1>. (35)

The (nonfaithful) pseudovector representation V' can be
obtained from the V matrices as

v _rpV 2 _ _% _JTg
DY(R)=DYRP=| 2 ) (36)
2 T2
DY(F,) = DV(F,) = ((1) _01> : 37

Due to nonfaithfulness of V’, one has
DY(F,) = DV(R*F,)
= [DY(RI’DV(F,)
= DV(F,), (38)
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where we have used (36) to go from the second to the third
line in (38). Hence, reflections through the x and y axes act on
a V' pseudovector in the same way.

In what follows, to distinguish vectors in the two-
dimensional representation V from pseudovectors in the two-
dimensional representation V', we use for the first Latin
indices, while for the second we use Greek indices.

The decomposition of a given Dg representation D(P) into
irreducible representations amounts to compute the character

%P = (tr(e), tr(R) tr(R) tr(R?) tr(F ) tr(REFY)),  (39)

where tr(P) = tr[D(P)] with P € Dg, and to write it as
a linear combination of the characters of the irreducible
representations. The character table for Dg can be found in®

De C. Crp 2Cx 2Cx 3Cr. 3Car
E 1 1 I I I I
Ay 11 1 1 -1 -1
A, 1 -1 -1 1 -1 1
Ay 1 -1 -1 1 1 -1
vV o2 2 -1 -1 0 0
vV 2 =2 1 -1 0 0

The horizontal lines of this table contain six character vectors
XJ, one for each irreducible representation. These vectors
are orthogonal with the metric g;; = diag(1,1,2,2,3,3) whose
diagonal entries are given by the dimension of each of the
classes (quoted in the top line of the table).

Decomposing (39) in the basis given by {x’} as in (9),
one obtains the coefficient aj giving the number of times
the irreducible representation J appears in the representation
D(P).

For the construction of invariants, it is useful to quote
the decomposition of the product of any two irreducible
representations. One has

E ® Irrep = Irrep,

A; ® A; = E (similar for A;,A3), A,V =V,
A; ® A, = Az (and cyclics), AI®V=YV,
ARV=V, ARV =V,
A3V =V, A3 Q@V =V,

VV=EGA ®V,
VeV =A06A;0V, (40)
VRV =EGA V.

These rules allow us to decompose an arbitrary product of
representations.

2. Memory tensors

As mentioned above, the memory tensors have their origin
in the decomposition of products of representations into
irreducible representations. As an example, the first line
in (40) indicates that a product of two vector representations
decomposes as a sum of three irreducible representations:
the first two are one dimensional and the third one is two
dimensional.

The presence of E in the decomposition of V ® V indicates
the existence of a tensor with which we can construct a
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scalar out of two vectors. To obtain such tensor, we apply
the projector Pg to an object o;; transforming in the product
representation, to obtain

1 1
[P¥ol;; = T Z PiiPjjoij = 5(011 + 022)8;;. (41)
P

Stripping the scalar factor, we extract our invariant tensor in
the V ® V representation. In a similar way, one can extract the
pseudoscalar part A; as

1 1
[PYol;j = T ZS(P)PgiPleQ = 5(011 —on)eij, (42)
P

where s(P) is the sign representing the transformation P in the
pseudoscalar representation A;. The resulting tensor ¢;; gives
a pseudoscalar when contracted with two vectors. This tensor
can be also understand as the singlet in the decomposition

AIQVRV=E®A V. 43)

Finally, the presence of V' in the V ® V decomposition calls
for the existence of a Dg-invariant three-index tensor Sy;; such
that when contracted with two vectors gives a pseudovector.
Its existence can also be inferred from the singlet in the
decomposition

VRVRV =E®A @3V. (44)

Such tensor can be obtained by using the corresponding
projector, and it reads as

S1ij = (03)ij,82; = (01)ij, (45)

where 0,03 are the standard Pauli matrices. A rotated version
of this tensor has been previously introduced in Ref. 16.
According to (4) the invariance of the tensor Sy;; under Dg
implies that it satisfies

Saij = Y DV (P)lae [DY(P);i [DV(P)]}; Swij-  (46)

aij

This tensor turns out to be a key ingredient in the construction
of the effective action.

For completeness, we observe that from the last line in (40)
we can infer the existence of a tensor dug that provides
a scalar out of two pseudovectors: a tensor €,g providing
a pseudoscalar, and a three-index tensor T,g, providing a
pseudovector. This last tensor can be understood as the singlet
in the decomposition

VVeV =E®dA ®3V. 47)
Its explicit components are given by
T = (03)ap: Toap = —(01)ap- (48)
The 7,4, tensor (48) is totally symmetric in its indices and
traceless on any two indices. It satisfies
Tupy = »_[DV (P)lae [DY (P)gs [DY (P)]yy Tupy. (49)

afy

This tensor allows us to obtain the singlet in (47) out of the
product of three V' pseudovectors.
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B. From memory tensors to the effective action

Let us first analyze the symmetry properties of the low-
energy degrees of freedom we want to describe, which is to
find the field content describing electrons and phonons on our
Ds field theory. First, we discuss the phonon modes, which
have the same symmetry properties for the two examples we
want to analyze in detail, i.e., the hexagonal and the kagome
lattices. Then, we turn into the electron modes, which have
different transformation properties in each system.

1. Phonons

As mentioned in Sec. II, the elastic degrees of freedom split
into in-plane phonons u;; (X) transforming in the symmetric
tensor representation S(V ® V) and out of plane flexural
phonons 9;4,(¥) transforming in the vector representation V.
In the present case, i = x,y and the index r can be omitted
since there is a single transverse direction.

The vector representation is generated by the matrices (35)
and it is irreducible. Then, for the flexural phonons we can
simply write

dheV. (50)

On the other hand, the tensor representation V® V decom-
poses as in the first line of (40) in terms of irreducible
representations. It consists of tensors with two vector indices,
which allows us to use the standard decomposition of a
tensor into its trace, its antisymmetric and its symmetric
parts, in order to get an interpretation of the irreducible
representations entering into (40). Indeed, as advanced in
Sec. 11, the singlet representation E corresponds to the trace
part. Being two dimensional, the V' representation corresponds
to the two-dimensional space of symmetric traceless 2 x 2
tensors. Finally, the A representation must then correspond to
the one-dimensional space of antisymmetric 2 x 2 matrices.
With this, we can deduce

u; €eS(VV)=Ea@V. (628

We can arrange the two independent components of the
symmetric traceless part of u;;(x) in a V' pseudovector, by
making use of our invariant tensor Sy;; as

Z Saij uij(X)
ij

= (Ocly —

AL(X) =

OyUy,0xlty + Oyliy). (52)

We would like to stress that A%)(X) is not a vector in the
usual sense since it transforms in the V' representation. This
object has been named pseudovector since under a y-axis
reflection (x,y) — (—x,y) transforms as [A%(¥), A% (¥)] —
[A(X), — A(;‘)()_c')] contrary to naive expectations. This last
transformation is nothing but the expected one as soon as
one recognizes that A" (X) transforms as a V' representation

of Ds:
> DY (P)la
B

where DY'(P) are as in (36) and (37).

AW (%) = o« AV(PT! T, (53)
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2. Electrons

In order to obtain the representation in which the electronic
fields transform, we follow the lines sketched in Sec. II. The
two examples we study, namely, that of graphene and electrons
on the kagome lattice, correspond to a triangular lattice with
symmetry group Dg. The first Brillouin zone consists of a
hexagon whose vertices are identified under 120° rotations.
In other words, we have two independent vertices k, with
m = +,—, which have a nontrivial little group. As explained
in Sec. I1, this implies that at these points k., the energy bands
degenerate, and our technique applies as long as the filling
selects the corresponding energy as the ground state. This is
precisely the case for graphene at stoichiometric fillings, and
in the kagome case we adjust the chemical potential to have
filling 1. )

The triangular Bravais lattice is generated as R = na; +
I’lgaz with ny,n, € Z and

i =(1,0), d = <cos % sin %) , (54)

where for convenience we set the lattice spacing to one by an
appropriate choice of units. The two inequivalent Fermi points
are located at

=+ 00 (55)
+ = x=—=(L,0).
V3

(a) The graphene case. Being made out of carbon atoms
arranged in a hexagonal structure, graphene can be seen as
a triangular lattice with a fundamental cell containing two
atoms at positions r, with a = a,b. The low-energy dynamics
is hence described by two energy bands. The positions of the
a and b atoms inside the unit cell are

Fa = % (cos%, sin%) , o= 55 (cosz sm%) .
(56)

To analyze the low-energy limit, we consider the neighborhood
of the Dirac points ki and write k = ki + g with |g| small
enough. We expect that only the degrees of freedom in such
regions participate in the dynamics and therefore we get four
low-energy independent annihilation fields

Via

Yip
v, | (57)

vy

These fields transform according to (29) and (30), and to make
the transformation rule explicit, we need to compute ta ,ap,
and m p defined in (17) and (25). In order to do that, let us first
notice that the action of the D¢ generator R on the Bravais sites
is homogeneous, while for the unit cell basis 75,7, One gets a
nonhomogeneous piece (see Fig. 1)

Woa (2) =

R-Fa=Fp—a;, R-TFp=rq+dy—ay, (58)
from which we extract
ag=b,+rp=—, brp=a,—r=+, (59)
and
tR=—a tf =a, —a. (60)
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Second, for the F, generator we get

Fy-Fa=T1p—dy, Fy Tp=ra+ad —a, (61)
implying
ap, =b,+p =+, br=a,—p =-, (62)
and
iF = —ay i =y — a. (63)

In consequence, from (26) and (28) we obtain

0 w
0
DR(R) = LY , (64)
0 w
0
0 o*
R 0
D™ (Fy) = , (65)
0 w
w* 0

withw = i 5.
The character for the Dg representation defined by (64)
and (65) is

xR = (4,0,0, —2,0,0). (66)

This representation is reducible and decomposes in Dg
irreducible representations as?

U, eR=VOV. (67)

Quadratic terms. Having obtained the representations of Dg
contained on the basic low-energy fields u;;(x), 9;2(X), and
W,,,(X), our aim now is to build an invariant effective action.

As a first step, one might wonder whether quadratic
fermionic terms, not including derivatives, are allowed in
the low-energy effective action. This amounts to analyze the
Dg singlets in the \IJ,TM W,,, decomposition. From (40), one
immediately finds that the 16-dimensional fermion bilinear
representation decomposes as

Ul W, e R“"@R =2E @24, ®2A, & 2A;
®2Vd2V. (68)
The coefficient of the singlet E in Eq. (68) implies that two

possible memory tensors M, M exist. Upon computation, one
finds

M = 0 1 . (69)
1 0

M = H4><4’

The appearance of the M tensor is not surprising since the
fermion representation defined by (64) and (65) is easily seen
to be unitary. By looking at the structure of the M tensor, one
realizes that it leads to fermion bilinears WM W that mix both
the Fermi points 4 and the sublattices a,b. As discussed at the
end of Sec. II, conservation of crystalline momentum does not
allow for this last kind of term in the Lagrangian, thus we must
not consider M in the low-energy limit. We conclude that, at
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the quadratic order and with no derivatives, symmetry allows
only one term in the Lagrangian constructed from the trivial
tensor M,*° which reads as

L, =upuvw (70)

(here and in what follows the ma indices are not made explicit
whenever they are summed over). The arbitrary constant u can
be identified with a chemical potential.

The tensor M also allows us to write a kinetic term of the
form

Liin = iW9,W. (71)

Next, one can explore the possible derivative terms. To do that,

we have to decompose the product lI/,;rm 0; W, into irreducible
representations. This gives

Wl W, cVRR* @R = 2E @ 2A, © 24, @ 2A;
OV D6V, (72)

The presence of two singlets in the above decomposition,
whose origin can be traced back to the presence of two V terms
in (68), can be understood as the existence of two independent
sets of invariant “Dirac gamma” matrices y; and y; satisfying

[DR(P)]'y; DR(P) = DY(P)y;. (73)

In other words, the bilinears Wy, ¥ and W7 W constructed
out from those y matrices transform as vectors. As for the
tensors derived above (69), due to momentum conservation
only one of the sets satisfying (73) is permitted in the low-
energy effective action. Indeed, upon analyzing the structure
of the gamma matrices y,7, one observes that the fermion
bilinear that results from the y set preserves the Fermi points,
while the one that results from the 7 set mixes the two Fermi
points. Again, by crystalline momentum conservation we must
discard the 7; set in the low-energy effective action. The
relevant set of Hermitian y matrices satisfying (73) reads as
o—i27/3
0i27/3
Vi e_m ;31 (74)

oi7/3
e—iT/6
eirr/6

V2 e—i5m/6 | - (75)

£i37/6

The reason for calling these tensors y matrices follows from
their anticommutator algebra

{vi,vj} =28 (76)

and from the form of the singlets we can construct out of them.

From all these ingredients, it now follows that the Dg-
invariant term that can be constructed out of fermion bilinears
and one derivative is

L,=ivy Wiyow, (77)

where v is an arbitrary constant. As shown below, this ex-
pression coincides with the derivative term originally obtained
in the literature from a tight-binding approach. The virtue
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of our approach is that it makes manifest the transformation
properties of the fermionic excitations under the point group.

Accidental rotation symmetry. From the fermionic terms
we just constructed (70), (71), and (77), we conclude that, at
the quadratic level in fermions, the Lagrangian for graphene
reads as

Ly=iWow+iv)y Wiyow+pudlv.  (78)
L
This Lagrangian can be shown to have an accidental con-
tinuous symmetry, already discussed in Ref. 22 where it was
called “full intravalley rotational symmetry.” In our formalism,
this symmetry arises naturally from the fermionic rotation
generator A, constructed from the y as

1
A=tpm=2i] ! 9
=12 Yi, Y2l = ) 1 .
1
From it we can define the continuous matrix D(0) as

i 8
i3

e
e’i%
D) = A = e is . (80)
el
which satisfies the relation
[DO]'y; DO) = Rij() y;, (81)
with
cosd —sinf
R(®) = <sin9 cos 6 ) ’ (82)

Expression (81) ensures that the quadratic Lagrangian £, is
invariant under the simultaneous transformations

X'=R(®)-X,

(83)
W, () = Y DO mama Yna [RO) " 3},

Notice that upper and lower components of W,,,,(¥) do not mix
under (80).

Being an accidental symmetry of the lower derivative
quadratic action, this symmetry does not need to be preserved
by interactions nor by higher derivative terms, and as we
will see in the forthcoming sections, it is indeed broken by
electron-phonon interactions.

Electron-phonon couplings. To construct the invariant
terms coupling phonons to electrons, let us first concentrate in
the in-plane phonons u;;(X), which transform in the S(V ® V)
representation. We hence need to look for singlets in the
decomposition of the product

UV Wna € SVOV)®R* @R

ma

=4E @ 4A| D 4A, B 4A; 8V B8V, (84)

In the first line of this equation, we can use (51) and (68) to
advance that we will have four singlets in the second line:
two of them coming from the singlet in (51) multiplied by
the two singlets in (68), and the other two coming from
the V' in (52) multiplied by the two V' in (68). Similarly
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to what happened with the quadratic invariants, momentum
conservation precludes half of them, therefore in what follows
we only write the two tensors which do not mix the Fermi
points. The one coming from the product of the singlet in (51)
with the singlet in (68) reads as

Ly =YY us. (85)

This term has its physical origin in the changes in the area of
the unit cell due to contractions and dilatations.*

The singlet arising from the product of the V' in (51) with
the V’ in (68), in complete analogy with the discussion above
on the derivative terms, implies the existence of a set of gamma
matrices ¥, that project the fermion bilinear (68) onto its
relevant V' component. They read as

/3
~ e—in/S
V1= e—in/3 | (86)
ein/S
oin/6
eirr/6
V2= oin/s | 87)
e—in/6
and satisfy
[D(P)]' 7 D(P) = DYs(P) 7. (88)

The resulting interaction term has the form

Ly =qw Y V7.V AY, (89)
o

where the pseudovector A was obtained in (52) by projecting
the phononic components into the V' representation making
use of the tensor S,;; defined in (45). This interaction
term reproduces the expressions previously obtained in the
literature.'

Now we can turn into the invariant terms coupling flexural
phonons to electrons. To lowest degree in fields and lowest
orders in derivatives, we need to look for singlets in the
decomposition of the product

dh¥! U, eVRR*®R. (90)

Since the irreducible representations entering into this product
are exactly the same as in (72), we repeat the analysis we made
to write the quadratic derivative terms and obtain the invariant
coupling

Ly=vg ) WiyWoh. 1)

To the same order in the fields, we can easily go to higher
orders in derivatives. Since 9;0 ;4 transforms in the same rep-
resentation as u;;, Eq. (84) and the subsequent considerations
immediately tell us that the allowed invariant couplings are

Lz, = GV WVh (92)

Gy

and

L‘I(h) =d4wm Z “I]T?ot\y Afyh)’ (93)
o
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where

APE) =Y Saij 3:0;h(). (94)
ij
The interaction term (93) has been recently shown to appear
when a coupling to the spin degrees of freedom is present.*¢
Notice that in the absence of a substrate, the transformation
h(¥) — —h(X) must be a symmetry of the Lagrangian, which
implies that the coupling constants g,g,) and g, must be
set to zero. In that case, the first nontrivial interaction arises to
quadratic order in 9;2(xX). Again, since 9;1(X)d;h(X) transform
in the same representation as u;; (X), we can write the relevant
terms without any additional analysis. They read as

L = GV W(VhY (95)
and
Ly = qum Y _ W7, ALY, (96)
o
where
AGPE) = Y Saij Hih(F)D;(R). o7

ij
The procedure just presented can be pursued to any degree
in the fields and to any order in derivatives, allowing for the
construction of the most general effective action for electrons
coupled to phonons in graphene.

Final result and comparison with the literature. Then, as a
general conclusion, to the lowest order in the fields and their
derivatives, the most general Lagrangian consistent with the
symmetries reads as

L=iViowtiv) Wiy (3 —igdih) V¥

+ (M + G Z wii + GuyV>:h + Ci(hh)(Vh)2> iy

L

+ D (@AY + gAY + qanAL") Wiz, . (98)

The first observation regarding this Lagrangian is that even if
the first two lines in (98) are invariant under the accidental
continuous symmetry (83), the third line is not. This is due to
the fact that the tensor S,;; entering into the construction of
the pseudovector fields A, (X) is not invariant under R(6) but
only under transformations in G p. A second observation is that
the coupling to 9;4(X) in the first line can be reabsorbed by
a local phase redefinition of the electronic fields W/ (X) =
exp[—igh(¥)]W¥,.(X). Nevertheless, such operation would
give rise to a kinetic coupling —gW W 3,4, A final point is
that since the A,(X) fields are pseudovectors, a local phase
redefinition of W,,,(X) can not be reabsorbed by a derivative
shift in any of them. In other words, the fields A,(¥) are not
“gauge” fields in the standard sense.

We close this section showing the consistency of our results
with the existing effective Lagrangians computed from a
tight-binding approach, to lowest order in momentum and
deformation fields. In order to make contact with the literature,
we rewrite the electron field as

e_i%\l/+b e_i%lll_b
= x , _= x . 99
v ( €5 Wia ) v ( e'sW_g ) o)
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From our kinetic Lagrangian £, in (77) we can extract the
quadratic part of the Hamiltonian density

Hy=—iv) Wloiy, + vl aay),  (100)

where 0; = (01,0,) are the usual Pauli matrices, 6; = (o7, —
0,). This coincides with the result obtained in Ref. 12.

As for the electron-phonon coupling, the term arising
from (85) reads as

Hy, = Gu@Wlyy + vy ) us, (101

and coincides exactly with the one presented in Ref. 12.
Finally, from (89) one obtains

Hy, = —quy _(Wioaty — ¥y ) AL, (102)
where 0, = (01,072) and 6, = (071, — 0). This again coincides

with Eq. (3.9) of Ref. 12.

(b) The kagome lattice case. We now sketch the application
of our technique to the kagome lattice, highlighting the main
differences with the graphene case discussed above.

The kagome lattice can be seen as a triangular lattice with
three atoms per fundamental cell. As for the graphene case, we
consider the simplest nontrivial case of a doubly degenerate
low-energy band structure with two inequivalent Dirac points;
Dg symmetry implies that they should be located at the vertices
k. of the Brillouin zone. The third band is not degenerate and
it will be considered a high-energy band. This instance in
particular includes the description of the kagome lattice at %
filling. In consequence, we have six degrees of freedom at low
energies, that we arrange as

V,a
Yib
Ve
V_q
Wy
Vg

(103)

To derive the transformation properties of the six degrees of
freedom, we consider the triangular lattice to be generated
by (54). The position of the ¢ = a,b,c atoms inside the unit
cell is

o= 1d. (104)

- 1,- - - 1=

ra= (a1 +a), 1= 3za2,
The action of the D¢ generators R, F, on the basis 7, is
R.-rfe=rp

(105)

R-ra=rc+ay—a;, R-rp=ra—ay,
and

> >
Fx'rCZr07

(106)

from where one reads the information needed for comput-
ing (26) as

aRZCv+R=_a bRZav_R:+’ CR=b (107)
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and
tR=day—a, tf=-a, if=0 (108)
for the R generator, while for the F, generator we get
ap, =b, +p=—-, bp=a,—-p =+, cp=c,
(109)
and
th =a)—a, 1" =-a.if*=o0. (110)
In consequence, we obtain
0 o
0 0 1
D(R) @ 0 (111)
0 o
0 0 1
o* 0
and
0 w O
w* 0 0
0 0 1
D(F,) = w0 (112)
0 0
0 1

The character for the representation defined by (111) and (112)
is

= (6,0,0,0,2,0). (113)
Upon decomposing it, one finds
V. cR=E®A; VOV, (114)

Two additional degrees of freedom appear in this decom-
position when compared to the case of graphene (i.e., the
scalar E and the pseudoscalar A3). As we explain below, they
give rise to high-energy bands and are naturally projected out
for generic values of the couplings in the resulting effective
Lagrangian.

Quadratic terms. We now turn to the construction of the
possible low-energy effective terms in the Lagrangian. Having
defined the transformation properties of W,,, under Dg, these
terms are obtained from the projection of the appropriate
field products into Dg singlets. As discussed for the graphene
case, crystalline momentum conservation is equivalent to
demanding that the terms entering into the Lagrangian must
not mix the Dirac points.

The decomposition of a fermion bilinear results in

Wl W, e ROR =4E ©2A; © 2A, ® 4A;

@6V D6V, (115)

Following the same steps as in the case of graphene, the
resulting effective Lagrangian to quadratic order in the fields
reads as

Ly=p VW AWMU +i ) W@+ 0740900V,
i

(116)
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where
0 o o
ot 0 o
=] < 0 (117)
0 o o’
o 0 o
o o 0

and the explicit expression of the three sets of y matrices is
given in Appendix B.

The coefficient 1 in (116) amounts to a chemical potential
for the electrons. The interesting new ingredient in the kagome
lattice is the M invariant tensor. In the absence of M (A =
0) we obtain, at zero momentum, six degenerate states. The
existence of a nonzero A allows for a splitting among these
6 states into 4 4 2 degenerate states. This fact leads to the
interpretation of the coefficient A as setting a gap between
the six states contained in W. Therefore, the degeneracy of
the lowest-energy state at zero momentum can be set to 6,
2, or 4 depending on whether A =0, A > 0, or A < 0. The
lowest-order correction in momentum to the ground state is
nonzero for the four degenerate modes (which get split into
2 +2), while to linear order the two splitted states get no
correction.

We can now see a beautiful agreement of our group-theory
approach with the phenomenology of the kagome system: a
tight-binding approach applied to fermions hopping to nearest
neighbors in the kagome lattice®3 shows that at filling % only
four degrees of freedom appear at low energy.*” The existence
of M from the group-theory approach allows a nice match with
this result if we set A to be positive and very large. Notice that
in that case the assumption that the high-energy bands can
be expanded around the minima of the low-energy bands is
innocuous.

At this point, a consistent low-energy expansion demands
to project out the massive modes. Implementing this projection
amounts to eliminate the irreducible representations E and A;
from (115),*® which then implies that the low-energy effective
action coincides with the one found in the graphene case.

Electron-phonon coupling. From this simple analysis, we
conclude that at low energy, the electron-phonon coupling
terms for the kagome lattice have the same expressions as in
the graphene case, without the need of going through detailed
tight-binding computations. More explicitly, for large A, (114)
matches exactly (67) and hence the decomposition (84) would
be the same, implying that the interaction terms would be given
by (85) and (89). This result shows the power of our symmetry-
based approach to derive low-energy effective actions.

IV. CONCLUSION

In this paper, we provide a method to construct the effective
low-energy Lagrangian of an electronic system defined on
a given lattice. We use a symmetry-based approach that
incorporates the notion of memory tensors, which are nothing
but the invariant tensors of the point group. More specifically,
we have revisited in detail how symmetries constrain the
low-energy dynamics of a generic lattice system and how to
retain the necessary specific information about the underlying
discrete symmetries.
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The main idea is that in the infrared, the discrete translations
of the lattice become continuous translations, while the
point group retains its discrete nature. In other words, the
low-energy dynamics is described by a field theory with
fields transforming in representations of the discrete point
group G p. We have shown how to construct systematically
the infrared effective Hamiltonian, invariant under the full
symmetry group, encoding the discrete origin of the system
into the invariant tensors. In other words, the low-energy
dynamics of a system of electrons in a given lattice would
be determined by the content of memory tensors of Gp and
that allows us to construct all the different invariant local terms
in the effective Hamiltonian.

We have applied the method developed to the case of the
Dg point group, and focused into both graphene and kagome
systems. For the graphene case, we have shown how to derive
the low-energy effective field theory reproducing the tight-
binding expressions for the electron-phonon system.'?>!3 In a
second step, we have applied the method to electrons in the
kagome lattice close to filling %.2’3 In this example, the method
shows its power since the derivation of the effective action is
quite straightforward.

The advantage of the present approach is that it can
be applied to study more general cases, i.e., lattices with
other point groups, higher order in the fields, and/or their
derivatives, in a straightforward manner. Using the symmetry-
based approach presented in this paper, one could envisage the
study of situations in which lattice deformations contribute
to next-to-leading orders in a systematic way. Higher-order
terms in lattice deformations can be included in our ap-
proach straightforwardly by contracting all vector indices in
(u;;)"(0;h0;h)" monomials with higher-rank memory tensors.
These higher-rank memory tensors are not independent, and
can be written out of products of the lower-rank ones described
in the text.

We believe that, for the particular case of two-dimensional
systems, as graphene, it is possible to overcome the small
deformations expansion. More specifically, macroscopic de-
formations of the lattice, i.e., curved geometries, would entail
to transform vector indices into curved ones by appropriately
contracting them with a vielbein, and to define the corre-
sponding curved space version of the memory tensors. These
ideas will be explored in future investigations. This could
be a particularly important step forward in modeling some
experimental setups in which deformation of graphene sheets
goes beyond small perturbations of the flat lattice. Another
possible generalization that can be easily envisaged within
the present symmetry-based setup is that of the inclusion of
boundaries and pointlike defects. Our procedure could also be
applied to three-dimensional systems, such as hyperpyrochlore
lattice studied in Ref. 3.
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APPENDIX A: AN ALTERNATIVE APPROACH
FOR DETERMINING THE FERMION
TRANSFORMATION PROPERTIES

In this Appendix, we show that an alternative approach
could be used to derive the transformation properties of the
low-energy degrees of freedom.

Graphene. From the hypothesis of two inequivalent Dirac
points, we expect four degrees of freedom at low energy. They
correspond to (i) the two atoms inside the fundamental cell
which we denote n = a,b, and (ii) the two inequivalent Dirac
points in Fourier space at which the Fermi surface degenerates,
which we denote N = 1,2 (necessarily at the vertices of the
BZ). With the additional input of a linear dispersion relation
for the low-energy degrees of freedom, we will be able to
deduce the same transformation properties as obtained in the
text.

We start by constructing a linear representation of the Dg
point symmetry group acting on these four degrees of freedom.
To this end, we place them inside a 4-tuple W as*

(AD)
b

To fix the transformation properties of these degrees of
freedom under G p we orient the hexagon so that two of its
vertices lay on the y axis. When Fourier transforming, the first
Brillouin zone consists of a hexagon, now rotated 90°. Our
conventions coincide with those in Refs. 21 and 23.

It is immediate to see that a fundamental rotation R
interchanges both the atoms and the Dirac points,

a<b, 1<2.

(A2)
We therefore propose

cRa1 =Otb2, Rb2=ﬂal, (A3)

with phases «, 8 to be determined below from the point-group
constraints in (32) and the linear dispersion relation conditions.

Time-reversal 7 symmetry fixes the transformations of the
remaining degrees of freedom (a;,b;) as we now explain.
First notice that in the absence of spin, 7 simply acts as
complex conjugation. Taking into account the dependence of
the wave function on momentum, one concludes that time
reversal interchanges the Dirac points and changes the sign
of the momentum with no action on the atom’s positions (see
Ref. 21 for a detailed discussion). One therefore has

Ta1 = dy, Tbl = bz. (A4)
Acting with 7 on (A3), one obtains
Raz =o" bl, Rbl 2,3*612. (AS)

The phases «, are not completely arbitrary, and we should
demand that the transformation D(R) defined by (A3)—(AS)
satisfies the group constraints (32), that is,

DRIV =¥ = (af)’ = 1. (A6)
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Let us now analyze the action of an x-axis reflection on the
fermions. For the cell orientation we have chosen, it is easy
to see that it preserves the Dirac points but interchanges the
atoms,

F.a; = by, (A7)

FX bl =da. (A8)

The transformation of (a;,b,) is again fixed by time reversal
to be

Fyay = by, (A9)

Fy by = ay. (A10)

The definitions (A8)—(A10) automatically satisfy the second
constraint in (32):

[D(F)PY = . (A11)

The remaining nontrivial constraint among the Dg generators

F.RF, = R’ (A12)

gives no new constraint on the phases other than the one we
have already found in (A6).

From (A6) one finds three possibilities for representing Dg
on W:

af =1 (A13)

or

- 21
:i:lT.

af =e (A14)
These last two possibilities can be shown to be equivalent upon
computing the character of the representation.>

Now the requisite of a linear dispersion relation at low
energy for the fermions comes into play. This condition
requires an effective action containing a Dg singlet constructed
out of two fermions and one spatial derivative. Since the
derivative transforms in the representation V, (40) implies that
the only possibility for a singlet comes from contracting 9
with another V representation. The second choice in (A14)
guarantees that this will be possible [in principle, two possible
singlets can be obtained when combining two fermions with
a derivative (see the text)].’! Hence, the fermion dispersion
relation at low energy dictates the choice of phases for the
representation.>” In a generic case, a linear dispersion relation
for fermions would be forbidden by Dg symmetry, if no
possible choice of phases could lead to a V component in
the fermions bilinear decomposition.

Summarizing. The fermionic degrees of freedom (A1) mix
under the point symmetry group as

v = D(P)V, (A15)
with
0 «
a 0
D(R) = 0o o |’ (A16)
a* 0

PHYSICAL REVIEW B 88, 045126 (2013)

; (ALT)

where a = ¢'5 corresponds to a 60° rotation. The representa-
tions (A16) and (A17) are unitary, reducible, and decompose
in Dg irreducible representations as?? [cf. (67)]

v=VopV. (A18)
Kagome. We now apply the procedure above to the kagome
lattice. The kagome lattice has three atoms a,b,c per funda-
mental cell (n = 3), and as for the graphene case we consider
the simplest nontrivial case of a (degenerate) band structure
with two inequivalent Dirac points (N = 2). We place the six
degrees of freedom inside a 6-tuple as

a
Cl
b
v=|"]. (A19)
a
(&)

by

Under a fundamental rotation R the fermions mix simultane-
ously as

a—>b—>c—al<2 (A20)
Allowing for possible phases, this amount to
R(l[ =Olb2 T Raz =Ol*b1

Rby=Bc1 - Rb) =%, (A21)
Rey=yaa Rao =y a,

where as before the phases will be determined from the
constraints (32). A reflection through the x axis preserves the
cones, leaves the ¢ degrees of freedom invariant and permutes
a < b, that is

Fx a) = bl, (A22)
F.by = ay, (A23)
Fx 1 = (1. (A24)

The remaining degrees of freedom transformation properties
are fixed by time reversal and amount to similar expressions
changing 1 < 2.

The first two constraints in (32) are automatically satisfied,
and the constraint (A12) results in o undetermined and Sy =
1. Computing the character for the representation, one finds
that it is in fact independent of the product By . It is easily seen
that this is due to the fact that all phases can be eliminated by
appropriate definitions of the degrees of freedom. The simplest
choiceisa =8 =y =1.

Upon computing the character, one finds that the fermionic
degrees of freedom (A19) provide a representation for Dg
which coincides with the one deduced from the transformation
properties of the Wannier states (114).
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The character for D is x = [4,0,0,2(aB + *5*),0,0].
3'We realize the appropriate choice (A14) as

4
t§.

a=,3=a)=€

32A fortiori, one can check that the representations (A16) and (A17)
are equivalent to that proposed in Ref. 21. Had we chosen
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the first possibility in (A13), the decomposition of ¥ would
have been

VeEDA A, DA;,

which does not allow for a standard kinetic term for the fermions
in the sense explained above
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