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1. Introduction

The ground state of a many-body Hamiltonian may pass through a transition between phases
with very different properties under a change of model parameters. This process is usually accom-
panied by the symmetry change of ground states on both sides of the transition, the phenomenon
known as the spontaneous symmetry breaking. The phase with the lower symmetry is characterized
by the emergent macroscopic ordering of elementary building blocks of the system, technically
captured by an order parameter. Phenomenological models describing the physics of the symmetry
broken phase in terms of order parameters have proven very successful in the description of
various thermal and quantum phase transitions. In these models, critical parameters at which phase
transitions occur correspond to emergent non-trivial potential minima. They can be approached
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by variational techniques, which lead to a set of mean-field equations for all order parameters.
Sometimes, the ground states of a system are not uniquely determined by the order parameter
alone, as they may have additional topological ordering [1-3]. An important observation is that dif-
ferent phases of a degenerated ground state may be described by different topological field theories.
Usually in condensed matter physics the emergence of the topological Chern-Simons excitations has
not been considered in the broader context of symmetry breaking and phase transitions. To some
extend, this is the case for superfluid Helium, where >He — A phase exhibits also a spontaneous
time reversal symmetry breaking among other spontaneously broken symmetries [4-6].

The phase of the wave function can play a crucial role for the properties of the related physical
system [7,8]. In particular, if this phase is associated with a topological invariant through the wind-
ing number, it may describe robust macroscopic properties. Examples in condensed matter physics
are the quantized Hall conductivity of electrons in 2d [2,3,9-14] and in quasi 1d structures [15].
Another example is the quantized transverse conductance of the supercurrent in the 3He — A-
phase of superfluid liquid Helium [4-6], and quantized conductivities of different anomalous Hall
effects [16-19]. In general, topological structures in 2 4+ 1-dimensional gauge field theories are
related to Chern-Simons terms, where the coefficient in front of the latter is related to a topological
invariant [20-25].

The idea that dynamical lattice degrees of freedom can be treated as effective gauge fields is
not new [26,27]. Here we study a system of monochromatic phonons minimally coupled to Dirac
fermions in 2D. As the electron-phonon coupling strength increases the system should approach a
transition into the structurally different phase. Our intention is to identify possible gapped phases,
the corresponding quasiparticles and observables. The connection with tight-binding models will
help us to link these phases to different lattice distortions, which lead to the formation of spectral
gaps with broken time reversal and sublattice symmetries. To emphasize the similarity of phonons
and gauge fields we consider the E;-optical phonon mode of a honeycomb lattice which represents
individual vibrations of the sublattices in opposite directions [28,29]. The number of modes is
therefore naturally restricted to 2 and there is no time-like component of the effective gauge field.
This resembles the popular in electrodynamics “light cone” gauge fixing fi-A = 0, with 71 denoting a
unit vector pointing into the time direction [1]. It was shown in [30,31] that in such systems phonon
Chern-Simons excitations can be generated.

2. The model

The properties of tight-binding Hamiltonians which describe the motion of electrons on the
honeycomb lattice are well known and investigated in detail in the existing literature [32,33]. In
sublattice representation it reads

— E 1 E 1 — E f
Hel = hl;rr’cr 101Cy + hz;rr’cr F0Cy = Cr 'HO:rr’Cr” (1)
r,r’ r,r’ r,r’

with the Pauli matrices o, reflecting the sublattice degree of freedom. The hopping matrix elements
are

t
h11“/ = _5 Z 8r’,r+ai +8r,r’+ai ) (2)
i=1,2,3
t
h2;l‘r’ = _Z Z (Sr’,r+ai _8r¢r’+ai ) (3)
i=1,2,3
where t denotes the hopping amplitude and {a,};_, , ; are the nearest neighbor basis vectors on
a lattice. The Fourier components of the hopping matrices read h,(p) = —t ) ;_,..;cos(p - a;) and
hy(p) = —t > _;_,..3 sin(p - a;), and which gives for the kernel of the Hamiltonian
Ho(p) = hl(p)al + hz(p)02~ (4)

The tight-binding Hamiltonian Eq. (1) is symmetric under time reversal HETl = H_,, which translates

into the Fourier space as

Hy(—P) = Hy(p), (5)
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with the complex conjugation acting only on the sublattice space. A spectral gap appears in the
Hamiltonian in the form of the Dirac mass parameter [33] m chogcr, and does not affect the

property (5). '
The dynamics of two-component (in-plane) monochromatic phonons is governed by

1
H= D D 5P+ 0" Ale) ®)

n=12 r

with dispersionless frequency w and operators of canonical momentum (P) and position (A)

w . .
. - T _ T —iq-
Pe=i] > Z b, €% — bl e797], (7)
q

1 ) .
. T —iq-
AU«;" = E ; b“,qelql' + bﬂ,qe a4 l'] P (8)

expressed in terms of bosonic operators bu,r(b,t,,) which annihilate (create) a phonon at position r.
Phonons interact with electrons via attachment to the lattice bonds

H=UY > ¢ Ao, (9)
n=12 r

whereas the coupling parameter U can in principle be time dependent and describe a periodic
driving. In doing this one can open up new directions toward physics of emergent dynamical Floquet
topological phases [34,35] or non-equilibrium superconductivity [36-38].

2.1. Functional integral representation

The coherent state functional integral representation of the zero temperature partition function
corresponding to the model Hamiltonian

H =Hy +Hy,, +H, (10)
reads
z= fbwf*, V. Alexp(—STyt, v, Al), (1)
with the Euclidean lattice action
Sl . Al = Sulvt, ¥ + SpulAl + Sy, v, Al (12)
The elements of the action are
Salv' vl =Y f dr (013,00 + Hope 0 () (13)
:
SpmlAl =2 >0 > / dt {[0,A,(T) + [VA,(T) + A2 (1)}, (14)
n=12 r
s a=uY Y / d A, (W (1), i (0). (15)
n=12 r

Here ¢ = (¥, ¥,) represents a two-component time and position dependent Grassmann spinor
with the component index referring to the sublattice. In this representation, the model resembles
the standard two-dimensional Su-Schrieffer-Heeger (SSH) model of electron-phonon interac-
tion [39] with phonons coupling to the electron currents [40,41]. In contrast to the conventional
SSH model our phonons are dispersionless, which allows us to make the crucial approximation by
dropping the kinetic term (BTAM Y+ (V,AH )%. The physical picture of this approximation consists
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in neglecting the slow dynamics of heavy lattice ions due to thermal fluctuations close to the
absolute zero of temperature in comparison to the induced dynamics due to the interaction with
band electrons. This approximation is justified only if phonons have a relatively large spectral gap,
which is the case for optical phonon branches of honeycomb lattices [29,42-44].

2.2. Effective low-energy model

The low-energy part of the spectrum of H, defined in Eq. (4) is characterized by two Dirac cones
at K, which represent Fermi quasiparticles with different chiralities and introduces an additional
discrete degree of freedom into the model. This requires operating in the space of 4 x 4 complex
matrices Eij =0;®0, i,j = 0, 1,2, 3. In total there are 15 traceless matrices corresponding to
a particular representation of the group of SU(4)-transformations and a 4-dimensional unit matrix
Yo For any complex 4 x 4-matrix Q there is a unique decomposition Q = Q”Z‘U. Using this
notation the effective low-energy Hamiltonian reads

Hy/(p) = p1 oy + P2 25 (16)
A reasonable translation of the property (5) for the low-energy Hamiltonian is EOZH\},(—p)ZO2 =
H,,(p) for the time reversal and X;;H,(p)¥5;; = —H,,(p) for the sublattice (or chiral) symme-
try [45].

While in the lattice model defined in the previous paragraph, the phonon field is attached to
the lattice bonds, in low-energy approximation it is attached to each sublattice and accounts for
the scattering between both Dirac nodes. This is dictated by the properties of the C, group [28,31]
and models the E,-in-plane optical modes. The spectrum of these modes reveals a weak alteration
over the entire Brillouin zone [29,42,43], which makes it possible to model them in the form
of dispersionless monochromatic lattice vibrations. The effective low-energy Hamiltonian which
describes the Dirac fermions coupled to the in-plane phonons in 2D reads

H=id-j+A- I, (17)
where we assembled two particular subsets with two X-matrices each to vectorsj = {X91, X5, ) and

= (X5, Ezo}' The set} couples to the kinetic energy of fermions, while 1T to the two-component
phonon field A. The corresponding Euclidean action becomes:

1- -
SIA, ¢t vl = iA-A+1/ﬁ~[a,200+7{]1/f, (18)

where ¥ = (V¥11, Y5, ¥oqs wzz)T are the complex Grassmann fields with the first index referring to
the sublattice and the second to the respective Dirac point, and A is given in Eq. (17). The coupling
constant g ~ U?/w? is related to the inverse frequency of monochromatic phonons [28,30]. The
correlation functions of currents can be obtained from the generating functional

W[A] = log(exp{—S[Al}) (19)

yiy.A

by repeating variations with respect to the fields A = {a, B}, S[.A] is the action (18) augmented by
an auxiliary source term

Yia-j+p- My =a-J" +p-J" (20)
with introduced intranodal and internodal current operators
JUR ==y, Ty}, M =0T = {25, Eyl. 1)

The averaging operator (---) ; . denotes the functional integration over all degrees of freedom.
Field o is the external gauge field while field g could be an external mechanical modulated
strain field. Particularly interesting for symmetry broken phases are non-vanishing average currents
(h=12)

: 1)
J,lf,trm = T 5 WIA] (22)
M A=0



- 1)
L == 55 WAL (23)
Prur A=0

Following the procedure developed in Ref. [31], we integrate out the bosonic field A which creates
a four-fermion interaction term. The latter can be decoupled anew by 4 x 4 matrix fields Q:

1 1
QA‘Z‘ +A YTy — - (Wn w) ftr (1, vy ) — itrQi—l—ingﬂﬂﬂlp, (24)

where the summation over ©# = 1,2 is understood and the decoupling field decomposes as
Q, = Q},X;. The full action in this representation reads

- -

s, vt yl= trQ +y' (Gl +iQ, T, ] ¥, Gy'=0,Zg+i0-]. (25)
Now we can integrate out the fermions to arrive at the bosonic action

1
s[Ql = —gtrg —trlog [Gy' +iQ,1T,]. (26)

3. Saddle-point analysis
3.1. Effective potential

In simplest mean field approximation we replace quantum fields Q,, in action (26) by corre-
sponding spatially uniform classical background fields M,

1 2 -1

Verr = 55 ™, — logdet [Gy ' +iM, 1T, ] . (27)
To provide a spectral gap, the gap parameter must couple to a matrix which does not commute
with the low-energy Hamiltonian H,, in Eq. (16). Technically this prevents singularities on the
real axis in the Green’s functions. This restricts our freedom to M; = (AX,, + mX,;)/2 and
M, = (AX,;, — mX,;)/2, such that

iM, 1, =My + AL, (28)

which indeed anticommutes with H,,. There are two further matrices which anticommute with H,,:
X3 and X,,. It is easy to see though, that the self-consistent equations for the respective order-
parameters are unstable. For X, this is demonstrated in Ref. [31], while the case of X, is ruled
out in Appendix A.

The minus sign between both terms in Eq. (27) suggests a competition between them. For small
g the first term dominates and the effective potential has the shape of a convex hull as it is shown
in the left panel of Fig. 1. As the interaction becomes larger, both terms become comparable in
size until the second term destroys the convexity of the potential. The determinant can be readily
evaluated giving

da?Q
(2m)

where Q2 = q(z) + g2. The argument of the logarithm is not indifferent to the interchange of m and
A, which suggests the anisotropy of the potential. All integrals diverge and we need to perform
the integrations up to a spherical cutoff. The potential landscape plotted in the right panel of Fig. 1
reveals a high, yet discrete symmetry. Visually one observes four angular minima, corresponding
to two stable phases with degenerated vacua separated from each other by potential walls. On
the ridge of the potential one recognizes a fourfold degenerated saddle point like structure, which
corresponds to the unstable states with strong tendency to decay in one of both stable phases. The

logdet [Gy' +iM, 1T, ] = / log[A* +24%(Q% — m*) + (Q* + m*)]. (29)
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Fig. 1. Left panel: Low-energy landscape of the mean-field free energy for g/g. < 1 with the only minimum atm =0 = A.
Right panel: Low-energy landscape of the mean-field free energy with visible barriers between stable phases. The model
parameter is chosen to give y = g/g. ~ 3.5.

A- and the m-phase are associated with extra terms in the tight-binding Hamiltonian (1) in real
space representation:

Hpp. v + A0 cos(G - r)érr, (30)

where G = K, — K_, and

3

HTB;rr’ + imos Z(‘Sr’,H—Cj - 5r’,r—cj ), (31)
j=1

{cj}j=1,2,3 denoting nearest neighbor basis vectors on one sublattice [9,46]. The A-phase is charac-
terized by a strain field which modulates with the nodal wave vector G (modulated strain phase),
while the m-phase is a flux phase that is commensurate with one sublattice (Haldane phase). Both
phases are subject to time reversal and sublattice symmetry breaking.

The minima corresponding to both phases are equally deep, i.e. the phases are evenly likely to
emerge. A natural question to ask is therefore, if this observation points to a possible symmetry
between both phases. Then there would be a unitary transformation which maps one vacuum on
another and vice versa. It is indeed possible to construct a unitary transformation which transforms
X, on Xy, ie.

TIX,T = %55 (32)
Explicitly we get
1 —-i 1 —1 1 1 1 1
1 1 i 1 i 1 i =i i =i
| —
=51 = =1 i |PT=311 1 -1 -1 (33)
1 i -1 —i i =i =i i

The transformation T is not a symmetry of the bare electronic Hamiltonian, nor of the mean-field
Hamiltonian, but because of its unitarity leaves the eigenvalues unchanged.

Technically, the simplest way to break the symmetry between both stable ground states is by
a perturbation which anticommutes with the bare electronic Hamiltonian Eq. (16). This property
guaranties, that the determinant of the perturbed Hamiltonian remains rotationally invariant which
greatly simplifies the calculations. If the perturbation mimics the order parameter, i.e. it couples
either to X, or X,; matrix, playing the role of the remanent density of respective fields, then
the strain phase (order parameter A) is energetically more preferable and even the Z,-symmetry
between the both minima is violated, as it can be seen in the right panel of Fig. 2. The two other
possible perturbations couple to either X, or X, and favor the flux phase (order parameter m).
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Fig. 2. Two examples for broken symmetry between both ground states. Upper row, left panel: Two perturbations which
anticommute with the bare electronic Hamiltonian make the A-phase less pronounced compared to the m-phase. They
couple to matrices X, (staggered chemical potential) and X,,. Upper row, right panel: The situation which favors the
A-phase can be realized with two further perturbations which anticommute with the bare electronic Hamiltonian. The
couple to ¥,, and X, phases. Depending on the sign of the perturbation, the degeneracy between the two symmetric
minima is lifted as well.

In this case the Z,-degeneracy of the ground state remains present, cf. left panel of Fig. 2. On the
lattice the corresponding contributions to the Hamiltonian are: if X, is chosen

BHél) = U038, v, o
and if X¥,,
BH[(JZ) = iu,0, Sin(G - 1)y, .

where G =K, — K_.

3.2. Solution of the saddle-point equations

A more detailed picture of the symmetry breaking follows from the solutions of mean field
equations. They are obtained if potential (27) is varied with respect to M,

M, = igl, [Gy' +iM,IT,] (36)

T
Inserting the order parameter matrix in (36), performing the frequency integration from —oo to
400 and the radial integral up to the cutoff A, related to the band width we get

mj:A:y(mj:A)[\/l—f—(miA)z—|mj:A|], (37)

where y = gA/2m and m and A are rescaled in units of A. First we notice that m = A might be a
solution for both + , as well as trivially for — sign. This also includes m = 0 = A case. For + sign,
the non-trivial solutions are extracted from

1=y[V1+4m? —2|m|], (38)

which exists only if the interaction strength exceeds a critical value of the order of inverse band
widthy =g/g. > 1, 8. =2n/A
y -1
4y

This solution corresponds to the state which is visible on the ridge of the phase separating walls in
Fig. 1. This state is stable only classically (mean-field) and is destroyed by quantum fluctuations as

Im| = [A| = Oy —1). (39)
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it will be shown below. Further solutions are there for m # 0, A = 0 and for m = 0, A # 0. For
A-phase we get

y?—1
2

Al = Oy — 1), (40)

and the same for m-phase. These solutions correspond to the four angular minima visible in Fig. 1.
They turn out to be stable against quantum fluctuations as well.

4. Quantum fluctuations

Expanding Eq. (26) to the second order in the fluctuations around ground states of respective
phases we get

1 1
Sglol = tr Egi—icganacgﬂnﬂ , (41)

which can be brought further into the conventional quadratic form
d3p 3 ' A B 3
S, = <1 <1 42
G[Q] / (2]_[)3 QZ , C D , Q2 o ( )
with the vector fields

3 00 01 02 03 10 11 12 13 20 21 22 23 30 31 32 33
Qi=(Qi 7Qi ,Qi ,Q,' 7Qi ,Qi 7Q,' 7Qi ,Qi ,Q,‘ 7Qi 7Q,‘ sQi »Qi 7Qi 5Qi ),

43
i=1,2. (43)
The kernel matrix of the quadratic form, (i.e. inverse bosonic propagator matrix)
1. A B
m'(py= ¢ p (44)

P

is a 32 x 32 matrix, i.e., each matrix block itself is a 16 x 16 matrix. In accord with the intuitive
picture drawn from the analysis of the effective potential, the momentum-independent terms in
Gaussian action (42) (which are commonly called the Proca matrices) of both m-phase and A-phase
are indeed strictly positive, while in the mixed phase between them with m = A # 0 found
in Eq. (39) there are negative eigenvalues, rendering this phase unstable, cf. Appendix B. Because
the Proca matrix has no zero eigenvalues the kernel matrix in (42) can be inverted even for zero
momentum. An astonishing fact about the Proca matrices is that some of their elements sum up
to multiples of y~', cf. Appendix B. In calculating the Hall conductivities, Proca matrices guarantee
the convergence of the functional integral but their elements do not appear in the ultimate result.

In exploring the structure of the gradient expansion we restrict our analysis to the linear terms
only. In the usual three-dimensional electrodynamics it is referred to as the induced Chern-Simons
terms [20-23]. These terms have several important properties: they are odd under time-reversal and
because they are not associated with any length scale they represent pristine topological excitations
with both scale and conformal invariance. Because of these qualities they are believed to represent
the effective field theoretical description of the quantum Hall effect [13]. In our formalism things
are getting more involved. At first glance the frequency dependent part of what is going to become
the Chern-Simons tensor reads

d*p
) bof  phr
Ses = / (27)3 PoQr Qui—p Pabjas "
where
. i a*Q
Pab\aﬁ = ETT w G(Q)ZabnﬂG(Q)G(Q)ZaﬂHV 1o
i N
= ETF {2 (Eabnuzaﬁnv - Eaﬁnvzabnﬂ)} ’ “
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with £ = sgn(m)X;, in m-phase and 3= sgn(A)X,, in A-phase. For spatial components we get
at first

so= [ L g et i (48)
s = | 2y SwrSe-r Di* Tapjap>
where
v L @°Q G(Q)X,, IT,G(Q)i:G(Q)XZ, ,IT 49
ablap — 5 r (27_[)3 (Q ab! Q)Jl Q) aptiy ( )
1 . , .
=5 Tr {2 (Zap i B 1T, — zaﬂn,Jizabnﬂ)} . (50)

A decisive simplification of the above expressions becomes possible with the knowledge of certain
distinct features of X-matrices. The full set of 16 X'-matrices subdivides into four subsets of four
matrices each, with three of them anticommuting among each other and the fourth commuting with
all. Calling them A{ witha=1,2,3,4andi =0, 1, 2, 3 and imposing the normalization condition
Tr[A§A{A5AS] = 4 for all g, the subsets become

Al = {iX00, =201, =235, =233} A= (=%, 250, =243, 213}, (51)
AP =Ty, =155, iy, =X}, A = (=121, Zi0s Tozs — o) (52)
One recognizes that A! and A? include vectors]‘ and IT of the model defined in (17). Linear terms
of gradient expansion of the action (41) in both phases can be brought into the form structurally

similar to the conventional Chern-Simons terms. The crucial difference is that rather than in terms
of single components of O-fields, the Chern-Simons-like structures appear in terms of

Af = Tr[A{(Q,11,)] (53)

for each set A“. In m-phase it resembles the conventional Chern-Simons terms, giving one Chern-
Simons term for each set

S& = Smeijk./lﬁ1 . iaj/l“, (54)
where the dot-product implies the integration over the entire 3d space-time, i, j, k = 0, 1, 2, and
Sn, = sgn(m)/64n. The fact that in Eq. (54) the derivatives with respect to spatial degrees of

freedom appear alongside with the temporal can be interpreted as the restoration of the full gauge
invariance, which formally lacks in action Eq. (18) [30].

For the A-phase we get two morphologically different terms. The first one resembles the
generalized multi-field Chern-Simons term [25]

A 0 4b

Sq = SAeUkKabA? -10; Ay, (55)
where upper indices run only over a, b = 1, 2 and diagonal elements of symmetric tensor K are zero.
Effectively it connects the intranodal and internodal currents with each other. The two remaining

matrix sets A% and A* interact with each other in an unexpected way
8& = SuKap [ A5 - 18,47 — A - 19, 45], (56)

where i = 0, 1,2 and a, b = 3, 4. The two terms (55) and (56) are hardly discussed in context of
induced Chern-Simons terms [13,23]. From Eq. (54) and (55) it is possible to construct a generalized
Chern-Simons-like tensor for both phases. For this we retain only two Pauli sets A' and A? which
are connected to the effective model (17) in the sense that they contain both intra- and internode
currents. With «, 8 = 1, 2 we can combine them in one single expression

Ses = €T Af - 194§, (57)
where the diagonal elements of the symmetric tensor T,. = sgn(m)/64m and non-diagonal ones

T, = sgn(A)/64x. Together with the Proca matrices of respective phases given in Appendix B,

Eq. (57) is used to calculate the topological response function specific to each identified phase.
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4.1. Generalized Hall response

We introduce a generalized current-current correlation function

8

c qd _
UX«,HJyv‘))wvaA - (SA}‘f (SA)C( ;4 WIAL (58)
A=0
where (- , denotes the normalized functional integration with respect to the action in Eq. (18)

and W[ A] tﬁe generating functional of current-current correlator functions defined in Eq. (19). The
lower current indices refer to the position and time coordinates of the local current on the lattice
(x,y) and to their spatial direction (u, v). Upper indices (a, b) refer to the type of the current and
distinguish between inter- and intranode currents. The index combination ¢ = d = 1 corresponds
to the correlator of usual intranodal currents,

1
(W) yrya = 53 T 0, 102,), T (,1,9,),) 0 — 472<AL,XAl,y>g, (59)

1
4)/2
where in the second term we brought it into the Q-matrix representation and introduced in the
third A-notation according to Eq. (53). The operator (---), denotes the average over the non-
linear action Eq. (26) while (- - ), over its Gaussian approximation Eq. (41). In the same manner
we recognize that c = d = 2-case represents the correlator internodal currents. The response in
the A-phase with ¢ = 1, d = 2 and vice versa represents correlators over products of an intra- and
an internodal current flowing in perpendicular directions. With all four terms we get for Eq. (58)

1 d

U)f,/b’j‘/i,v)\/,fw’A ~ 47)/2<A/C4,x v,y>g' (60)

The physical content of this correlator is simple: We create a local current density of the sort ¢ at
position x in direction u. Then we measure the local current of type d at position y in direction v.
This suggests that not only correlators between pairs of intra-(inter-)node currents are possible, but
also mixed correlators of the type (])i(f‘,tlra]yif‘\fer>. With explicit knowledge of Proca matrices for each
phase and of the generalized Chern-Simons term Eq. (57), the correlator of each two currents can
be evaluated giving to linear order in gradient expansion, cf. Appendix C

— (A A ) = 32T jie

i,r 4%,

4y2 ik S(r —1'). (61)
In deriving this expression we used the fact that some elements of the Proca matrices sum up to
multiples of y ~!. This means that while the presence of the Proca matrix is absolutely indispensable
in order to carry out the functional integration over the O-fields, its elements do not appear in the
correlator.

The current-current correlator is related to the Hall conductivity via the Kubo formula [47]

_ . 2@ ioo(x—

Gy = lim */‘P"[ AR | K- e (62)
Going through the algebra we ultimately find

G5 = 64T €. (63)

Diagonal elements of (63) give the quantized response sgn(m)ew in the m-phase and the two off-
diagonal components give the quantized response sgn(4)e,,, of the A-phase. ¢ = d = 1 corresponds
to the usual intranodal Hall conductivity of two Dirac cones, while ¢ = d = 2 represents the
average of two internodal currents, which gives the internodal Hall conductivity. The response in
the A-phase with ¢ = 1, d = 2 and vice versa represents the averages over products of an intra-
and an internodal current flowing in perpendicular directions, which too has a quantized response.
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5. Discussions

The low-energy behavior of free fermions on the honeycomb lattice is determined by separated

spectral nodes. Because of these one can distinguish between currents directly linked to each node,
i.e. the intranodal currents, and those between the nodes, i.e. the internodal currents. The system
of such fermions coupled to the in-plane phonons can be formally interpreted as a gauge field
theory. At sufficiently large electron-phonon interaction strength a transition into a structurally
different lattice phase takes place, as visualized in Fig. 1. We identify two distinct ground states with
order parameters which break both the time reversal and the sublattice symmetries. The effective
phonon model exhibits the Chern-Simons-like terms in both phases with coefficients related to
quantized Hall conductivities. A similar effect of spontaneous time-reversal symmetry breaking was
previously discussed for a time-periodic driven quantum system, where also a topological state
with non-zero Chern numbers was observed [34]. The similarity of the two cases is reflected by the
mean-field Hamiltonian (30), which agrees with the effective Floquet Hamiltonian in low energy
approximation [34,35]. This indicates that the time-dependent phonon field plays a similar role as
a time-periodic driving field.
For the experimental observation of the proposed effects we suggest the following setup: the
measurement could be performed on a suspended tightened graphene sample which must be
sufficiently flat in order to rule out disorder due to ripples and out-of-plane phonon modes. The in-
plane phonon modes could be generated mechanically by applying modulated strain with variable
frequency on the sample and by adjusting carefully the strain frequency to the energy of the
E,- mode. Estimations based on ab-initio calculations vary between 0.15-0.2 eV [28,43], which is
well within the range of infrared Raman scattering technique [44]. In order to measure the Hall
conductivities a weak electric gradient should be applied to the sample. In the case of the A-
phase, both electric and strain fields should be applied in the same direction to create the proposed
quantized response.
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Appendix A. Exclusion of A, parameter

Using the ansatz

A A, m A A, m
M, = 7201 - ’7231 + Exzov M, = 7232 - '7202 - Ezlas (A1)
with which
M=iM, 11, =mXy; + A Xy + Ay Xy, (A2)
we get to the set of mean-field equations
. _ —1
M, =igll, [Gy' +M] . (A3)
Projecting both sides on the subspaces of the composite order parameter we get for each o
g _ -1
m= 5Tr):33 [Go'+M] ", (A4)
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g _ -1
Ar= Ty [Go' +M], . (A.5)

A, = —%TrZzz (6" +M].", (A6)

which becomes after inverting the inverse propagator matrix

d3 2+ 2+m2—A2—A2
m = 2mg Q3 2 2( 2 qoz d 2 2 12 22 2 272’ (A7)
(2r ) mt 4+ 2m?(q; + q> — AT — A3+ (g5 + ¢ + AT + A3)
&3 2 2 _m2 4 A2 4+ A2
8= 206 | oo e (AB)
(2r ) m* 4+ 2m2(q5 + q> — A7 — A3) + (g5 + ¢* + A + A3)?
d3 2 2_m2 AZ AZ
AZZ_ZAZg/ Q3 4 2( A2 q02+q 2 j_ 142_ 22 2 AV (A9)
@rP mt+2m2(q5 + ¢? — AT — A3) + (g5 + > + AT + A3)

If there are any mutually independent non-trivial solutions for A; and A, then they follow from

1= g/ Q 45+q2—m2+A%+A§ ’ (A.10)
(27 m* +2m2(q2 + % — A? — A2) + (g + @2 + A% + A%

1= —Zg/ ¢°e G+ —m’ +Ai+43 : (A11)
27> m* +2m2(q2 + @ — A2 — A2) + (@ + ¢2 + A% + A2)

i. e. only one of them can be true and they cannot be fulfilled together. The two possibilities are
A, =0, A, #0; (A.12)
A, =0, A, #0. (A13)

The scenario of Eq. (A.13) is discussed in the main text. Here we consider the scenario of
Eq. (A.12),1.e. A; =0 and A, = A is finite. The system of Eqs. (A.7)-(A.9) reduces to

43 24 g2 4 m2— A2
m:2mg/ Q3 4 2 ZqO 2q 2 2 2 2\2° (A'M)
(2r ) m* 4 2m2(q5 + q> — A?) + (g5 + q> + A?)
& 2 2 _m2 o A2
A= —2Ag/ Q3 Bt 4 +2 , (A.15)
(27 ) m* 4 2m2(q5 + q* — A?) + (q5 + q> + A2)?

which upon integrating the frequency and angles becomes

A2
m—A m+ A
m= 2 dg? + (A.16)
87 Jo V& + (m— \/LI2 (m+ Ay
A2
m—A m+ A
A=L dg? + (A17)
8w V@4 (m— AP \/q2 (m+ A)2
Summing and subtracting them we get
A2
—A
m+a=2 [ gqp""2 (A.18)
47 Jo V@ +(m— Ay
M m+A
m—aA=2 P (A.19)

47 Jo \/q2+(m+A

While the limit A = 0, m # 0 is well defined, another limit m = 0, A # 0 is not (left hand
side is negative, right hand side is positive) which suggests that the A-phase cannot exist alone. It
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remains to check the case of coexistence of both parameters, which arises as the solution of

miA=V(mﬂFA)[v1+(m¢A)2—ImﬂFAI], (A.20)

which appears after integrating the momenta and rescaling all quantities as m — Am, A —
AA, y = gA/2r. The expression in the squared brackets is positive, i. e. the full equation has
any sense only if the sign of m += A and m A are the same, which for positive m and A suggests
|m| > |A|. Below we assume both sides to be positive . Rewriting it as

T2 m AF = (mF A1+ AF, (A21)

and squaring both sides we get

%(mj:A)z =mFA? 1- ;(mj:A) . (A.22)

Separating terms which are unique in the sign from those appearing with + we find

m? + A? 2m 4mA? 2A m m
%— 1-— (M+A%) - ——=F— —+m+A%+ym 1-2—
Y 14 14 Y Y 14
(A.23)
which can only make sense if both sides vanish individually. Left hand side yields
1—y2+2
A2 — _mZM, (A.24)
1—y2—-2ym
while right hand side gives
22 = -2 my. (A.25)
Y
Equating both right hand sides yields
1— 4
im| = —Y— (A.26)
4y

i. e. it is semi-positive if ¥ < 1 and predicts a non-physical phase for small . Moreover, plugging
it back yields for A
A2=_1_V4 y4+4)/2+3] (A.27)
1692 ’ '
which is negative for y < 1. But this means that A is imaginary which conflicts with the
requirement for the effective Hamiltonian to be Hermitian. Hence the order parameter A, must
be excluded from the further consideration.

Appendix B. Structure of the Proca term

The Gaussian action is defined by Eq. (19) in the main part
Sglol=9,- 1,9, (B.1)
where the real vector field O, = (9,, 9,)!

= 00 01 02 03 10 11 12 13 20 21 22 23 30 31 32 33
9= () o, of*, o, 0{% !, 9. 0%, 9, 9f', 9%, o, 0°, 9}, 07, o),

i=1,2 (B2)
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The matrix D, is different for each phase. Below we give Proca matrices for all phases.

1. m-phase:
m'Q = M, (e t €44t €10,10 T €11,11 1 €17,17 T €020 T 2626 T 327,27)
+ M, (922 1 €99t €04 1 €3, 31)
+ Mj (€53 +eg5 + €115 + 1515 + €15 15 T €151 + €55 5 + €30 30)
+ My (€55 + €14 14 + €19.19 + €35 55)
+ M; (eee+e77 t €313 1 €516 T €222 T €333 +92929+e3232)

— iD, (31,32 T €429 T €527 — €726 T €023 — €11.220 — €130 ~ €16,17
— €17,16 — €20,13 — €211 T €310 — €57 T €376 T €x9 4+ 532,1)
- D, (62,31 — €58 — €994 — 1419 — €914 — €49 — x5+ 931,2) .

Explicitly, the matrix elements are

y 2+ 1 v 2+2 1+2m? Iy 2
= — i = — m-— ———, = —,
e N S L
m
My=2omy L =S , (B3)
12 14+ m? Yy 2J/1+m?
D ! D 2m+ 1+ 2m*
= —, = —Z2m _—
YT o1+ m2 z 21+ m?

The difference in comparison to representation in Ref. [31] is explained by the fact that some
of the matrix elements given there happen to vanish by integration. The matrix elements
fulfill following equalities:

4 2

M, +M; = —, M; —D, = = = M, +D, (B.4)
Y Y
4 2

M2+M4:;,M2+D2:;:M4—D2. (B5)

The eigenvalues of the Gauss matrix for this case are

2B4+yY) 2y?—1)

ETuzs = ; 319,30 = v+ y3 > E31.32 = W (B.6)
2. A-phase
m'Q = M (€1 +ey10 T €717 +€3626) T My(€y+ €99+ €555+ e31,31)

+M, (

+M, (64,4 +e11,11 t €02t 927.27)
€55 + €414 1 1919 + €3528) + M (es,s te33tennt 929,29)
+M, (68,8 + €515 T €518 T 625,25)
+ iD; (31.32 — €726 T €1023 ~ €15,17 — €17,16 T €23,10 — €267 T 332,1)

+ D, (32,31 — €994 —€y9+ ‘331,2) +D; (63,30 +epa teypt 330.3)

(e11

Ms (€55 4 €312 + €31.21 + €30.30
M (
M (

~_— — ' —

€77 T €516 T €323 T €333

— iD, (34.29 + €27 — €11,22 — €13,20 — €20,13 — €22,11 T €276 T e29,4)

+ Ds (65.28 teiyq9telgst 928,5) .
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The matrix elements are

M2, 1 Mo=2 424 14247
Ly i+ Al 2Ty J1+ A7
2 A
My=——A+ —u—,
Ty i+ A
2 1424 2
My=——-A+——, M.=——A++1+ A2
Ty 2V1+ A2 Ty
v = 2 1+24°
R
M, =——- ———, Mg = —,
Ty 2/1+ A2 Ty
D 1 D — 24 14242 D — A A?
T 2/ + a7 ; 2 21+ A2 T 1+ ar
1+2A
Dy=—-A+—n—, Dy =+14 42 -
* 21+ A2 °
(B.7)
We notice following most important equalities which are fulfilled by the matrix elements:
4 2
M, +M; =—, M, +D, == =M, — D, (B.8)
v v
4 2
M, +Mg=—, M, —D, == =M, —D,. (B.9)
Y Y
The stability matrix has the following eigenvalues :
2 4 4 2(y%2 -1)
EA ==, E4 . .=—, E4,=—, E&. =" B.10
1---26 y 27,28 y 29,30 y +]/3 31,32 y +]/3 ( )
Last two eigenvalues are related to the order parameter of the phase A in Eq. (17) in the
main part.
3. Coexisting phase m = A:
m'Q €11+ €010 T 817,17 T €2626) + My (€32 + €59+ €3404 + 331,31)

€55+ €1414 + €1910 T €3528) + Mg (€56 1 €1313 + €3 20 + €59, 29)
+ M7 (677 + 1616 + €323 + €3530) + Mg (€55 + €15.15 + €15 15 + €35 25)

+ A (91.10 — €716 T €101 — €167 — 1€ 93 + €7 17 —ieyg 35 + €46 56

M, (e, ) + My (
+ M3 (93 3 €112 T €121 T €3 30) +M, (34,4 + €111ty T 627,27)
Ms ( ) + Mg (
)

+ ley; 7 —iey3 1 + €6 16 — 135 19 1 €17,26 — €332 + €3617 — 332,23)
+ A, (92.9 Tt €95 — €241t €931 — €yt €319~ €43 — 331,24)

+ A; (33,30 tepa teéynpt 330,3)

+ iD; (61,32 — €726 T €1023 — €1517 — €17,16 T €23,10 — €267 T 332,1)
+ D, (‘32,31 — €934 — €9t e31,2)

— iDy (64,29 + €27 — €11,22 ~ €1320 ~ €20,13 ~ €22.11 T €276 T 629,4)
+ D, (65,28 teiy19 T 1914t ezs,s) .

Each quantity in the Proca matrix means

1— 1+ 4m?

A, = ,
T 41+ 4am?
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A,

1 1
- 1+4m—-2y1+4m2 + ———
2 14 4m?

1
= [1 — 1+ 4m? +2m? (\/1 +4m2—2m)].

Matrix elements A, _, appear only as consequence of coexisting order parameters m and A.

v _2+1+«/1+4m2

Ty a/Tram?

M—2+14m 1-2V/1+4m?2 + !

) V1+4am?
2 1

M3=7+W[1—\/1+4m2+2m2< 1+4m2—2m>],
y

Y — [1— 1+4m2—4m2( 1+4m2—2m)]

1Ty 12m? ’

2
My = — —2m+ v 1+ 4m?,
Y

M =E+L[1— 1+4m2—4m2( 1+4m2—2m)]
87y T 12m? ’
M. — 2 1+JV1+4m?
Ty a/1+am?
2
My = —.
'y
where (and further on) m is defined in Eq. (17) in the main part.
D. — 14+ +/1+4m?
Y a1 am?
1 1
D, == 4m—1-2y1+44m? + —— ,
272 V1+ 4m?
1
D= -5 [1— 1+4m2—4m2<\/1+4m2—2m)],

D, = v1+4m? —2m.
The stability matrix has following eigenvalues
2 4 8 1+2y 2y* - 1)

g -2 g 2 _ 8 1+ _ -2 B.11
26 = 2728 = 2930 = 3 11 7 LV (B.11)

the latter related to the order parameter defined in Eq. (17) in the main text. However, the
last remaining eigenvalue

2
Eypy=—-2+— (B.12)
v
is negative for all y > 1.
Appendix C. Evaluation of the current-current correlator

Here we evaluate Eq. (61) for the case of usual electronic currents. This correlator is zero in the
A-phase but finite in the m-phase, i.e. we have tochosec =d=1andi=1, j=2

1

4 . .
o7 (41,41, =2 (0o~ igliof? - ook — o}io})). cn
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Performing the functional integration we get

1
m< %,r ;,r/>g

4 [ d& 1 (C2)
= 2SR D L (a0) + I a(a0) + g (00) — (T o ]
2 ) @y 5 2610l 72300 26.23(do 710(0)] -

where the factor 1/2 appears because of the Gauss integral, and the propagator is defined as inverse
kernel matrix from Eq. (42)

A B
IIQ)= cC D . (C.3)
Q
In m-phase we get to linear order in ¢, via a direct evaluation
2 . .
72 T 6,10(40) + IT7 55(d) + 1T 55 3(dg) — 1117 10(do)]
2 M, + M, )
~ —sgn(m) > Jo (M FMs)” (C4)
y? 4w (MM, + A2)?
= —sgn(m)&, (C5)
2
where the equalities Eq. (B.4) were used. Hence we finally obtain for the correlator
1 sgn(m) / 3Q . sgn(m) .
— (Al A Yo | = ) g = 22 g S(r — ). C6
4y? (4irdarg 2 (27 )? %o 2 9 ) (C6)

Calculating correlators for all index combinations and bringing them into a compact form we get
Eq. (61).
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