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Abstract. A novel anomalous Nernst effect in graphene engineered by a strain
and coupled to an environment with a broken time-reversal breaking is predicted.
We consider the Haldane model (1988 Phys. Rev. Lett. 61 2015) including a
uniaxial strain and analyze explicitly the time-reversal symmetry behavior. We
find in this case that the total Nernst coefficient contributed by the two Dirac
cones is no longer zero. For further insight we study the interplay of the stagger-
field-induced gap of the substrate and the time-reversal symmetry-breaking-
induced gap. The former preserves the opposite signs of the Berry curvatures,
whereas in the latter the Berry curvatures possess the same sign. For a weak time
reversal breaking (TRB), the total Nernst signal experiences a sign change as the
Fermi level increases. When TRB is large, the total Nernst coefficient exhibits
a two-peak structure varying with the Fermi level. Another feature is that the
anomalous Nernst signal has an anti-symmetric profile with respect to the neutral
Dirac point instead of the symmetric behavior known for the case of an external
magnetic field. We further find a robust six-leaf modulation of the total Nernst
coefficient as the direction of the strain is varied.
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1. Introduction

The usual Nernst effect is a thermomagnetic phenomenon of a triggered electric current
transverse to a temperature gradient and an external magnetic field applied perpendicular to
both the temperature gradient and the charge current [1]. This effect is currently discussed
as a sensitive probe in the context of high-7, superconductivity [2] and also for graphene-
based systems, e.g. monolayer graphene [3, 4] and graphite [5]. Owing to the Dirac fermion
character in graphene, the Nernst coefficient deviates markedly from the Mott relation for the
n =0 Landau level (LL) around the Dirac point [3, 4]. Theoretically this deviation is yet to
be fully understood [3]. On the other hand, the Nernst effect goes along with the quantum
Hall effect which is inherent for a topologically protected edge current. The number of edge
states is just the Chern—Simon number (or the winding number) which is given by an integral
over the Berry curvature on the momentum torus for the two-dimensional (2D) Brillouin zone
(BZ) with periodic boundary. The difference between the Hall conductance and the Nernst
coefficient is that the latter is determined not only by the Berry curvature but also by the entropy
generation around the Fermi surface. Therefore, the Nernst effect is sensitive to the change of
the Fermi energy, the temperature and other quantities. The common feature of these two effects
is that in an external electric field the charge carrier attains an extra anomalous velocity with
hvg = eE x Q,kk);, where E is the electric field, €2,k k), is the Berry curvature, v =1 (2)
stands for the conduction (valence) band and K (K’) indicates the Dirac cone located at K (K’)
(see figure 1(b)). Hence, a finite Berry curvature may lead to an anomalous Nernst effect in the
absence of an external magnetic field which is the case discussed here.

For gapless graphene [6], the Berry curvature shows a singularity at the Dirac points so
that the Berry phases +m are associated with the two Dirac cones. A substrate-induced gap
(hereafter referred as the substrate gap) was observed experimentally when a SiC substrate is
used [7] and in an ab initio calculation with a BN substrate [8]. For the graphene layer, such
a substrate gap yields a finite Berry curvature for each cone. However, these Berry curvatures
have opposite signs [9, 10]. In a recent study, we showed that in a time-reversal symmetry
(TRS)-breaking environment, strain can lead to an anomalous Hall effect [11].
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A
(b) 0=n/2

Figure 1. (a) Graphene crystal structure is shown. a, and a, are primitive vectors.
(b) The first BZ is shown. The shaded regions correspond to the regions for K
and K’ cone. b; and b, are primitive vectors in the momentum space.

Since both the quantum Hall effect and the Nernst effect are intrinsically linked to the
topology of the momentum space, it is interesting to investigate how to engineer the topology
of the Dirac cones of graphene. In this respect, the strain is currently intensely studied [12]. It
is expected, however, that the strain-induced static electric potential does not break the TRS. To
study whether the TRS is still maintained in an essentially transient non-equilibrium transport
(e.g. Nernst effect when strain builds up) is out of the scope of this paper [13]*. Here, we
consider a specific model that provides an explicit TRS breaking. We study a graphene layer on
a ‘Haldane’ substrate under a uniaxial strain. The substrate effect is described within a Haldane-
type model [14, 15], i.e. a zero flux through one unit cell but with a vector potential structure.
The Haldane model takes the next-nearest-neighbor hopping into account and leads to massive
Dirac fermions. The nearest-neighbor hopping leads to coupling to the planar motion of Dirac
fermions. In this work, we will show that a novel anomalous Nernst effect emerges and can be
engineered by the strain. In contrast to the case without strain [10], the total Nernst coefficient
(TNC) does not vanish and undergoes a sign change when increasing an applied gate voltage
(for a small flux). We found a robust six-leaf geometry of the TNC as a function of the angle of
the strain with respect to the zigzag direction.

2. The model

The Pauli matrices oy = o, and o, = o, represent the E representation of C3, group at the Dirac
points of graphene and are related to the A and B sublattice character. o, and o, indicate that
there is a coupling between A and B sublattices which can be in the lowest order provided by
the nearest-neighbor hopping, while o3 = o, essentially describes the breaking of this sublattice
degeneracy and gives rise to mass generation of the Dirac fermion. This mass can be generated
by a stagger field due to the static electric interaction with the substrate. For example, if the

4 In non-equilibrium thermal statistics the detailed balance theorem is violated, which means that TRS is broken
in this process. For more discussions on TRS breaking in the non-equilibrium case, please see [13].
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substrate has a honeycomb structure (or from a top view is felt by the Dirac fermions in the
graphene layer), but the two atoms in the unit cell are not equivalent, then a staggered field acts
on the two carbon atoms in the unit cell of the graphene. This coupling generates a mass of the
Dirac fermion and enters into the coupling to 3. Another contribution entering the coupling
to o3 is the TRS breaking term in the Haldane model. The Haldane TRS breaking term is
a consequence of an extra phase due to the next-nearest-neighbor hopping. The low-energy
effective Hamiltonian is written as H = o - d(k). From the theory of invariants [16], we obtain
the d vector in the K and K’ cones without including explicitly the external electric field

dy = i cos ¢,
d = (f)Fkx+€"k)TZ —A,,
dy=Vrk,+ (kK x V), + A, 1., (D

A
d; = 5~ \/gl'zl‘zﬁ sin ¢,

where A is the energy gap induced by the stagger field of the substrate (substrate gap), t, denotes
the valley degree, vp = Vg + b (Uyy +1Utyy), Uy = be3(Uyy — Uyy), Uy = 2bg3ltyy, 1 =3+ ), 8;[_22
is a dimensionless function varying with strain, §¢,; is the variation induced by strain to the
next-nearest-neighbor hopping labeled by i = 1, 2, 3 and ¢ is the flux of the effective magnetic
field generated by the substrate (see the appendices). We should point out that the dy and d;
terms are derived by the next-nearest-neighbor hopping (hopping in the same sublattice) and
the d; and d, terms are obtained from the nearest-neighbor hopping (hopping between different
sublattices). Furthermore, we introduced the strain tensor as defined in the continuous elastic
theory as u;; = (3”’ atj + %’: ‘;’: ), where u is a polar vector indicating the displacements
of atoms. In pr1nc1ple all the b;; parameters can be determined experimentally or from ab
initio calculations [16] in a similar manner as done for semiconductors. Another way is to
link these parameters to those derived from tight-binding formalism. This is obviously a
transparent and effective approach to connect with microscopic method. However, this way is
not explored thoroughly for graphene. For example, the case to study the deformed next-nearest-
neighbor hopping is still missing, to our knowledge. For the effect of the deformed nearest-
neighbor hopping, research is being undertaken extensively. If only the deformed nearest-
neighbor hopping integrals are taken into account [17, 18], one finds an effective gauge field
that is independent of the momentum. Recently, it was pointed out that the strain influence
should be envisaged by including the effects of the deformed lattice in the real space, the
deformed momentum vectors and also the deformed hopping integrals [19]. After expanding the
Hamiltonian around the Dirac points, extra terms can be obtained which may be momentum-
dependent. This changes definitely the topology of the Dirac cones. A corresponding effect is,
however, still unexplored for the next-nearest-neighbor case. To that end and for the purpose of
our study, we worked out an effective Hamiltonian in tight-binding formalism for this case and
obtained a concrete model with a TRS breaking under strain in appendix B.

Thus, every term in equation (1) can be determined by tight-binding parameters and finally
determined by solely the strain tensor. In this way, the model is well founded and its parameters
are linked in a transparent way to microscopic quantities. A, = bg (U — uy,) and A, =
be1(2u,,) are to be viewed as effective vector potentials in a minimal coupling scheme for the
strain-induced transport [17, 18]. It is instructive to recall that the vector potential is expressible
in terms of the hopping parameters in a tight-binding formalism A, = % (Atgp + Atz — 2 A1)
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and A, = ‘/75 (Atgy — Ato3), where Aty;, i =1, 2,3, are the variation of the nearest-neighbor
hopping integrals induced by the strain with respect to the change of the nearest-neighbor
vectors §; shown in appendix D (a similar expression was given in [20]). Thus, the essential
feature is that vector d mediates a map from a 2D momentum space to a three-dimensional
vector space. We will study the consequences of this mapping beyond the minimal coupling.

Without strain, the cross section of the Fermi level and the Dirac cone is a circle (for E;
is not exactly at the Dirac point). Upon including the strain, this circular topology of the cones
is changed into an ellipsoidal ring. Gaps are opened at the original Dirac points at K and K'.
However the positions of the minimal energy gap are no longer located at these original Dirac
points, they are floating elsewhere when changing the strain since the strain serves in effect as
a magnetic field in the momentum space and the Dirac points can be regarded as monopoles in
the same space. To capture this behavior, we use the linearized momentum with respect to the
original Dirac points. In the absence of strain, the Hamiltonian reduces to the linear Hamiltonian
around these points. To study the Nernst effect carefully, we have to use all the components in
the first BZ. Thus, we use a thombic BZ marked by the shaded regions in figure 1(b). In this
way, the number of states in the BZ is conserved after linearization of the spectrum around the
Dirac points, which is as an alternative to the usual Debye prescription [21].

To be specific, we consider throughout the work a uniaxial strain only. The x direction is
selected as the zigzag direction; the momentum space x direction (k,) is shown in figure 1. The
angle of the applied tension with respect to x direction is 6. We first calculate the energy contour
for the conduction band in the presence of the strain, as shown in figures 2(a) and (b). First of
all, we observe that the circular Dirac cone is deformed to an elliptical cone for both K and K’
cones. The original Dirac points are shifted away by the strain since the strain effect serves partly
as a gauge field in the momentum space. For zero gap graphene, the Dirac points are monopoles
in the BZ. Although there is a gap considered here, they should be affected by the induced
gauge field. Although the TRS breaking in the model studied here is based on the Haldane
model, it is instructive to think about some other situations with a possible TRS breaking. The
TRS breaking environment could be created by applying a weak magnetic field in the graphene
sheet so that the orbital motion and the Zeeman effect can be ignored. Graphene easily wrinkles
into the third dimension with nanometer-scale ripples that have been observed in microscopic
studies [22]. The existence of the rippling has been demonstrated to be not only extrinsic, e.g.
by surface roughness of the substrate, but also intrinsic in graphene [23]. Therefore, an in-plane
magnetic field induces additionally a random magnetic field both in the xy direction and z
direction [24-26]. TRS is expected not to be present at all. Alternatively, the graphene layer
may be put on a magnetic substrate to break the TRS. In this case, a non-vanishing effect enters
into the third component of the d vector. This is reflected by the asymmetric K and K’ in
figures 2(a) and (b) since different gaps are opened in addition to the uniform gap A. It is useful
to recall that another mechanism to break the TRS might be having spontaneous microscopic
currents due to the order parameter of a density wave as that in the context of underdoped
cuprate superconductor where a square lattice is considered [27, 28].

3. Nernst coefficient in the strained graphene

What we intend to study is an anomalous Nernst effect that emerges for a non-vanishing Berry
curvature. This Berry curvature manifests itself in an additional anomalous velocity term in the
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Figure 2. Energy contour for the conduction bands in BZ for K cone in (a) and
K’ cone in (b); the entropy density for K and K’ cones in (c¢) and (d), respectively.
The units of the wave vector and the energy are kg = 1 nm~' and ¥hk,. The
parameters in all graphs are A=0.28¢eV and € = 0.1. The temperature is 300 K
and the Fermi energy is Ey = 1.2eV in (c) and (d).

presence of an external electric field 7iv;, = eE x 2. Thus, the velocity multiplied by the entropy
density gives rise to the Nernst coefficient [10, 27]

’k
o =dren Y / %szm(km(k), @)
where oy =ekg/h, e is the electron charge, kg is the Boltzmann constant, 7% is the
Planck constant and n = K or K’, v =+1 (—1) for the conduction (valence) band, S, (k) =
—fuxIn fix — (1 — fix) In (1 — f,x) is the entropy density of the v band and f,x = f[E,(K)] is
the Fermi distribution function. Please note that equation (2) yields the Nernst coefficient for
one cone. The integral over k should be taken in the respective triangle BZ shown in figure 1(b).

In figures 2(c) and (d), the entropy density is calculated for the K and K’ cones for
E;=1.2¢eV. Different from the energy contour, the entropy density displays a maximum around
the Fermi energy. The ellipsoidal topology is clearly seen from the maximum of the entropy
density, as well. Another observation is that TRS breaking is observed in the symmetry breaking
of the two Dirac cones. This can be inferred from the values of the entropy density and the
different positions of the shifted Dirac points in the momentum space.

It has been shown in [11] that the Berry curvatures for the two cones have the same signs
rather than opposite signs in the absence of the gap A, but in a TRS breaking environment.

New Journal of Physics 15 (2013) 073028 (http://www.njp.org/)
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Figure 3. The Nernst coefficient is calculated as a function of the Fermi energy
for different fluxes and strains in (a), (¢) and in (b), (d), respectively. The
temperature is 7' = 300 and the direction angle of the strainis =7 /4. A =0
for (a) and (b), while A =0.28 ¢V for (c) and (d).

Therefore, the anomalous transverse velocities will be the same for the two cones leading to a
net Hall current driven by an external electric field. It is natural to expect that an anomalous
Nernst coefficient will be associated with this anomalous transverse velocity. In figures 3(a) and
(b), TNC which is the sum of the contributions from the two Dirac cones is calculated while
varying the Fermi level for the different magnetic fluxes and the strain magnitudes in figures 3(a)
and (b), respectively.

The peak in the TNC when the Fermi level lies in the conduction band can be understood as
follows. The Nernst coefficient is affected by two factors. (a) The Berry curvature which exhibits
a maximum value at the Dirac points or the bottom of the conduction band. (b) The maximum of
the entropy density is, however, around the Fermi level leading to a finite-width Fermi ring in the
momentum space. Thus, when the Fermi level increases, the area of the entropy density in the
momentum space increases; while the Berry curvature decreases. The overall effect manifests
itself as a peak of the Nernst coefficient. The peak shift induced by the flux and the strain is
a consequence of increasing the asymmetry of the energy and the gaps in the two cones (see
figure 2(a)). It is interesting to note that the magnitude of the peak of the TNC is first enhanced
slightly by increasing the strain from a small distortion and then is decreased by a strong strain
(see figure 3(b)).
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When the gap A is present, the behavior of the Nernst coefficient is determined by the
relative magnitudes of this gap and the gap induced by the TRS breaking which is affected by the
strain. Hereafter we call the gap A the stagger field gap (SFG) and the latter the time-reversal-
breaking (TRB) gap. When SFG is dominant, the Berry curvatures for the two Dirac cones are of
the opposite signs. Since the total gaps at the two Dirac points are asymmetric, one cone yields at
first a dominant contribution to the Nernst signal when the Fermi level is touching the band edge
of this cone. When further increasing the Fermi level, the other cone will affect the Nernst signal
by reducing it due to the opposite signs of the Berry curvatures of the two cones. This explains
the marked difference and even the sign change shown in figure 3(c). However, when the TRB
gap is enlarged with larger flux, the Berry curvature of one cone (K) is gradually converted by
its sign. This makes the negative TNC turn to a positive TNC at K point. When the TRB gap
is dominant, the signs of the Berry curvatures for the two cones are the same, leading to a two-
peak structure of the TNC varying with the Fermi level. In figure 3(d), the peaks of the TNC
are shifted to a larger Fermi energy with increasing the strain in accordance with the enlarged
total gap.

We shall compare the behavior of the Nernst signal in the whole gate voltage range,
scanning the case when the Fermi level both in the conduction band and the valence band.
Since both SFG and TRB gaps do not change the particle-hole nature of the conduction and
valence bands, the Berry curvatures take opposite signs for these two bands. Therefore, the sign
of the Nernst coefficient is anti-symmetric with respect to the neutral Dirac point. This is in
complete contrast to the case when applying a magnetic field. In the presence of an external
magnetic field, Landau quantized orbits are formed. The Nernst signal is [3]

k o d
an(E)=—=P ) /E de(e — Ey) (—%) , 3)

where B = (kgT)~! and E, indicates the energy of nth LL. The Nernst signal shows peaks
near the LLs, while it tends to zero in between the LLs [29, 30]. This gives rise to a
symmetric profile of the Nernst signal when crossing the Dirac point due to the symmetric
distribution of the LLs with respect to the Dirac point. This distinctive symmetry difference
indicates the different nature of the case studied here to the physics under an external magnetic
field.

In figure 4, the variation of the TNC with the strain angle is shown for zero A, finite A and
different strain cases. The graph exhibits a six-leaf geometry as we vary 6. The maxima are all
located at 6 = 0°, 60°, 120°, 180°, 240° and 300° (for the selected E; = 0.7 eV). In between the
maxima the Nernst coefficient turns six minima at 6 = 30°, 90°, 150°, 210°, 270° and 330° (a
few directions, i.e. § = /6, 7 /3 and /2, are shown explicitly in figure 1). The positions of the
maxima and minima of the Nernst coefficients are robust against varying the parameters of the
system, such as €, the SFG A and the Fermi levels. It is interesting to note that the directions
where the Nernst coefficients attain maxima pass through the two Dirac points, while the TNC
is minimal when the strain is along the primitive vectors in the momentum space and oy, 0
and o3 in the C;, group for the Dirac cones [31]. Estimating the order of the obtained TNC
we note that og ~ 3.33nA K~! corresponds to 100 uV K~! of a quantum resistivity eh—z Thus,
10~2q corresponds to 1000 nV K~!, which might be measurable.
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Figure 4. The TNC varies with 6, which is the angle between the direction of
tensile strain and the zigzag direction. The parameters for the solid line are
e =0.1, A =0; the data are multiplied by 0.9. The parameters for the dash-
dot line are ¢ = 0.05, A = 0. The parameters for the line with open circles are
e =0.05, A =0.28¢eV. The other parameters are o = 0.165, T =300K and
E;=0.7¢eV.

4. Summary

We demonstrated that a novel anomalous Nernst effect driven by an external electric field rather
a magnetic field can be induced in strained graphene coupled to a TRB environment. The
Haldane model under strain is studied as a specific illustration. We investigated the action of
the Berry curvatures of the two Dirac cones and how it is changed by strain. The interplay of
the stagger-field-induced gap of the substrate and the TRS-breaking-induced gap is studied. The
former preserves the opposite signs of the Berry curvatures, whereas the latter renders the same
signs of the Berry curvatures. For weak TRS breaking, the total Nernst signal experiences a sign
change when the Fermi level is elevated. When the TRB gap is large, TNC shows a two-peak
structure with varying Fermi level. This sign change does not occur if only the SFG is missing.
Hence, this effect may serve as a thermal-electric probe for the existence of such a gap. We
found a robust six-leaf configuration of the TNC as the angle of the strain varies with respect to
the zigzag direction.
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Figure A.1. Schematic figure of a Wigner—Seitz unit cell, the nearest hopping
flow and the next-nearest-neighbor hopping are shown in (a)—(c), respectively.

Appendix A. Haldane model without strain

The Hamiltonian including the second nearest-neighbor hopping reads

. R o (Rb;
H, = — Z (t.a.eJr” fRa,." A'drafaj + tl-l}eﬁ bei A.drbzibj +H.C.> ’ (A1)
(6,70

A is the vector potential in the Haldane model, the integrals in the exponents are to be performed
along the paths connected by the atoms located at R}’ ®) and R?(b) for A (B) sublattice. A method
to construct a Wigner—Seitz (WS) unit cell is shown in figure A.1(a) in which a hollow position
is selected as the starting ends of primitive vectors. Therefore, each atom among the six atoms
located at the corners of the honeycomb belongs to three WS unit cells and there are two atoms
effectively in one WS unit cell. The vectors §; are the three vectors connecting the nearest
neighbors. a; = §; — §3 and a, = §; — 8, are two primitive vectors; in addition az = §3 — 4,.
Since the hollow position is labeled by R; for the ith WS unit cell, the locations of the six atoms
are

A =R, -4,
A2 :Ri _637
Ar=Ri= o, (A2)
B, =R, +43,
B, =R; +4,,
B; =R; +§;.

If we use a vector to indicate the hopping between the carbon atoms (for example ta’b),
the reversed vector means a Hermitian conjugate hopping (for example tb'a). For the nearest-
neighbor hopping, we only need to write the terms constituting a clockwise loop in one WS unit
cell, and the Hermitian conjugate terms will be recovered by doing the same thing in another
WS unit cell. From figure A.1(b), we clearly see this and there are two inverse vectors for
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each nearest ‘bond’. For the next-nearest hopping, we need to include both the clockwise and
anti-clockwise loops along the two triangles since the next-nearest ‘bonds’ are not the common
edges of the WS unit cells (see figure A.1(c)).

For each sublattice, we can group three terms out of the six terms, and the three terms left
are then the Hermitian conjugate of the selected three ones. We select A3 — A, — A — Aj

and B, — B3 — B, — By. In the presence of the vector potential, we have (sum); = fAAf A-

dr+ [A-dr+ [J'A-dr=—f Adr=—//[,,  Bdr=[[ ., . B-dr, where S
is the area of the honeycomb, A A;A,Aj; is the triangle formed by three points located at
Ay, A, and Aj. The zero flux through the honeycomb has been used for the last equation.
Since the field B(r) is supposed to have full symmetry of the crystal, we have +(sum); =
2n(sum)1/¢o = i—’; i fS—AA|A2A3 B - dr =3¢, where ¢ = i—z 2D, + D], Dy is the flux through
the region labeled by a and b in figure A.1(a).

The items for A sublattice in the nearest-neighbor hopping are now

(a) =— Z {ei¢ (rl“3aja3 +1hala +t§1a§a1) +H.C.}

4
=-> {e“f’tﬁﬁ D e RN Rimig gy, + (term for 1) + (term for £5)) + H.c.} :
i

Kk’
(A.3)
We use a relation % Y. eRi&k=K) — 5,1 in the above equation, leading to
(@)==2) " [cos(p+k-a)tis +cos(¢ — k- a3)ts +cos(p — k- ap)ts, | aa. (A.4)
k
If we define l; = a;, 1, = —a, and 15 = a3, we have
(@)=—-2) [cos(¢ — k-L)t{s +cos(p — k- 13)ts, + cos(p — k- 1)15) | aya. (A.5)

k

For graphene layer without strain, we set all the second nearest hopping to be the same #,. We
have then

3
(a) = =21 Z [Z cos(¢p — Kk - 11-)} ajay. (A.6)
k

i=1

A similar calculation can be performed for the B sublattice giving rise to

(b)=—2) [cos(¢+k-aptfy+cos(d —k-ay)th, +cos(¢p +k - a3)15, | bybi
k

3
=25 [Z cos(¢p +k- 1,~)} b by. (A7)

k Li=1
Thus, the Hamiltonian for the next-nearest-neighbor hopping is

3
H, = (a)+ (b) = 21, Z {cosqﬁ (Z cosk- l,-) (aliak +b£bk>
k i=1
3
+sing (Z sink - 1i> (a,iak — b,ﬁbk)} . (A.8)
i=1
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Appendix B. Haldane model under strain

In these appendices, we use K. to indicate K and K'. In the presence of strain, the next-nearest-
neighbor hopping is changed, and the vectors l; in real space are also deformed. We write
explicitly #}, = t, + 8t5;, where i =1, 2 and 3 indicate the three next-nearest-neighbor ‘bonds’.
And we have I =1; +4l;. Under the strain, the Haldane model for the next-nearest-neighbor
hopping is

3 3
Hy=-2 Z {cos o (Z ty; cos k- l;) (alak + b;bk) +sin ¢ (Z t;; sink - l;) (aiak - b;bk>},
k i=1

i=1

(B.1)
3
() =) 15 cosk-I
i=1
=Y (12 +8y) cos [ (K +8k) - (I; +61,)]
A Y (6 +81) feos(Ky - 1) — sin(Ke - 1) (K. - 81 + 8k - 1))
~ Z {tpcos(Ky - 1)) —tr sin(K4 - 1;) (K4 - 8l; + 8k - 1;) + 615; cos(K4 - 1)} .
(B.2)

To proceed further we list

1 V3
l] =a\ =, )
22

1 V3
I,=a <§, —7) ) (B.3)

13:61(—1,0),

where a = «/gacc, a.. 1s the bond length for carbon—carbon atoms. By using Ky = 27” (:I:Z 0),
we have

27

Kily= 47
2

K. L=+ ?” (B.4)
47

Ki . 13 = F ?

Therefore, we obtain
> cosKy -l =-3/2, (B.5)
1
Z 812y €OS K Iy = == (8t + 812y +813), (B.6)
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—0l Z sin(K. - ll')Ki Ol = :thKi . (511 + 61, +613), (B7)

—1, Y sin(Ks - 1)8k 1 = F0k - (I + L +13). (B.8)

Therefore, we find

3 1

Similar calculations yield

Im=> sin(k-lg)_—K 2:|:£Z§t2,——t2 |:Ki Z(Sl +0k - Zli| (B.10)

Since ), I; = 0, we obtain

3001
H=-3n—> Z(Srzi Ft (Ki : Zall) :
() =+ 3f2i£28t2,——t2 <Ki ZM)

Therefore, we arrive at the Hamiltonian

Hy=-2)" {cosqb |:—%t2 — % Z St Fh (Ki > (Sli):| (a)ax +blby)
- - -
+sin¢|: 21—252, (Ki Z(Slﬂ (alﬁak—biibk)}. (B.12)

We consider explicitly uniaxial strain as a study case, and the displacement of the 1 vectors
is given by (see the strain tensor in [17])

i 8lix lix
2311' _ (Zz ) _ Zs (811 812) ( )
l. > 8Ly l. e €xn) \Uiy

Ly en X
—e (8“ 2l €22, y) —o. (B.13)
ey iliv €0 1y

With this we infer the Hamiltonian including the next-nearest-neighbor hopping

(B.11)

1 V3_
H, =21 Z [_E" cos ¢ (ayay + bl by) + = sin ¢ (a, ay, — bf{bk)} ., (B.14)

where n=3+), > ‘”2’ is a dimensionless function varying with strain. The single-particle
Hamiltonian reads

hy(K) = 127 cos ¢ o — v/3T,07) sin ¢ o3, (B.15)
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Appendix C. Relation between the variation of the hopping and the variation of the
bond length

We use the relation derived in [17]

tr = Vype(l = a = 3ac) = tyexp [(l/j—gjl)] : (C.1)

where 7, is the nearest-neighbor hopping parameter. The deformed next-nearest-neighbor
hopping is given by the variation of the length /

v, ~3.37
ey
3.37 Y
Nt ——f—. (C.2)
W) e
Thus, we have
Oty 3.37 dl;
A 19 (C.3)

b (W3—=1)2 e
& & liy
5l — e 11 €12
€12 &x liy
lix, €l
— [T flv) (C4)
e12lix, 8221iy

where 61, is the difference between the deformed #, and 7, associated with the vector ;. So we
have

Sty 3.37¢ NN L\ [ Ly
Oa _ _290e Lix o) i ) [ty
b (Bl Z |:(811 +€7,) (acc) +2¢e12(811 +€2) AVE

i i

27>
+ (e, +et) (ll_y> :| : (C3)

Aec
In the case of a uniaxial strain, the strain tensor is given by
€11 = cos> 0 — o sin’ 6,
en=({+0)cosfsinb, (C.6)
£y = sin’ 0 — o cos’ 0,

where o = (0.165 is the Poisson ratio [32] and 6 is the angle between the tension direction and
the zigzag direction.
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Appendix D. Nearest-neighbor hopping under strain

The Hamiltonian of the nearest-neighbor hopping under strain can be derived as

Hi=-Y | 1e“Yab+He. |, (D.1)
kK | J

[ —
(I

where « is the momentum vector with respect to the I" point, £, j=Tlo+ Aty; and Atg; is the
variation of the hopping integral induced by the strain. In deriving this equation, we have
assumed that the BZ is maintained, but the structure in real space and the hopping integrals
are deformed. In principle, BZ and the vectors in momentum space are also deformed. In some
sense, the distortion of the vectors in momentum space can be compensated by the deformed
vectors in real space. Thus, we assume here that the structure in the BZ is not changed for
simplicity

() =1y @841 Vi(Ke +K) - A5l ®er208)

J J

(I11), I0),

+ 3 At ™8 LN " ALy i(Ky +K) - A8 e K209 (D.2)

J J

(IID3 ()4
where Kk is the momentum vector with respect to K... (IlII); can be derived as usual
1), = vr (Fky +iky) (D.3)

where vy = %aoto, ay is the distance of the carbon—carbon atoms, and #, is the nearest-neighbor
hopping without strain. We have

(I1I), mtoz (Ks - A8;) Kb ifoZi (K - 28)) (k- 8,)c

J J

()5, (ID)2p

+itg Y (k- A8;) e (D.4)

J

(ID)2¢

After some algebra, we have
)y, = 1vpe(my +i1,7M2),

(D), = vpe S [roke = miky +iT.(rik, + 12k (D.5)

(I, = vre [—Tz(b"ukx +&12ky) +i(e12ky +822ky)] ,
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where t, =1 (—1) for K, (K_), 71 = K4 ;€10 + K4 yép and my = K4 (611 + K4 y&12. A straight
calculation leads to

(I3 = (w; + wy) + (w3 + wy),
wy = Aty — AL, /2,

do 3 \/§
Wy = TZE —EAI_,.ICX + TAt_ky ,
3
w3 = fngt_, (D.6)
3
Wy = % —%At_kx + QAL + At ky |

Aty = Aty £ Atys.

We ignore (III)4 since the lowest order is the second order in a small change and independent
of the momentum. If we link the formalism derived in the tight-binding method to that derived
from the theory of invariants, we ignore the terms that are independent of k. y), i.e. (III)5,, and
the term including the deformed momentum k, ), i.e. (Ill),.. Then we re-derived the d; and d,
vectors in (1), and link the parameters in this equation by

U, 21 Aty + Ats

; = —m&?ll + 2—t0,

Uy _ 2_7T8811 1 Ay — Afos’

vr 343 V3 2 (D.7)

1
A, = 3 (Ator + Atz — 2A101) ,

Ay = @ (Atgy — Atp3) .

Aty; can be calculated as done in appendix C, and we list the equation here

AtOi 337 2 2 81')( 2 8ix Siy 2 2 35)/ ?
= el (g7, +¢ — | +2ep(e1+Ee0n)——+ (g7, +¢ — , D.8
o (ﬁ_ 12 (611 +€12) o (&1 +éx do do (e, +€3) do (D.8)

where §;(y) are the x (y) component of the vector §;.

References

[1] Ziman J M 1960 Electrons and Phonons: The Theory of Transport Phenomena in Solids (Oxford: Oxford
University Press)
[2] XuZ, Ong N, Wang Y, Kakeshita T and Uchida S 2000 Nature 406 486
[3] Checkelsky J G and Ong N P 2009 Phys. Rev. B 80 081413
[4] Zuev Y M, Chang W and Kim P 2009 Phys. Rev. Lett. 102 096807
Wei P, Bao W, Pu Y, Lau C N and Shi J 2009 Phys. Rev. Lett. 102 166808
Bergman D L and Oganesyan V 2010 Phys. Rev. Lett. 104 066601

New Journal of Physics 15 (2013) 073028 (http://www.njp.org/)


http://dx.doi.org/10.1038/35020016
http://dx.doi.org/10.1103/PhysRevB.80.081413
http://dx.doi.org/10.1103/PhysRevLett.102.096807
http://dx.doi.org/10.1103/PhysRevLett.102.166808
http://dx.doi.org/10.1103/PhysRevLett.104.066601
http://www.njp.org/

17 I0P Institute of Physics () DEUTSCHE PHYSIKALISCHE GESELLSCHAFT

Zhu L, Ma R, Sheng L, Liu M and Sheng D-N 2010 Phys. Rev. Lett. 104 076804
Yan X-Z and Ting C S 2010 Phys. Rev. B 81 155457
Luk’yanchuk I A, Varlamov A A and Kavokin A V 2011 Phys. Rev. Lett. 107 016601
[5] Zhu Z, Yang H, Fauqué B, Kopelevich Y and Behnia K 2010 Nature Phys. 6 26
Zhu Z, Yang H, Banerjee A, Malone L, Fauqué B and Behnia K 2011 J. Phys.: Condens. Matter 23 094204
[6] Novoselov K S et al 2004 Science 306 666
Zhang Y et al 2005 Phys. Rev. Lett. 94 176803
Berger C et al 2004 J. Phys. Chem. B 108 19912
[7]1 Zhou S Y, Gweon G-H, Fedorov A V, First P N, De Heer W A, Lee D-H, Guinea F, Castro Neto A H and
Lanzara A 2007 Nature Mater. 6 770
[8] Giovannetti G, Khomyakov P A, Brocks G, Kelly P J and van den Brink J 2007 Phys. Rev. B 76 073103
[9] Xiao D, Yao W and Niu Q 2007 Phys. Rev. Lett. 99 236809
[10] Zhang C, Tewari S and Sarma S D 2009 Phys. Rev. B 79 245424
[11] Zhu Z-G and Berakdar J 2011 Phys. Rev. B 84 195460
[12] Vozmediano M A H, Katsnelson M I and Guinea F 2010 Phys. Rep. 496 109
[13] Gaspard P 2006 Physica A 369 201
[14] Haldane F D M 1988 Phys. Rev. Lett. 61 2015
[15] Yakovenko V M 1990 Phys. Rev. Lett. 65 251
[16] Winkler R and Ziilicke U 2010 Phys. Rev. B 82 245313
Bir G L and Pikus G E 1974 Symmetry and Strain-Induced Effects in Semiconductors (New York: Wiley)
Lew Yan Voon L C and Willatzen M 2009 The k - p Method: Electronic Properties of Semiconductors (Berlin:
Springer)
[17] Pereira V M, Castro Neto A H and Peres N M P 2009 Phys. Rev. B 80 045401
[18] Pereira V M and Castro Neto A H 2009 Phys. Rev. Lett. 103 046801
Castro Neto A H, Guinea F, Peres N M R, Novoselov K S and Geim A K 2009 Rev. Mod. Phys. 81 109
19] Kitt A L, Pereira V M, Swan A K and Goldberg B 2012 Phys. Rev. B 85 115432
20] Katsnelson M I and Novoselov K S 2007 Solid State Commun. 143 3
21] Uchoa B et al 2008 Phys. Rev. Lett. 101 026805
22] MeyerJ C, Geim A K, Katsnelson M I, Novoselov K S, Booth T J and Roth S 2007 Nature 446 60
Ishigami M, Chen J H, Cullen W G, Fuhrer M S and Williams E D 2007 Nano Lett. 7 1643
Cullen W G et al 2010 arXiv:1007.4802
Tikhonenko F V, Horsell D W, Gorbachev R V and Savchenko A K 2008 Phys. Rev. Lett. 100 056802
[23] Geringer V, Liebmann M, Echtermeyer T, Runte S, Schmidt M, Riickamp R, Lemme M C and Morgenstern
M 2009 Phys. Rev. Lett. 102 076102
[24] Morozov S V, Novoselov K S, Katsnelson M I, Schedin F, Ponomarenko L A, Jiang D and Geim A K 2006
Phys. Rev. Lett. 97 016801
25] Lundeberg M B and Folk J A 2010 Phys. Rev. Lett. 105 146804
26] Morpurgo A F and Guinea F 2006 arXiv:cond-mat/0603789
27] Zhang C, Tewari S, Yakovenko V M and Das Sarma S 2008 Phys. Rev. B 78 174508
28] Tewari S, Zhang C, Yakovenko V M and Das Sarma S 2008 Phys. Rev. Lett. 100 217004
29] Girvin S M and Jonson M 1982 J. Phys. C: Solid State Phys. 15 L1147
30] Jonson M and Girvin S M 1984 Phys. Rev. B 29 1939
31] Zhu Z-G, Ding K-H and Berakdar J 2010 Europhys. Lett. 90 67001
32] Blakslee L, Proctor D G, Seldin E J, Stence G B and Wen T 1970 J. Appl. Phys. 41 3373

[
[
[
[

— o, —_———

New Journal of Physics 15 (2013) 073028 (http://www.njp.org/)


http://dx.doi.org/10.1103/PhysRevLett.104.076804
http://dx.doi.org/10.1103/PhysRevB.81.155457
http://dx.doi.org/10.1103/PhysRevLett.107.016601
http://dx.doi.org/10.1038/nphys1437
http://dx.doi.org/10.1088/0953-8984/23/9/094204
http://dx.doi.org/10.1126/science.1102896
http://dx.doi.org/10.1103/PhysRevLett.94.176803
http://dx.doi.org/10.1021/jp040650f
http://dx.doi.org/10.1038/nmat2003
http://dx.doi.org/10.1103/PhysRevB.76.073103
http://dx.doi.org/10.1103/PhysRevLett.99.236809
http://dx.doi.org/10.1103/PhysRevB.79.245424
http://dx.doi.org/10.1103/PhysRevB.84.195460
http://dx.doi.org/10.1016/j.physrep.2010.07.003
http://dx.doi.org/10.1016/j.physa.2006.04.010
http://dx.doi.org/10.1103/PhysRevLett.61.2015
http://dx.doi.org/10.1103/PhysRevLett.65.251
http://dx.doi.org/10.1103/PhysRevB.82.245313
http://dx.doi.org/10.1103/PhysRevB.80.045401
http://dx.doi.org/10.1103/PhysRevLett.103.046801
http://dx.doi.org/10.1103/RevModPhys.81.109
http://dx.doi.org/10.1103/PhysRevB.85.115432
http://dx.doi.org/10.1016/j.ssc.2007.02.043
http://dx.doi.org/10.1103/PhysRevLett.101.026805
http://dx.doi.org/10.1038/nature05545
http://dx.doi.org/10.1021/nl070613a
http://arxiv.org/abs/1007.4802
http://dx.doi.org/10.1103/PhysRevLett.100.056802
http://dx.doi.org/10.1103/PhysRevLett.102.076102
http://dx.doi.org/10.1103/PhysRevLett.97.016801
http://dx.doi.org/10.1103/PhysRevLett.105.146804
http://arxiv.org/abs/cond-mat/0603789
http://dx.doi.org/10.1103/PhysRevB.78.174508
http://dx.doi.org/10.1103/PhysRevLett.100.217004
http://dx.doi.org/10.1088/0022-3719/15/32/006
http://dx.doi.org/10.1103/PhysRevB.29.1939
http://dx.doi.org/10.1209/0295-5075/90/67001
http://dx.doi.org/10.1063/1.1659428
http://www.njp.org/

	1. Introduction
	2. The model
	3. Nernst coefficient in the strained graphene
	4. Summary
	Acknowledgments
	Appendix A.  Haldane model without strain 
	Appendix B.  Haldane model under strain 
	Appendix C.  Relation between the variation of the hopping and the variation of the bond length 
	Appendix D.  Nearest-neighbor hopping under strain 
	References

