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Chapter 1

Introduction.

Graphene is a planar hexagonal structure formed by carbon atoms. The sp? hybridized
orbitals of the carbon atoms forms the covalent bonds between the carbon and its three
nearest neighbors. Graphene can visualized as the building block of some the carbon
allotropes, for example, 3d structures like graphite, quasi 1d structures carbon nanotubes
and quasi 0d structures fullerenes. Until recently, isolating the graphene has eluded the

scientific community.

One of the methods for isolating graphene for experiments is done by exfoliation [15].
Highly oriented pyrolytic graphite platelets pressed against glass substrate which has
freshly layered pm thick photoresist and baked so that mesas get attached to the pho-
toresist layer. The rest of the sample cleaved off and then repeatedly use scotch tape to
peel off the flakes of graphite. Thin flakes that are left on the photoresist and released
in acetone. A S7 wafer is dipped in the solution and washed with water and propanol.
This captures some flakes on the wafer surface and the single graphene is selected from
the resulting films by using a combination of optical, electron beam and atomic force
microscopy. Graphene samples have been prepared on various substrates. The samples
prepared on boron nitride [17] and suspended graphene samples [4] have higher electron

mobilities than on S70,.



1.1 Lattice and band structure

A triangular lattice with each site decorated with two carbon atoms gives the honey-
comb structure of graphene. The lattice spacing for the triangular lattice, a = 2.46 A for
graphene and the two carbon atoms separated by a distance a/+/3. The lattice sites points

are defined by ordered pair of integers, n = (ny, ny) where ny, ny € Z,
n =mnye; + ngesy (11)

e; and e, are the linearly independent vectors for the primitive translation vectors for the
triangular lattice. In Cartesian coordinates, with X and y as unit vectors along the axes,

the primitive vectors described as following,

61:CL)A(

1.2
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2= 75 9 y

There are number of operations that leaves the graphene lattice invariant. This includes

Figure 1.1: The figure shows a honeycomb lattice structure. Triangular lattice with basis
vectors e; and e, with each site decorated with two geometrically nonequivalent carbon
atoms, shown here with blue and red circles

translations, rotations, mirror reflection and glide reflection. The space group assigned
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for graphene is P6/mmm.

The electronic properties are obtained by studying the tight binding model for the 7-

electrons of graphene,

H=-t Z Ciz, 1,g(cn,2,a + Cntes, 2,0 + Cn+el+e2,2,a) +h.c. (1.3)

no

Cn,r, o are the lattice fermion operators for the m-electron at triangular lattice point n, 7 is
the sublattice index and o specifies the spin of the electron. ¢ ~ 3.03 eV is value of the
overlap integral, which is the measure of energy cost for the electron hopping from one

site to another.

The spectrum for the tight binding model is obtained by taking Fourier transformation of

lattice fermion operators,

ko
Cn,r,azzel nck,r,a (14)
k

Here k = (k1, k2), reciprocal lattice vector

E, E,

r /
0K+ El

(a) (b)

Figure 1.2: The two figures show the same Brillouin zone. In (a) the high symmetry
points, I', K, M, of the Brillouin zone. The two K points in each is Brillouin zone is
more transparent in (b) .

k =kE; + kEs (1.5)



with E;, E, primitive vectors in the reciprocal space is given by,

ar (/3 1
E=— | —x+-y
1 \/§<2X+QY)

_47TA

E, —
2 \/gy

(1.6)

and satisfy the condition, e; - E;, = 27§, ;. The invariance of scalar product of k-n under
point group symmetry operations results in three points of high symmetry in the Brillouin
zone. [' point has a six-fold rotation symmetry, K point and three-fold symmetry and M

has a two-fold symmetry as shown in Fig 1.2.

The eigenvalues are given by,
. . 1
e = £ (14 €2 4 el hrtha))e (1.7)

The Fermi surface are two points in the Brillouin zone. These points are given by the
roots of the 1 + e'*2 4 ¢l (F1+k2) = () je. Ky = (4+27/3,+27/3) and are called Dirac
points. The interesting feature of the band structure that in the proximity of the Dirac

points, k = K1 + q in Eq.(1.7), the energy has a linear dependence on the wavevector.
€q = thup|q| (1.8)

vp = (V3at)/(2h) ~ 106 m sec! is the Fermi velocity.

1.2 Quantum Hall measurements

Graphene placed on the silicon [16, 23] or boron nitride substrate or suspended graphene
is almost an ideal realization of a two dimensional system and ideal for quantum Hall
measurement. It is very different from the physical realization of two dimensional systems

in the semiconductors which relies on the creation of inversion layers. Inversion layers are

4



formed at the interface between a semiconductor (Si) and an insulator(SiO5) or between
two semiconductors (GaAs-Aljy sGag 2As) where latter plays the role of the insulator. An
electric field perpendicular to the interface confines the electrons from the semiconductor
in a quantum well created by the electric field and the interface. The motion perpendicular
to interface is quantized and the orbital degrees of freedom are frozen to a single level by
conducting the experiments at very low temperatures. The wavelengths of these confined
electrons are long, so an effective mass approximation with parabolic bands is a good
theory to describe their behaviour. A metallic electrode is plated on one side of insulator
which is charged by application of external ‘gate voltage’ to control the density of the

electrons in the inversion layer.

In the case of graphene, there is no need for creation of inversion layer because of two
dimensional structure of the material. The device comprises of graphene placed on ther-
mally grown 300 nm thick SiO, insulator over Si substrate. Si serves as gate electrode
and Si0Os acts as gate dielectric to control the carrier density in graphene. The graphene
samples are 3-10 pm in lateral size, multiple electrode arranged for the conductivity mea-
surements. The charge density induced on graphene is by tuning the gate voltage V, and

this gives a way to control the desired fermi level.

Quantum Hall effect

The quantum Hall effect manifests in graphene in transport measurements of transverse
and longitudinal currents in samples with high mobilities as a function of magnetic field
at fixed gate voltage. At large magnetic fields, the transverse resistance exhibits plateaus
and the longitudinal resistance vanishes, which are signature of the quantum Hall effect.

The plateaus are observed at transverse conductivity equals to [16, 23]

1\ €2
oy = sgn(n) 4<\n\ + §>%

5



Here 7 is an integer which is the index of highest completely occupied Landau level. The
factor of 4 corresponds to the degeneracy of each Landau level due to two spin and two

valley quantum number. The factor of 1/2 is related to the Berry’s phase in graphene.

A simple minded picture to understand the quantization of Hall conductivity is from the
one-particle picture. The energy eigenvalues for the Dirac particle in magnetic field is

given by

hv
€n,l = sgn(n) V 2’”’ €F

Each Dirac particle comes in four flavors, two valley and two spin. Each Landau level with
positive index corresponds to electron states and the one with negative index corresponds
to hole states. The n = 0 level is shared by both electron and hole states, i.e. two electron

states and two hole states.

The samples with higher electron mobilities and high magnetic field, B ~ 45 additional
plateaus were observed [22, 12, 21, 2]. In the first experiments [22, 12, 2], the degeneracy
of n = 0 Landau level was fully lifted with Hall plateaus at oy = 0, &1 were reported.
Only partial degeneracy was lifted for n = 1 Landau level with the occurrence of Hall
plateaus at oy = 44. Quantum Hall measurements with tilted magnetic field, i.e. the
graphene plane makes an angle with the applied magnetic field, is an important tool to
understand the lifting of spin degeneracy. The Zeeman energy depends on the total applied
magnetic field, (Br), whereas the orbital motion of electron only feels the magnetic field
perpendicular, (B ), to the planar motion. The measurements of activation gaps in tilted
magnetic field, where the B, is kept constant to ensure magnetic field is the range for
quantum Hall plateaus and vary the By by tilting the plane. The dependence of this gap
with Br enables helps to conclude if the lifting of degeneracy caused by Zeeman splitting.
It was concluded [22] that oy = £4 was caused by lifting of the spin degeneracy from
the tilted magnetic field experiments. The gaps for quantum Hall states at oy = +1
showed v/B dependence [12], ruled out lifting of spin degeneracy. By excluding spin, it

was conclude that lifting of the valley degeneracy resulted in Hall plateaus at oy = £1.



The quantum Hall state for o = 0 received more attention because of it unusual nature.
A quantum Hall plateau for the transverse conductivity is accompanied with a vanishing
longitudinal conductivity. The first few quantum Hall plateau at oy = 0 [22, 2] were
reported with finite large longitudinal resistivity. The experiments reported a diverging
longitudinal resistance [5, 6, 21], hence ruling out the counter propagating edge modes
for oy = 0 state. The state for quantum Hall plateau oy = 0 is a quantum Hall insulator,
i.e. vanishing transverse and diverging longitudinal resistivity, unlike the other plateaus

in graphene.

In this thesis, we investigate the nature of quantum Hall states for oy = 0, =1, hence the
review of the reported experimental works is centered around these states. The quantum
Hall experiments for graphene on boron nitride substrate [21] and suspended graphene [1]
are most relevant to us. The graphene on boron nitride [17] provided high quality samples
with mobilities three times larger than seen with graphene on silicon di-oxide. For mag-
netic field B, ~ 147 in [21], quantum Hall plateaus were observed at all integer values
and an insulating state for oy = 0. A detailed report on the tilted field measurements
have been presented and these measurements were used to extract information about the
spin of the charged excitation for the states for all quantum Hall plateaus. The gaps for
quantum Hall state at o7 = 0 was reported to have a linear B, dependence in the range
of 107" to 307". The decrease in the activation gaps with By for fixed B, lead them to
conclude that state for oy = 0 is spin-unpolarized. The tilted field measurement for the
quantum Hall state at oy = —1 was reported to show increase in activation gaps with Bp
suggesting that excitations are from a spin-polarized state. In reference [12], the activa-
tion gaps for quantum Hall state at oy = 1 was shown fitted with a /B, dependence
for the range, 10 < B, < 45. It was also noted that activation gaps for oy = +1 were

approximately half of that seen for oy = 0.

In the reference [1], local compressibility measurements using scanning single-electron

transistor technique was used to extract energy gaps for quantum Hall states at o =



0, —1. The gap measurements were reported for a range of magnetic fields, ~ 17 to 127
Gaps for both these states were shown to have v/B dependence and the magnitude of gaps

for oy = —1 was half when compared to gaps for o5 = 0.

We now review theory paper that addressed SU (4) symmetry breaking phenomenon for

integer quantum Hall states in graphene.

Nomura and MacDonald [14] used the phenomenon of electron-electron interaction in-
duced gaps and symmetry breaking at integer filling factors, known as quantum Hall ferro-
magnetism, to explain the quantum Hall plateaus at integer values for high magnetic field
in graphene. Their model had kinetic and long ranged Coulomb interaction terms. They
neglected the Zeeman coupling and treating the Coulomb interaction in Hartree-Fock ap-
proximation and the disorder in the self-consistent Born approximation (SBCA). This
leads to a criterion where the exchange integral is competing with the Landau level spec-
tral function within SCBA, called it Stoner criterion for quantum Hall ferromagnetism.
The disorder potential was related to zero magnetic field mobility taken from the experi-
ments. The phase diagram obtained from the Stoner criterion is a figure with filling frac-
tion versus a quantity that is inversely proportional to sample mobility and magnetic field
strength. The results from the Stoner criterion are in agreement with the observed quan-
tum Hall plateaus. Quantum Hall ferromagnetism predicts plateaus should be observed at

all integer filling.

Alicea and Fisher [3] have considered two possible mechanism for additional plateaus.
First, quantum Hall ferromagnetism where screened Coulomb interaction modify the
single particle picture. Second, quantum Hall paramagnetism where explicit symmetry
breaking terms stabilize the states for additional quantum Hall plateaus. In the case of
quantum Hall ferromagnetism, the model adopted has kinetic term, long ranged Coulomb
and Hubbard terms at the lattice level and they obtain a continuum version by considering
the long wavelength modes around the Dirac points. To compute the mean field energies

they have projected out the states away from n = 0 Landau level and non-interacting wave



functions reside on one of the sub-lattice points. The long ranged Coulomb interaction
provided the spontaneous symmetry breaking and anisotropic terms decide the nature of
the ground state. For oy = 1, the ground state is a spin polarized charge density wave
and the excitation favor a valley flip. For oy = 0, they have considered two competing
ground states, first is spin-polarized valley singlet and second valley polarized spin singlet
which also exhibits charge ordering. The nature of the ground state will be decided by
the strength of Zeeman coupling and Hubbard repulsion relative to sub-lattice repulsion.
The second case considered the quantum Hall paramagnetism, they considered model
which comprises of kinetic and explicitly symmetry breaking terms. This also resulted in
similar ground states as seen in quantum ferromagnetism case, the only difference in the
two cases was that quantum ferromagnetism predicts Hall plateaus for all integer values,

where are paramagnetism case shows additional plateaus at oy = 0, £1,£4, £10. ..

Goerbig et. al. in the reference [9] considered the lattice model with interaction and com-
puted the effective model for electrons restricted to single Landau level. They found the
leading symmetry breaking terms were proportional to small parameter, ratio of lattice
constant and magnetic length. They showed that for when one of the quartet for a Lan-
dau level is occupied, then n # 0 Landau levels will have easy-plane anisotropy order

parameter. The difference is most prominent between n = 0 and n = £1.

Fuchs and Lederer in reference [7] consider the possibility of a spontaneous out-of-plane
lattice distortion breaks the inversion symmetry of graphene lattice in presence on mag-
netic field. This magnetic field dependent Peierls distortion breaks the valley symmetry
and the order parameter gives mass to Dirac particle. This order parameter is propor-
tional to difference in on-site energies of sub-lattice point resulting from electron phonon
interaction. This theory like the quantum Hall paramagnetism case [3] shows additional

plateaus at oy = 0, £1, £4, £10. .. after Zeeman splitting is also taken into account.

Herbut in reference [11] considered the extended Hubbard model for graphene in weak

coupling limit and in presence of magnetic field. They solved the model by allowing an



anti-ferromagnetic state with staggered magnetization parallel to magnetic field. In this
theory quantum Hall plateaus were predicted for all even integer values and also zero and
+1. The ground state for c; = 0 was shown to have charged ordering, anti-ferromagnetic
or ferromagnetic ordering depending on the strength of coupling parameters. And at
opy = %1 it was reported that system is always in translation symmetry breaking phase

with finite magnetization.

Tdke et. al. in reference [19] presented gaps for pseudoskyrmion-antiskyrmion pair for
oy = 1 state. Yang et. al. [20] presented the gapless collective modes in absence
of symmetry breaking perturbations and discussed properties of skyrmions of graphene.

They both considered only the long ranged Coulomb interaction.

Kharitonov [13] considered the contact interaction terms took into account the valley and
sub-lattice asymmetric short ranged electron-electron interactions and electron-phonon
interactions. A renomalization analysis showed that some of the key anisotropic terms
exceeded the Zeeman coupling parameter and signs of anisotropic energies could also
change. The phase diagram showed four phases which had order parameters correspond-
ing to spin-polarized ferromagnetic, canted anti-ferromagnetic, charge density and Kekulé
distortion. Kekulé distortion order is characterized by unit vector for valley is on the equa-
tor of the Bloch sphere. In the absence of Zeeman coupling the canted anti-ferromagnetic

ordered state was replaced by anti-ferromagnetic ordered state.

We end this review section with a brief outline of the variational mean field presented in
this thesis to highlight its salient features when compared with works described above. We
start with interacting lattice model for graphene and present a systematic long wavelength
continuum approximation. We show that the short ranged interaction can be modeled
by considering nearest neighbour and Hubbard and treat their interaction strengths are
parameters. Our variational calculations also takes into account the filled Dirac sea of
Landau levels for Hall conductivities considered in this thesis. For this we have formu-

lated a new technique with heat kernel method for Dirac particle in graphene. We are
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the first to take into account the filled Dirac sea and long ranged Coulomb interaction at
mean field level. Moreover we explore a through search in SU(4) space for all possible
symmetry breaking with our model. We are also first to present the qualitative effects on

titled field measurements on particle-hole gaps for the ground states at oy = 0, £1.

1.3 Outline of the thesis

In this section we present the outline for subsequent chapters in this thesis.

In Chapter 2, we provide analytical and numerical solutions to the problem of electrons
in graphene subjected to cross electric and magnetic field. Within the continuum model,
we obtain the spectrum for graphene subjected to cross electric and magnetic field. We
utilize the relativistic structure of continuum theory and trick of Lorentz boost to obtain
exact analytical solutions. These solutions reveal collapse of Landau level spectrum for
a critical electric field. We also present numerical calculations for the same problem
on lattice to show that the electric field effects on the Landau levels are not artifacts of

continuum theory.

In Chapter 3 we show a systematic continuum approximation for the interacting lattice
model for graphene and provide motivation for the choice of continuum interacting model

studied in this thesis.

Chapter 4 presents a discussion on the choice of Landau levels for massive Dirac to con-
struct the variational wavefunctions. We describe the parameterization for the variational
wave functions for ground states for Hall conductivity at oy = 0 and oy = —1. Using the
heat kernel method we develop a suitable expression for two point correlator for massive
Dirac particle in magnetic field. The two point correlator are used to evaluate the mean

field energies and particle-hole excitation gaps.

In Chapter 5 we present the results of mean field calculation for the SU(4) symmetric

11



model, which only takes into account the kinetic and long ranged Coulomb interaction.
We show that Coulomb interactions spontaneous break the SU(4) symmetry. We also

present results of particle-hole excitation within symmetric model.

In Chapter 6 we present the effects of symmetry breaking terms on the nature of ground
states and excitation for the ground states. We illustrate the role of various symmetry
breaking terms in obtaining the SU (4) polarization for the ground states. We also show
the effects of tilted magnetic field effects on the gaps and connect our results with those

reported in experiments.

Chapter 7 present summary of findings of this thesis.

12



Chapter 2

Electric field effects on Landau levels in

graphene.

Graphene is an excellent system to study (24 1) d Dirac particles. Even before the experi-
mental first quantum Hall effects were reported, Gusynin and Sharapov [10] had predicted
the novel nature of quantum Hall plateaus for Dirac particles in graphene. This can be un-
derstood by solving the single particle problem of Dirac particle in two spatial dimensions
subjected to magnetic field perpendicular to the plane. The eigenvalues have an square

root dependence on the Landau level index and the applied magnetic field.

hUF
£e

€ns =/ 2|n| 2.1

here , n is the Landau level index which takes all integer values, v the fermi velocity and
¢, = \/h/e B is the magnetic length and B is applied magnetic field. All these feature
make the Landau levels for a two dimension Dirac particles distinct from a non-relativistic

particle seen in semiconductor hetrostructure.

In this chapter we solve analytically the problem of Dirac particle in two dimension sub-

jected to magnetic field perpendicular to the plane and an electric field applied parallel

13



to the plane. This problem of Dirac particle subjected to cross electric and magnetic
field is solved using by making use of Lorentz transformation. We highlight the new
features of inferred from the solutions which are different from that of similar problem
for non-relativistic particle. We solve the cross electric and magnetic field problem for
graphene electron on lattice and hence show that effects seen from the solutions of con-
tinuum model are not artifacts of continuum approximation used for graphene electrons.
We show a simple analysis from these solutions to arrive conclusion on the phenomena
of dielectric breakdown and the discuss the experimental realization of our predictions in

quantum Hall experiments conducted by Singh and Deshmukh [18].

2.1 Cross electric and magnetic field

In this section we present analytical results of the electric field effects on the Landau lev-
els in graphene. We have considered graphene placed in z-y plane with constant magnetic
field pointing along z-axis, B = Bz, and for simplicity we take constant electric field
along the z-axis, £ = Ez. Here B and E are constants for magnitude of magnetic and
electric fields. The continuum hamiltonian derivation from the lattice model is handled
as described in section 3.1, with additional assumptions that the magnetic flux passing
through each honeycomb plaquette is small compared to the area of plaquette and the
variation of scalar potential corresponding to electric field is small on the length scale of
lattice spacing. The long wavelength approximation results in non-interacting hamilto-
nian,

H = /dQSL’ \I/T(a:)<(vpa m+eFzly)® ]l4>\11(:c) (2.2)

Here, ¥(x) are the fermion field operators, @ = p + eA, is covariant derivative, A is
vector potential, o, o, are Pauli matrices and 1, is 2 x 2 identity matrix and v is the
fermi velocity. The identity matrix 1, is 4 X 4 matrix with corresponds to SU (4) symmetry

which results from degeneracy of valley and spin quantum numbers. This implies that we
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have four decoupled copies of the 2 x 2 one particle hamiltonian, hence we restrict to only
one. We start with the one particle hamiltonian from the Eq.(2.2) to explore the effects of

electric field on the Landau levels.
h=vra-w+eExl, 2.3)

Eq.(2.3), has the Lorentz covariant form for a massless particle with Fermi velocity, vp,
playing the role of the speed of light. It is well known fact from special relativity, when the
electric and magnetic fields are perpendicular (E - B = 0), it is possible to find a Lorentz
frame where electric field vanishes, E = 0 if | E|/vp|B| < 1 or a frame where magnetic
field vanishes B = 0 provided that vp|B|/|E| < 1. And it is not possible to make a
Lorentz transformation that will take frame with pure magnetic field to another one with
only electric field. Making use of this fact and Lorentz transformation we transform the
problem of cross magnetic and electric field to pure magnetic field one with restriction

that |E|/vp|B| < 1.

Lorentz transformation on the space-time coordinate system for us is a mathematical con-
venience to find the exact solutions. The specific choice of the rapidity of the Lorentz
transformation enables to take the problem of cross magnetic and electric field to a pure
magnetic field case with reduced magnitude. The knowledge of exact spectrum of Landau
level problem, and inverse Lorentz transformation enables us to obtain the exact analyti-
cal solutions for the hamiltonian in Eq.(2.3). To implement the above procedure, we start

with time dependent Schrodinger equation for hamiltonian in Eq.(2.3),

R,
1ha\lf(a:,t) = <UF a-m+eFEx ]12>\If(a:,t) (2.4)

Here V¥ is two component object. We rewrite Eq.(2.4) in manifestly covariant time depen-

dent Dirac equation in (2 4 1)d for a massless Dirac particle subjected to electromagnetic
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fields,

ZA)U (") = 0 2.5)

iy (0, — 1
Here coordinates, 2° = vpt, ! = x, 22 = y are the contravariant components of the
three-vector, 0, = 0/0z" is corresponding partial derivative. A° = ¢, the scalar poten-

tial, A' = A,, A*> = A, are the components of three-vector potential. The 2 x 2 Dirac

matrices are defined in terms of Pauli matrices,
Y=o Al=iat, 9P =-ia
These choices for the Dirac matrices are not unique, other choices are also possible and

they are related to each other by similarity transformation.

We choose to work with Landau gauge as it is the natural choice for our problem as this
keeps the analysis simple. We now apply a Lorentz boost along the y-direction. The

coordinates transformation is given by,

70 cosh(f) 0 sinh(6) 20
b | = 0 1 0 x! (2.6)
72 sinh(d) 0 cosh(6) x?

Here 6 is the rapidity of the Lorentz transformation. The Lorentz transformation of the

coordinates in Eq.(2.6) results in spinor wave function to transform in the following way,

J () = ez (zH) 2.7)

We verify that Lorentz transformation leaves W (z#)W¥(x#) invariant, where W (z#) =
U(2#)4°, The mathematical convenience to obtain the spectrum of cross electric and
magnetic field problem lies in the specific choice of the rapidity of the transformation.
The specific choice of tanh(f) can either reduce the cross electric and magnetic field

problem to either pure electric or magnetic field problem. Since our interest is to see
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the effect of electric fields on Landau levels, hence we restrict to the case, F/vpB < 1.
We make the choice tanh(0) = E/(vrpB) = [ for the rapidity of the transformation in
Eq.(2.6) to transform the problem of cross magnetic and electric fields to pure magnetic
field problem in boosted coordinates. This specific choice of transformation is applied to

Eq.(2.5), the transformed Dirac equation,
- - - i R -
(7080 90+ (Bt 51— P xl))\lf(x“) —0 2.8)

In the transformed coordinates, Eq. (2.8), the massless Dirac electron in a cross magnetic
and electric problem is reduced to a problem of massless Dirac particle subjected to pure
(reduced) magnetic field, B =By1- (32, with 8 < 1. The eigenvalue for the Landau

level problem is used to obtain the eigenvalues for the pure (reduced) magnetic field.

h 1
= sgn(n)y/2[n| (1 - 5% (2.9)

The magnetic length l, =10, /(1 — 52)i increases in the boosted frame. Since energy is
time component of 3-momentum, is not an invariant quantity under Lorentz transforma-
tion. This implies that eigenvalues of boosted coordinates system, €y in Eq.(2.9) are
not the physical energy eigenvalues of our problem. We have to apply the inverse Lorentz
transformation with the same value for rapidity, /3, to obtain the eigen solutions to the
original problem of massless Dirac particle subjected to cross magnetic and electric field.

After performing the inverse Lorentz transformation on 3-momentum, the eigenvalues are

hv 3
€nk, = sgn(n)V/2n] == (1= )T = hwpB k, (2.10)

Here we made use of the fact that the scalar product of two 3-vectors is invariant under
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Lorentz transformation. The corresponding eigen states,

el kv y e_%a @\n\—ka(f/)

/Ly /2 cosh(6) isgn(n) @, (€)

U,k (2,y) = 2.11)

Here (¢') are the orthonormal wave functions for non-relativistic electron gas in two

. . . . / . . . .
dimensions and the dimensionless £ gives information about the center of gaussian peaks.

,_(1=pY1 ) WL
§ . (x+lc£ + sgn(n (1_52) ) (2.12)

The eigenstates in Eq.(2.11) were verified to be orthonormal. The details of the derivation

of the exact analytic solutions are provided in Appendix B.

The eigenstates for the case of non-relativistic electron is given by eigen solutions of

harmonic oscillator times plane waves , e'*v ¥, (€) and the dimensionless &

£= %(z k0 (§> ) 2.13)

Comparing the equations (2.12), (2.13) we can easily read off a non-trivial dependence
for the center of gaussian peaks on the Landau level index, n, in the case of graphene,
unlike the standard 2d electron gas where the center of cyclotron motion is independent
of Landau level index. The effect of the electric field is to (un)squeeze the oscillator
states as well as to mix the particle and hole wave-functions. Squeezing corresponds to
the change in magnetic length, ¢, and the eigenstates in Eq.(2.11) can be expanded as

superposition of Landau levels for massless Dirac particle.
Wyt (2, y) qu ENY (2.14)

This is possible because of non-vanishing overlap of the integral of the oscillator states
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whose gaussian spread are different,

/ dz @}, (€)@, () (2.15)

here ¢ = £(1— 3%)1 4 sgn(n)\/2[n|5. Thus, unlike in the usual semiconductor samples,

here in graphene the electric field causes Landau level mixing.

The eigenvalues Eq. (2.10) and the eigen states Eq. (2.11), in the limit £ — 0 reduces to
the eigenvalues for pure magnetic field case. As the electric is tuned the effective magnetic
length increases (. — (.(1 — 52)72. This implies that for massless Dirac electron in
two dimensions, effect of magnetic field decreases as the strength of the electric field is
increased. This is in contrast to the case of two dimensional non-relativistic electron gas
where the magnetic length is unaffected on applying an electric field. This can be readily
observed from the eigenvalues for the non-relativistic electron gas in two dimensions in
presence of cross magnetic and electric field,

1 E m[(E\?
—_— 1 L el 2.1
Enk, (n + 2) hw, — hik, 55 ( B) (2.16)

In both the cases, for non-relativistic electron gas and massless Dirac electron, the de-
generacy of the Landau levels is lifted by the linear dependence on quantum number
k,. The main difference between the two cases, besides the \/ﬁ and \/E is that the
low lying graphene Landau levels spacing scales as (1 — 62)%, for a given value of k,,
Eq.(2.10), whereas the spacing is independent of the electric field in the non-relativistic
case Eq.(2.16). Another interpretation is, for a fixed magnetic field as the electric field is

increased the effect of magnetic field on the graphene electron reduces. There is a critical

electrical field corresponding to 5 = 1, which results in collapse of Landau levels.

As  — 1, from Eq.(2.12) we infer that, to keep the gaussian shifts within the linear

extent of the system

ky 02 + sgny/2|n) fcﬁ <L, (2.17)
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Thus it requires larger values of k,. But our results are strictly valid for the long wave-
length approximation, which is valid for small values of wave vectors. As  — 1, the
results from the continuum approximation are not reliable because one of the condition in
continuum approximation requires scalar potential should be slowing varying over lattice
spacing is violated. Moreover, Eq.(2.10) hands a collapse of the Landau level spectrum at
B = 1. The obvious questions that arise from this is to what extent the continuum approx-
imation results are reliable and is the collapse of Landau levels in graphene an artifact
of the low energy approximation? To answer these questions, we performed numerical
diagonalization of full tight binding hamiltonian and discussed in the following sections.
As expected, we find that the eigenvalues from the continuum theory holds well for small
values of 5. And the collapse of Landau levels persists, and in fact it occurs for a value of

[ even smaller than unity as continuum theory suggests.

2.2 Numerical diagonalization of lattice model

In this section, we diagonalize the tight binding hamiltonian on honeycomb lattice. This
numerical computation is part of built up to solve the desired problem of cross electric

and magnetic field problem for graphene.

The tight binding model for graphene is a non-interacting one. This enables us to reduce
the many particle problem to solving a one particle problem on honeycomb lattice. Lattice
models with periodic boundary condition are well understood analytically after taking the
Fourier transform. It is desirable to find the spectrum of the tight binding model with
various boundary conditions and understand its effects. A finite size lattice can have a
variety of boundary conditions. We study the lattice model by solving the hamiltonian
numerically with a zig-zag boundary. To keep things simple, we consider a finite lattice
with periodic boundary condition along one axis of the unit cell of triangular lattice and

open boundary condition along the other axis. This boundary results in zig-zag boundary
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, well known boundary in carbon nanotube literature. There are other choices for the
boundary, but we will restrict our study to zig-zag boundary. The lattice sizes can be
decided based upon the computational power of the machines. In this section we present
the discussion of results from the tight binding model on finite size lattice varying from
60 x 60 to 600 x 600 lattice points. In order to formulate in matrix form, we start with

the tight binding model and the Schrodinger equation reads

€Cnloc = — t(cn,Z,a + Cn+es,2,0 + Cn+el+eg,2,0'>

(2.18)

€Cn2c0c = — t(cn,l,a + Cn—es,l,0 + Cnfelfe2,1,a>

There are two scales in the given problem - one is the length scale, the lattice spacing ‘a’
and second is the energy scale governed by the hopping parameter ‘¢’. Since the inputs
in the numerical program are numbers we express all the lengths in the units of lattice
spacing and all the energies in the units of hopping parameter. For convenience, we put
both lattice spacing and hopping parameter to unity and expand the fermion operators in

terms of wave functions

Crro = Zqﬁfyz Chpo (2.19)

Here k is the wave vector and p is the band index. The eigenvalue equations in terms of

wave functions are

— e = Gh PR o O e (2.20)

—EQZSﬁ” Qb ¢n es,l an e;—es,l (221)

We can solve equations (2.20),(2.21) written in plane wave function basis. This amounts
to diagonalizing a matrix of size 2N? x 2N? for a triangular lattice of size N x N. We
reduce the problem of diagonalizing one very large matrix of size O(N?) to solving N

matrices of size O(N) by taking periodic boundary condition along the e,-axis and open
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boundary along e;-axis, i.e. ¢ — e"””?qb

—e%l =(1 +e1k2)¢n12+ e R glr (2.22)

—€ ¢n1 2 ( + eiik2)¢n1 1 + eilk2¢n1 1,1 (223)

After applying the periodic boundary condition along e, equations (2.22) and (2.23), we
have reduced the problem of diagonalizing a matrix of size 2N? x 2N? to diagonalizing
N complex valued matrices of 2N x 2N size. Hence the periodic boundary condition
along one direction has reduced the problem of diagonalizing a very large matrix to di-
agonalizing a large number of smaller sized matrices and this increases the efficiency of
required computation time. To further increase efficiency of numerical computation, it
is desirable to transform the complex matrix to real matrix, i.e. getting rid of complex
coefficients with appropriate real coefficients with some suitable transformation. This is
amounts to finding a unitary transformation matrix that reduces the complex matrix to
real matrix. In the present case we can achieve this by pulling out a phase factor out of
the wave functions in equations (2.22) and (2.23),

¢ Py oifngr(k2) (bk,p (2.24)

ni,r ni,r

And then choosing phase appropriately, reduce the complex coefficients to real. With the

following choice of the phase factors,

Ony 1 (k) = —(n1 — 1)5 (225,

‘9n1,2(k2) = —Ni4
The complex hermitian matrix is reduced to real symmetric.

2

k
—¢€ ¢”1 1= 2cos (?) ¢n1,2 + ¢n1+1 2 (226)

k
—e ¢Py = 2 cos < 22) PR+ NP (2.27)
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Equations (2.26), (2.27) are used to construct the real matrix of size 2N x 2N for each

e/t

Figure 2.1: Eigenvalues for 600 x 600 lattice points for graphene with zig-zag boundary
(a) along e; and (b) with periodic boundary condition along both axes. Both spectrum
show the two Dirac point at k, = 27 /3 and k, = 47/3 as expected from the continuum
model. For the zig-zag boundary there are a string of zero eigenvalue states for each value
of k, between the two Dirac points. The zero eigenvalue states are localized along the two
open boundaries

value of ky, which are /N in number. We used Householder algorithm to diagonalize the
matrix and obtained the eigenvalues and eigenvectors for the tight binding model for the
graphene with zig-zag boundary. Fig.(2.1) shows the full spectrum obtained from numer-
ical diagonalization. Fig.(2.1b) is the spectrum with periodic boundary conditions applied
along both e; and e, axes of the NV x N lattice and the Fig.(2.1a) is for the case when
the periodic boundary condition is applied only in the e, direction. One consequence of
the zig-zag boundary is the presence of the string of zero eigenvalues for k; between two
Dirac points. These zero eigenvalues are well known in literature as the edge states that
are localized at the boundary. These zero energy edge states are the consequence of the
open boundary condition can be confirmed by plotting the density of states. These zero
eigenvalue states give a finite density of states at zero energy and as the system size is
increases the contribution to density of states from these states decreases. These edge

states are unique to the zig-zag boundary of the graphene. In the zig-zag boundary for
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graphene, there are carbon atoms with one dangling bond, i.e. one of the covalent bond
is not attached to any other atom. This results in states that are localized at the boundary

and decay exponentially as we go into the sample.

These localized eigen-functions for edge states can be obtained by solving equations

(2.26), (2.27) for zero eigenvalue.

k —n
Gty = (2 cos (32)) o (2.28)

]{: n
PP, = <2 cos <§)) ooy (2.29)

For simplicity we consider the semi-infinite case, i.e., we have zig-zag boundary along
the es-axis and the system extends to infinity along the positive e; axis. For the given
boundary condition, the sub-lattice ‘2’ has one dangling bond, i.e., qb’(i’g can take any

value. To obtain normalized wave function, the condition on the wave-vector ks is

ks
2 =
COSs ( 2)

For the zero eigenvalues for a semi-infinite system, the wave functions reside on one of the

27 47
<1 = — < ky < —
3 223

sub-lattice for a range of values of k; and they localized near boundary. This is consistent
with our numerically obtained wave functions for a finite system. These edge states are a
peculiar feature of the boundary condition on honeycomb lattice. The choice of armchair

boundary condition does not have these zero eigenvalue edge states.

2.3 Numerical solution for graphene lattice in magnetic

field

In this section we discuss the spectrum obtained from numerically solving the tight bind-

ing problem of graphene in magnetic field. We discuss the chiral edge states that are
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responsible for the Hall conductivity. The difference between wave functions of the de-
generate states at zero energy eigenvalue, i.e. chiral edge states and n = 0 Dirac-Landau

levels.

For purpose of numerical diagonalization, we choose the vector potential A in such a
way that only one of the hopping term in tight binding hamiltonian acquires phase due
to magnetic field and ensure that magnetic flux through each plaquette corresponds to the
applied magnetic field. The resulting hamiltonian is (here we have suppressed the display

of spin index),

H=—t Z Ciz,l(cn,Q + €M e+ Crverve,) +hic (2.30)
n
Y3 Bq?
_ 2

 1s the magnetic flux passing through each plaquette. The eigenvalue equations in terms

of wave functions is

€

k k i k k
_Z (bn,l = Pn2 + eln1@¢n+62,2 + ¢n+el+eg,2 (231)

€ —in
— O = O eIy By ea (2.32)

The translation symmetry along the e, axis of the lattice is preserved. We choose periodic
boundary condition along the e, and apply the same method to reduce the complex matrix
eigenvalue problem to real matrix eigenvalue problem as we did for the case of zero

magnetic field problem, i.e. finding a unitary transformation. The choice of ¢, and 6, are

kQCZ nl(nl + 1)

0, = —(n, —1)22¢ 2.

L= —(m - )+ P 233)
1

egz—nl—kga —”1(”1 )<p (2.34)
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bulk Landau level + edge states

et

Figure 2.2: Eigenvalues of tight binding model for honeycomb lattice in presence of
magnetic field near the two Dirac points. Here the system size is 600 x 600 and the
magnetic field applied B ~ 27.12T", which corresponds to magnetic length /. = 20a.
The zero eigenvalues that do not vary with k, are the n = 0 Landau levels and the edge
states that are localized at the sample edge (consequence of zig-zag edge). The non-
zero eigenvalues that do not vary with &, are Landau levels with index n > 0, the index
increases with energy (Landau level index decreases with the decrease in the value of
eigenvalue for negative energies). Energy eigenvalues are measured in units of ‘¢’.
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The Harper equations that are solved numerically are

k’Q +nip
— 01 = 2cos (—2 P A (2.35)
€ ko +nyip
— O, =208 <—2 o ) Mo (2.36)

For numerical diagonalization, we choose the value of the magnetic field such that L. >
l. > a, where L is the linear extent of the system. The condition /. >> a, assures that a
very small magnetic flux passes through each plaquette. This ensures that we stay away
from the Hofstadter butterfly kind of commensurability effects on the spectrum. The other
condition that the system size is much larger than the magnetic length, L. > /., ensures
that a large number of cyclotron orbits fit in the sample. For the purpose of numerical
computations, we once again expressed all energies in units of ¢ and all lengths in units

of a.

The resulting spectrum from the numerical diagonalization is shown in the Fig.(2.2). The
set of eigenvalues that have no variation with respect to ky are the Landau levels. The
corresponding lattice wave functions have a prominent Gaussian peak and these Gaussian
peaks shifts across the length of system with k5. The low energy levels i.e. the eigenvalues
near the two Dirac points are in excellent agreement with continuum results. Comparison
between the exact results from the continuum model and the exact diagonalization are
shown in Fig.(2.3). The y/n dependence of Landau level index of the eigenvalues is in

good agreement with the continuum model result.

The zero eigenvalue is doubly degenerate. There are two kinds of eigenstates correspond-
ing to the zero eigenvalue. They are identified by examining the corresponding wave
function. These are the Landau levels with index n = 0, identified due to the Gaussian
peaks and the second class of states are the wave functions that are localized at the two
boundaries for the zig-zag boundary conditions applied to Harper equations. The distinc-

tion between the n = (0 Landau levels and the localized edge states will become clear
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when we discuss the spectrum for cross electric and magnetic field.
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Figure 2.3: The blue asterisk points shows the eigenvalues computed from the numeri-
cal exact diagonalization of honeycomb lattice (blue points) and the eigenvalues from the
continuum approximation (red line). The size of the lattice is 600 x 600 and magnetic
field B = 27.12T or £. = 20a. The red line corresponds to eigenvalues obtained from
continuum theory, /2|n|Avg/¢.. The blue points are the eigenvalues from exact diago-
nalization for a fixed value of k,. There is excellent agreement between results continuum
theory and the lattice theory.

The edge states, localized at the boundary, are reminiscent of the edge states that were
observed from the zero magnetic field case. As in the case of zero magnetic field, the
edge states continue to be localized at the boundary and have an exponential decay as we

move into the system.
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2.4 Numerical solution for graphene lattice in cross elec-

tric and magnetic field

The numerical diagonalization of the cross magnetic and electric problem for electrons
in graphene is simple extension of the magnetic problem done in section 2.3. The tight
binding hamiltonian for graphene subjected to constant magnetic field perpendicular to
plane of the graphene plane is incorporated by a phase term to the hopping terms and the

electric field along the e;-axis of the lattice is

H = —¢ Z CL’I(CTLQ + ei”“”anrng + Cntejte,) +hc. + Z el nlci”,cm (2.37)

n nr

The matrix equations are obtained in similar fashion as done in section 2.3 for the mag-
netic field case. We choose periodic boundary conditions along the es-axis and e;-axis
is terminated with zig-zag boundary. The two dimension problem is reduced to solving
one dimensional problem for each value of ks. This results in finding out eigenvalues for
a finite dimensional complex matrix. The complex matrix eigenvalue problem is reduced
to real matrix problem by doing unitary transformation using equations 2.33 and 2.34 to
improve the efficiency of the numerical routine. For the lattice computations, the energies
are measured in units if ‘¢’, tight-binding overlap parameter, and the length scales is mea-
sured in the units of ‘a’, the lattice parameter of graphene. The equations for the matrix

diagonalization are,

ks +n

€ gzﬁ’;l’l = —2tcos (%M) gb’;l,z + gbﬁﬁm +ekl nlgbﬁhl (2.38)
ko +n

€ ¢§1,2 = —2tcos (ZTW) 21,1 + Cbsl—l,l +ek nlﬁbﬁl,z (2.39)

Fig.2.4 shows the spectrum at low energy for the cross magnetic and electric fields.

The Landau levels in Fig. 2.2 acquire a linear slope w.r.t. k, consistent with contin-
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Figure 2.4: Eigenvalues of tight binding model for honeycomb lattice in presence of
crossed electric and magnetic field near the two Dirac points. Here the system size is 600 x
600 and the magnetic field applied B ~ 27.12T, which corresponds to magnetic length
l. = 20a. The magnitude of applied electric field £ = 0.1vpB. The eigenvalues that do
not vary with £, are the edge states that are localized at the sample edge (consequence of
zig-zag edge). The eigenvalues of these localized edge states is proportional to electric
field experienced by the two edges. The lines parallel to label ‘bulk Landau level” are the
Landau levels with positive and negative index whose degeneracy is lifted by the applied
electric field. Energy eigenvalues are measured in units of ‘¢’.
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uum result Eq.(2.10). The degeneracy of zero energy localized edge states and n = 0
Landau level gets lifted in the presence of electric field. For small electric fields the
wave-function of these edge states continues to be localized near edge of the sample.
The eigenvalues of these surface states are proportional to strength of the electric field
(eEnja = (v/3/2)(a?/1?)Bn1t) experienced at the two edges of the sample. In the Fig.
2.4, the energy eigenvalue for the left edge is zero (. n; = 0) and the right edge is
~ 0.1299 (n; = 600). A characteristic feature of these edge states is that they do not
vary with the wavevector, whereas the Landau levels develop a linear £, dependence with

electric field.

The comparison between the results from the continuum theory and the exact diagonal-
ization is shown in Fig.2.5. We plot y/n scaling of energy eigenvalues Landau levels for
various values of applied electric fields for a given £, value. Once again for the exact
numerical diagonalization, the magnetic field is chosen such that there magnetic length is
large compared to lattice spacing and system size is large compared to magnetic length
so that large number of cyclotron orbits can fit in the sample. For zero electric field,
as we have seen earlier, there is an excellent match between continuum theory and re-
sults from the numerical diagonalization on lattice. For very small values of 5 ~ 0.001,
there is good agreement between the results from continuum and exact diagonalization
for Landau levels with small index. Now we further increase the electric field keeping
the magnetic field fixed, i.e on increasing [3, there is systematic deviation between lattice
eigenvalues and continuum eigenvalues. This implies that gaps between the Landau lev-
els reduces much faster than what is expected from the continuum result. The collapse
of Landau levels, which happens at 5 = 1 for the continuum model, seem to happen at
much smaller electric fields for the lattice model than what is suggested by the continuum
theory. This disagreement between the lattice and continuum model is not surprising be-
cause the requirement of the slow variation of the scalar potential at lattice spacing of the
continuum model is not satisfied with the large electric field. Hence we can conclude that

the continuum results are reliable only for very small values of .
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Figure 2.5: The figure shows the scaling of eigenvalues of Landau levels with Landau
level index for various various electric fields. The red curve denote the results from the
continuum model and blue curve are the results from exact diagonalization of the lattice
model. The system size for numerical diagonalization is 600 x 600 and magnetic field B ~
27.127T'. The eigenvalues plotted are for one fixed value of k, and measured in unit of
‘t’. Eigenvalues for three electric fields (£ = fvrB) have been shown, 5 = 0.0,0.5,0.9.
A clear systematic deviation can be seen between the results from continuum model and
numerical exact diagonalization as the electric field is increased.
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2.5 Dielectric breakdown

In the following section we will discuss the consequences of contraction of Landau levels
on the phenomena of ‘dielectric breakdown’ in presence of electric field for Dirac par-
ticle. We will argue that the Landau level contraction Eq. (2.10), and the n dependent
guassian shift Eq. (2.12) will cause the dielectric breakdown, which is different from
the conventional ones seen in the 2d electron gas in semi-conductors. The single particle
spectrum and the corresponding eigenstates we have obtained for a given £ and B, can be
used to construct stable many-body quantum Hall ground states. However, the external
electric field not only modifies the single particle wave function and spectrum, but can
also destabilise the ground state through spontaneous creation of particle-hole pairs; i.e.,

by a dielectric breakdown.

Here we will show a simple argument based one particle solutions to present a simple
formula for dielectric breakdown for graphene. We also compare the two cases for non-
relativistic and relativistic 2D electron gas. The eigenvalues in Eq.(2.10) is expressed
using the quantum numbers 7 and k,,. Another set of quantum number that can be used to

express these eigenvalues are n Landau level index and . the centres of cyclotron motion,

le
z. = k02 + sgn(n)y/2|n| g . (2.40)
(1—p%)a
We make a trade-off between £, and z. to express the eigenvalues in Eq.(2.10)
€na, = sgn(n)\/2|n|hUF; + V(z,) (2.41)
n,Te gc (1 i /62)i C .
Here the V' (z.) = —eFE z. is the potential energy of the electron. Expressing the eigen-

values in Eq.(2.41) enables us to compute the gaps between the levels.

An — 6n—i—l,mCl - Gn,rCQ
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Note that here we have taken two different cyclotron centres for the levels in order to
compute the amount of energy needed to excite the electron from the ground state to
lowest unoccupied state, i.e. the state with Landau level index n + 1. The local gap is

given by

le \(1-pY)1  (1-p9)7

Here 0V = V(z.,) — V(z,,) represents the potential difference between the two points

A, = —6V + sgn(n) 0r ( V2t 1 V2l ) (2.42)

Ze,» Te,. Here we are considering the scenario that the sample has got disorder that causes
potential within a small region of sample to vary. The length scale associated with this
local variation in potential is ¢ and this length is large compared to lattice spacing. E; o
B, is the electric field at point z.,, ¢ = 1,2. From Eq.(2.42), we can see that the local
gap depends on the Landau level index, n, coupled with magnitude of field at the two
points under consideration. Moreover the gaps seen by the particle and hole excitations
are also different. A similar analysis for the non-relativistic electron gas will results in an
expression for local gap, which is independent of Landau level index.

i m (E} — F3

From our discussion in previous sections we had concluded that results from the contin-
uum model are reliable for small magnitudes of electric fields, i.e. 5 < 1. The local gap

Eq.(2.42) can be approximated,

1
A, = =5V +A) — ngn(n)

hUF
c

¢

<\/2|n+1|ﬁf— \/2]71]622) (2.44)

AU is the gap between the Dirac-Landau levels when no external electric field applied. We
arrive at an expression for the critical voltage for local breakdown by doing dimensional

analysis and assuming that electric field is also slowly varying over length scale (.

0 2
V. ~ ﬁ (1 — KN (&) ) (2.45)
(& EE



here  is a constant which depends on the square of ratio of energy associated to the
electric field fluctuations to energy associated with magnetic field (Avg//¢.) . This means
that if we have an electric field, non-uniform over a nanoscopic scale ({g ~ £.), it will
cause local breakdown. Such situations can be created through in plane or out of plane
charged impurities or STM tips, in addition to externally applied electric fields. It is
interesting that such a local breakdown is Landau level index n dependent and current
required to cause such a breakdown will decrease with the increase of Landau level index.

In the case of non-relativistic electron gas the critical voltage is independent of n,

2
vmhwc(l_ﬁ(@)
(& gE

Thus we expect that the quantum Hall breakdown in graphene should be qualitatively

different for n = 0 and n # 0 within graphene.

2.6 Experimental probing breakdown

Singh and Deshmukh [18] explored the breakdown phenomenon of quantum Hall states in
graphene. Their main motivation was to probe the mechanism of breakdown in graphene
which could either be from the inter-Landau level scattering due to wave function mixing
or as we predicted due to local electric field effects due to defects whose sizes are com-

parable to the magnetic lengths. They studied the quantum Hall breakdown for Hall states

v = —10, -6, —2, 2, 6 on exfoliated graphene samples with mobilities ~ 11,000 cm?(Vs) L.

To probe the breakdown of quantum Hall effect, the sample was biased with a dc current
along with a small ac current at constant magnetic field. The dc current was varied as a
function of gate voltage in the vicinity of Hall plateau and voltage across the sample was
measured to find the longitudinal and transverse resistance. The minina of longitudinal
resistance was plotted function of dc current and the critical current for breakdown was

extracted by linear extrapolation. Interpretation for the experimental data,
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e The width of of the dissipationless transport reduces as the dc current is increased.
e The boundary on the either side of integer filling evolves asymmetrically.

e The critical current for the breakdown of the quantum Hall state depends on the

filling factor v. It decreases with increase in |v/|.

They also compared the change in the resistance with temperature and current to ensure
that local heating of the sample was not responsible for the breakdown phenomena in
graphene. Hence the observed behaviour of the breakdown voltage is qualtitatively same

as what we had suggested in Eq.(2.45).

2.7 Summary

Here we summarize the finding of this chapter,

1. Exact analytical solutions for Dirac particle in cross electric and magnetic field were

found using the trick of Lorentz boost.

2. Numerical computations for the cross electric and magnetic field subjected to graphene
on lattice were shown to confirm the effects of Landau levels is not an artifact of

continuum model.

3. The phenomenon of dielectric breakdown was discussed and predictions were made
about difference of dielectric breakdown for n = 0 and n # 0 Landau levels. And

this was verified in quantum Hall experiments by Singh and Deshmukh [18]

36



Chapter 3

Interacting model for graphene

The integral quantum Hall plateaus at [16, 23]

1 2
UH:4(n+§)% G.1)

is well understood within the framework of the one particle picture [10]. Here n takes in-
teger values. In Eq.(3.1) the factor four is associated with degeneracy of each Landau level
with index, n. Its origin are in the SU(4) symmetry associated with the non-interacting

continuum theory.

The samples with high mobility and at high magnetic field reveals plateaus at all integral
values [21]. The inclusion of Zeeman term in the non-interacting model can possibility
explain the Hall plateaus at all even integral values. The Zeeman term lifts the spin de-
generacy which is part of the full SU(4) symmetry. Disorder is essential ingredient to
quantum Hall phenomena which results in broadening of Landau levels and believed not
lift the SU(4) degeneracy. An approach to resolve this issue is to study the effects of
electron-electron interactions. In this chapter, we provide the motivation for the model
continuum hamiltonian that is adopted in this thesis to understand the phenomena of

SU(4) symmetry breaking associated with quantum Hall plateaus that deviate from the
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Eq.(3.1).

We begin with lattice tight binding model for the graphene and perform a systematic long
wavelength expansion around Dirac points for fermion operators. The leading term ob-
tained after continuum approximation is well studied non-interacting model for graphene.
We have also derived the sub-leading term obtained from the lattice kinetic term. This
terms gives correction to non-interacting continuum model with magnitude proportional
to square of ratio of lattice constant and magnetic length. Hence a very small contribution

when compared to leading term.

We apply continuum approximation to the electron-electron interaction term of the lattice
model. We show that the leading term is SU(4) symmetric and sub-leading terms breaks
SU(4) symmetry explicitly. The sub-leading terms are short ranged as compared to the
leading term and they vary as inverse cube of distance. At short distance, point charge in-
teractions get modified between electron because of the finite extent of the wavefunctions.
We argue that physics of this symmetry breaking terms can be captured by considering
the nearest neighbour interaction at lattice level. The lattice nearest neighbour interactions
are incorporated in the lattice model to take into account the wave function effects of the
m-electrons of the carbon atoms. This contact interaction at continuum level enables us
to simplify the computations and capture the essential physics of symmetry breaking that
we want to explore. We also include the Hubbard interaction term which takes into ac-
count on-site interaction between the electron wave functions. We derive the continuum
approximation for lattice interactions and discuss the symmetry of our continuum model
hamiltonian. We treat the nearest neighbour and Hubbard interaction strengths as tun-
able parameters. In presence of strong magnetic field, Zeeman splitting of spin quantum

number is important, hence we have included Zeeman term in the model hamiltonian.
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3.1 Continuum approximation

The m-electrons of carbon atoms which constitute the graphene are only considered in the

tight binding model to understand the electronic properties. The lattice hamiltonian,

H=—t Z CL,LU (C'n,,Q,a + Cntes2,0 + Cn+el+eg,2,a) +h.c. (3.2)

n,o

Here t =~ 3.033 eV, is the transfer integral, which is the measure of kinetic energy of the
electron hopping from a lattice site to other. c¢,, ., are the fermion operator. n specifies
the triangular lattice points, » = 1, 2, denotes the sub-lattice index associated with each
lattice point and o =T, |, is spin index. The fermion operators obey the anti-commutation
relation,

T —
{CTL,T',O') C'ﬁ,f,&} - 5n,ﬁ(57'7f50',5'

The Fermi surface for the tight binding model for graphene is two points in the Brillouin
zone, Dirac points, K. = (£27/3a, £27/3a). The interesting feature of the Dirac points

is that the spectrum has linear dependence on the wave vector.

To obtain low energy effective theory from the lattice hamiltonian, we project the electron
operators to low energy sector and then separate the long wavelength modes from the fast

varying modes.

Crro & € K*'"ais U, o(n) +e B U, ,(n) (3.3)

T,8

The label » = 1,2, indicates the index of spinor structure, n = +, — for valley index i.e.
low energy excitations around Dirac points, K. The spin is labeled by index o =7, .

U, . »(n) are the slow varying modes around the two Dirac points.

A
U, 0(n) = /0 Ak (o7 (n)) ek, 1150 (3.4)
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A is the cut-off on the wave vector around the Dirac points. One can get the estimate
for A as follows. Consider a system N x N triangular lattice with basis comprising of
two carbon atoms to form honeycomb structure. It implies that we have 2 x 2/N? states,
first 2 is for the spin and 2N? number of 7-electrons. So there are 4 N2 states in the first
Brillouin zone and there are two Dirac points. An estimate for A is made by comparing

density of states and the area of the Brillouin zone.

/Ad2/{% lﬁ <4_7T>2
0 2 2 \/ga

4 1
A= — 3.5
V3a? G-

We substitute the projected fermion operators in lattice hamiltonian Eq.(3.2) and collect

the long wavelength modes around the Dirac points to obtain the effective hamiltonian.

(Cn,2,a + Cn+62,2,o' + Cn+el+ez,2,a)

~ —¢o E+m (\Ifz,ﬁg(n) +elBrey,  (n+4ey) +eErltedy,  (n4e + 62)>

(W () + () D, e+ )

U, . -(n + e;), varies slowly at the lattice length scale, hence can be approximated about

n using Taylor expansion with lattice constant as the variable parameter.
a2
U, .(n+e)=V,,, (n)+adV¥,,,(n)+ EA?\I’TJ?,U(’I’L) + - (3.6)
In the process of deriving the effective hamiltonian, we make use of the following rela-

tions,

iKy-é10  +iZE

[§] e 3

(3.7
s 21 s 4w
l+e3 +e3 =0

Finally we take the continuum limit, a — 0, difference operators are replaced by partial
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derivatives of Cartesian coordinates after taking into account coordinate transformation

A —0,
\/_

1 5 (3.8)
§A1 + AQ —>78y

The summation of lattice points are substituted with the integral,

Z%%//dw (3.9)

The field operator in continuum limit,
Vipo(n) = a ¥y o(x) (3.10)

The leading term of the continuum approximation

Hy = // de Ut (z) (vpa Pp® 14)\11(50) 3.11)

Henceforth we refer H, as the non-interacting continuum hamiltonian. It describes is
four species of free massless Dirac particles. The speed of the massless particle is vy =
V/3at/2h, the fermi velocity at the Dirac point. The field operators, W(x) are eight
component objects and labeled as W, 4(x), where r refers to Dirac spinor or sub-lattice
index and takes values = 1,2 and A is the SU(4) index with takes values 1...4. The
matrices a”, a¥ are the 2 x 2 Pauli matrices for the Dirac spinor space. To clarify the

notation, we explicitly write the continuum hamiltonian,

Ho = / / Az vp U, (@) (o p), (1) ,  Von(®)

Under a SU (4) rotation of the field operators,

\IIT,A(CU) = UA,B\IJT,B (w)
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where U € SU(4), leaves the H unchanged. Here H, is invariant under SU (4) rotation.

The continuum hamiltonian, Eq.(3.11), is the leading term that results after the long wave-
length approximation of the lattice kinetic term. There are series of sub-leading terms,
which can be expressed in power series of lattice constant a and they are lattice level
correction terms. The first of the sub-leading lattice level correction term to the non-

interacting model Eq.(3.11),
Hi = — [ A%z U'(x) ((am(pi +3p;) — a¥3(papy + pypz)> ®T* )Q/(a:) (3.12)

This term will be required when to consider while considering all sub-leading terms for
the mean field computations. This term does not retain the full SU(4) symmetry as we

had seen in the case of Eq.(3.11)

3.2 Electron-electron interactions

The electron-electron interaction for m-electron on honeycomb lattice are taken into ac-
count by considering the on-site interaction and the interaction between electron sitting
on two distinct lattice points. We first consider the interaction between electrons on lattice

points, it can be written in the following form,

1
— i . T )
HI - 2 T;L; Cnm’gcn,r,a V<|n7" mS|) Cm75,5cm,s,a (3.13)
where,
1 2
V(n, —myl|) = ¢ (3.14)

 4me|n, — my|
here |n, —m| is the distance between the two sub-lattice points under consideration. And
there is constraint on summation: r # s when n = m. The long wavelength continuum

approximation for the interaction term Eq.(3.13) yields a leading SU(4) symmetric term
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Figure 3.1: The figure shows the distance involved for Coulomb interaction between elec-
trons at lattice points n and m. |r| is the distance between the lattice point n and m. d;
and d, is the distance between the different sub-lattice points placed at lattice points n
and m. 0 is the angle between carbon-carbon bond at lattice point n and vector n — m.
The difference |(|r| — d;)| < a?®/|r|?, i = 1,2, hence very small at very large |r|.

(Details of derivation in Appendix C)

He = % /#] V()W (@) V(@) ¥ (y) ¥ (y) (3.15)

Here r = | — y| and V (r) = €*/(4mer). The sub-leading part of the continuum approx-

imation,

(v (@) ¥(@) ¥ ()0 (y) - V(@) 7 V(@) V' (y) 7 U(y)) (.16)

For large separation, i.e. » >> a, the effects resulting from Hx can be ignored when
compared with that of H. At shorter distances, i.e. r ~ a, the contributions can be
sizable and modified when we take into account the fact that electrons are not point charge

particles. The wave functions used to describe the 7-orbitals have finite extent. The
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Coulomb interactions between these m-orbitals will be modified as compared to point

charges at same separations.

The nearest neighbour interaction at lattice level on honeycomb lattice,

R E T T T
HV =V Cn1,00n,1,0 (Cn,Q,&Cn,Qﬁ + Cntes,2,6Cnte2,6

n,o,c

.|.
+ Cn+e1+e2,2,5cn+e1+ez,2,a—) (3.17)

which takes into account of interaction of electron wave functions at a site with its three
nearest neighbours. The continuum approximation of nearest neighbour interaction (Ap-

pendix D) yields,

3

Hy — Zw?/w (@) ¥ (@)’ ~ (¥ ()70 (@))’) (3.18)

And when compared with H x from Eq.(3.16), Hy is local interaction version of H x and
both of have same SU (4) structure. In our model hamiltonian, we combine H x with
and consider Hy and treat the coupling constant V' as parameter which takes into account
short ranged wave function effects and short ranged Coulomb interaction between the
point charges. In this process of approximating Hx into Hy, we forgo the variation of
short ranged interaction with distance but retain the essential physics of SU(4) symmetry
breaking terms. Moreover the two point Coulomb interaction does not take into account

the wave function extend at short distances.

The second type of electron-electron interaction for lattice model is the on-site interac-
tion for the wave functions effects of the m-electrons of carbon atoms. It is short ranged
interaction that results when the electrons with opposite spins are localized at same site.

This physics is captured by the Hubbard interaction term.
Hy=UD_D fingifing, (3.19)
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A continuum approximation for Hubbard term (Details shown in Appendix. E) yields a

series of local interaction terms,

Mo = jua [ (@)’ + (@ @)iro)

1

5 (\IIT(x)aka\I/(:c))2> (3.20)

Jik=z,y

3.3 Zeeman term

The presence of magnetic field brings in the Zeeman term for the lattice model which

takes into account the spin splitting,

L DI (3.21)

The spin operator in terms of lattice fermion operator

Spr =75 Cns0 Cny (3.22)

| St

7
n,r
The continuum approximation results in term that breaks the spin rotation symmetry,

1

Hy = —§9MB / \I/T(ZE) o -BVY(x) (3.23)

3.4 Symmetries

The model hamiltonian in presence of magnetic field that we adopt in this thesis has non-

interacting term,

Mo = / / da Uf(z) (W o T 14)\11(:1;) (3.24)
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Here 7r is the conjugate momentum in presence of magnetic field.
T=p+ecA

A is the vector potential for the applied magnetic field. The sub-leading correction to

kinetic term in presence of magnetic field,
Hy = — [ d®z Ul(x) ((am(ﬂi + 3#5) — oY3(mymy, + 7ry7rx)> ®T* )\If(:c) (3.25)
The full interacting model adopted in this thesis for variational mean field calculations
H=Ho+Hc+Hv+Hu+Hz+Hs (3.26)

Here H, is kinetic term given in Eq.(3.24), H¢ takes the long ranged Coulomb interac-
tion into account given in Eq.(3.15). The short ranged interaction are, Hy, the nearest
neighbour interaction given in Eq.(3.18) and H; is the on-site Hubbard interaction term
given in Eq.(3.20). H » take Zeeman splitting of spins into account given in Eq.(3.23) and

finally H; is sub-leading lattice correction to the kinetic term given in Eq.(3.25).

In presence of magnetic field the discrete symmetries: parity, charge conjugation and
particle-hole are no longer the symmetries of the interacting model. The non-interacting
term, H, and long ranged Coulomb term, # ¢ are the only SU (4) symmetric terms. Under

SU (4) transformation of fermion field operator,

\IIT?A(’I'> = UA7B\I’,«7B('I"> (327)

where U € SU(4), is the unitary operator. Both H, and H¢ are invariant under this

transformation, Eq.(3.27).

The short ranged interaction terms break this SU(4) symmetry. Both Hy and Hy are
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invariant under U (1) x SU(2), i.e.

U=e3""xU, (3.28)

Here U, denotes a unitary rotation in SU (2) spin space. There is also a discrete symmetry

that leaves only the short ranged interactions invariant,

U=1"3U, (3.29)

This transformation amounts to interchanging the valley indices of the field operators.
The group that leave the contact interaction terms invariant is a semi-direct product of

ZyxU(1l)® SU(2)

The sub-leading correction to kinetic term, 7 is only invariant under U(1) ® SU(2).

The Zeeman term, #  breaks the spin symmetry and only U (1) symmetry of spin rotation

is remnant of the SU(2) spin rotation and leaves the SU(2) valley unbroken. Hence the
U=U, e %" (3.30)

is the transformation on field operator that leaves the Zeeman term invariant. Here U, is

a unitary rotation in SU(2) valley space

The symmetry under which our model hamiltonian Eq.(3.26) is invariant is U(1) x U(1).
The transformation

U=e 30 @300 (3.31)

on the field operators leaves ‘H invariant.
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3.5 Summary

We have shown in this chapter a systematic continuum approximation for the interacting
lattice model for graphene. The lattice interaction terms yields a leading SU(4) terms
and sub-leading part. We justified replacing the sub-leading part with the terms resulting
from the nearest neighbour interaction to take into account the wave function effects at
the short distances. We have presented the interacting continuum model that we study in

this thesis in Eq.(3.26)
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Chapter 4

Variational wave function

In this thesis, we study the interacting model Eq.(3.26) described in the previous chapter
to explore the possible nature of ground state for the Hall conductivity at o = 0, 1.
The route taken is that of variational mean field theory. We first motivate our choice of
single particle wave functions for massive Dirac particle in magnetic field to construct the
many body variational ground state wave functions. The variational ground state com-
prises of the Landau level indices with negative integers, which is referred as filled Dirac
sea. And partially filled quartet n = 0 Landau level that corresponds to the particular
Hall conductivity under consideration. Henceforth, the reference to partially filled quartet
n = 0 Landau level indicates, for example, one of the four SU(4) levels (sub-levels) is
occupied and orbital degeneracy is saturated in case of oy = —1. In the case for o = 0,
two of SU(4) levels of n = 0 Landau levels are filled with orbital degeneracy saturated.
Though the filled Dirac sea has Landau levels with all negative indices is a feature of the
effective continuum Dirac theory for graphene, we have a cut-off for the highest Landau
level with negative index occupied. Justification for this ultraviolet cut-off comes from
the lattice model for the graphene. We construct the variational wave functions for the

Hall conductivity at ;7 = 0, =1 and discuss their parameterization.

To compute the variational mean field energy with the filled Dirac sea, a convenient route
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is to evaluate the equal time Euclidean Feynman propagator for a massive Dirac particle in
magnetic field. We derive the two point correlator for a massive Dirac particle in presence
of magnetic field with filled Dirac sea. The Wick’s decomposition of the four fermion
terms for the interaction can be expressed in terms of two point correlation functions.
And these correlation functions are computed from the imaginary time representation of
propagators. The two point correlation function and the coincident correlation function

are evaluated and used to compute the mean field energy and particle-hole excitation gaps.

4.1 Charge and spin ordering of n» = 0 Landau level

In this thesis, we are interested in understanding the ground states for the Hall conductivity
oy = 0,£1. At single particle level, this can be understood by occupying the sub-levels
of Landau level with index n = 0 with the orbital degeneracy saturated for filled sub-level.

The Landau level with index n = O for a massless Dirac particle (Appendix. A)

: 0
" () = 4.1)
wou(x)
is special when compared with Landau levels with non-zero index. It has a staggered

charge distribution. The measure of the staggered charge for filled n = 0 Landau level

with saturated orbital degeneracy,

/ dz > (6"(x))" o™ (x) = 1 (4.2)

This staggered charge is absent for the Landau levels with non-zero integer indices, |n| #

0,
/ dz > (")) B () =0 (4.3)

l=—n
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In the case of graphene, the eigen vectors also carry the SU(4) index as they are good

quantum numbers for non-interacting model,
dmhi(z) = ¢™ () \* (4.4)

Here x? is four component vector corresponding to SU(4) part of the hamiltonian. The
quantity that is physically relevant is the staggered charge on the two sub-lattice for

graphene and its measure is given by,

/ dz Y~ (e"(x))" pr* 20 (z) = +1 (4.5)
=0

Here we are assumed for simplicity that 9 is eigenvector of 77, i.e. valley is good quan-
tum number. At lattice level for graphene, this means that a filled n = 0 Landau level
sub-level with orbital degeneracy saturated will result in charge localized on one of the
sub-lattice points. Thus leading to staggered charge distribution for graphene sub-lattice
points and average of the operator, (3 7%, gives the measure for it. Another quantity which
is significance is the staggered spin on the two sub-lattice points and the operator 5 77 o*

gives its measure. In the case, when x? is the eigenvector for the operator 7% 0%, then

/ de ) (®%49(a))" B 77 07 @19(z) = +1 (4.6)
=0

Third quantity that can be readily seen is the total spin, and the operator o is a good

measure and once again it will depend on eigenstate of the vector x9.

The profile at lattice level for a occupied sub-level of n = 0 Landau level resides in the
eigenstate of SU(4) component. The Fig.4.1 shows the caricature at lattice level when x4
is an eigenstate of the operator 7% 0. This particular choice gives a non-zero value for
the operators, 577, 57%c* and o*. The vector x? could have pointed in any direction in
the SU(4) space. For example, x? could have been a linear superposition of eigenstates

of 7% o=.
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Figure 4.1: This figure shows a profile for one of the n = 0 Landau level wave function.
The up arrow is caricature of the wave function that is localized on one of the sub-lattice
point with spin pointing along the z-axis.

In the case when two sub-levels of n = 0 Landau level are occupied, there are several
possibilities that can result in a profile at lattice level. We enumerate a few here. The
possible scenario that if both the sub-levels are eigenstates of operator o* and have same
eigenvalue. This results in a ferromagnetic ordering of spins at the lattice level as both
the sub-lattice points have spins pointing along z-axis. In the scenario when both the
sub-levels are eigenstates of operator 77 with same eigenvalue, then we have got a charge
ordered state. In this state, both the sub-levels are localized on one of the sub-lattice point
with spin pointing in opposite direction. Another possibility is when the two occupied
sub-levels result in a staggered spin orientation on two sub-lattice. This will result if both

the sub-levels have same eigenvalue for the operator 7% 0.

An important point to note is that in case of all four sub-levels of n = 0 Landau levels are

occupied then the staggered charge distribution vanishes.

4 o0
/ dzy "y (8 (@))’ Bre () = 0 4.7)
q=1 [=0

And so does the staggered spin distribution distribution. In the scenario when all the
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Figure 4.2: This figure shows a profile for two occupied of the n = 0 Landau level wave
function. The figure shows the possible ferromagnetic, charge and anti-ferromagnetic
ordering that can occur the way two sub-levels are filled.

n = 0 sub-levels are occupied we have a SU(4) singlet and no interesting lattice level

profile.

The case when three of sub-levels are occupied can be viewed from the hole perspective,
i.e. the wave function profile of the only unoccupied sub-level. The results will be same

as that of only one of n = 0 sub-level is occupied.

For massless Dirac particle with Landau level index n # 0, for each filled sub-level, the

staggered charge always vanishes,

/ da i (@"(x)) pre & (x) = 0 4.8)

l=—n
And so does the staggered spin distribution, S7%07.

The ground state for the Hall conductivity oy = 0, £1, can be viewed having two com-
ponents: first partially filled sub-levels of n = 0 Landau levels occupied. The second
component is all the Landau levels with negative index are filled, that is, for each index
n, the sub-level and sub-band degeneracy is saturated. The case when all the four sub-
levels of the Landau level for any index n for the massless Dirac particle forms a SU(4)
singlet, i.e. invariant under any SU(4) rotation. The construction of variational state for

Hall conductivity, oy = 0, =1 with Landau levels for massless Dirac particles results in
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variational ground state where SU(4) symmetry is broken for n = 0 and SU(4) singlet

forall n < 0.

Taking hint from the staggered nature of n = 0 Landau level, we consider the ansatz
that electron-electron interaction induces mass to the massless Dirac particle of the non-
interacting theory. We will show self-consistently that indeed the non-zero value of mass
minimizes the ground state energy for the Hall conductivity under consideration in this
thesis. Moreover it provides a possibility of same symmetry for the partially occupied

sub-levels of n = 0 Landau level and the filled Dirac sea.

4.2 Landau levels for massive Dirac particle in graphene

In this section, we discuss the features of eigenvectors of massive Dirac particles for the
graphene in presence of magnetic field. These Landau states for massive Dirac particle
will be used to construct variational ground state in the next section. One particle hamil-

tonian for massive Dirac particles in graphene in presence of magnetic field,
h=vra - 71+ M 4.9)

Here the 1, and M are 4 x 4 matrices corresponding to the SU(4) space. And w = p+eA
is the conjugate momenta in presence of magnetic field. The only assumption made about
the matrix M is that it is hermitian to ensure the hermiticity of the hamiltonian. Hence

there exist a basis where M is diagonal and can be expressed as,
4
M = mqla)d] (4.10)
q=1

The eigenvalues m, are the mass of Dirac particles and |g) are the corresponding eigen-

vectors.
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The eigenvalues and eigenvectors for the hamiltonian Eq.(4.9),

€nq = Sgn(n)y/2|n| +m2 4.11)

1 €nlg T Mg)Pn_1,1+1(T
() = (én.tq ¢)Pn—1141(T) N 4.12)
V26n14(€Eniq +Myg) i \/2[n]¢n(x)
And forn =0
€00, = —My (4.13)
0
PO () = x? (4.14)
Po.(x)

Here the energies, ¢, , and masses m, are measured in the units of (hvg/{.). So they

are dimensionless quantities. x? are four component vectors.

An interesting feature of the Landau levels for the massive Dirac particles is that they can
be expressed as the linear combination of Landau levels for massless Dirac particle. The

eigenstates Eq.(4.12), any n # 0,

n—1, x n—1, x
@"’l‘q(m):An,mq ® 1z+1( ) Xq+Bn,mq 2 1l+1( ) “ (4.15)
i oni(x) —ipn(T)
The coefficients
1 my \ 2 my \ 2
A, =514 25) 4 (1= 22))
| €n,l.q . €n,l.q l (416)
B =5((1+ =) = (1= 7))
2 €n,l.q €n,l.q

This shows that for n # 0 the Landau level with index n of massive Dirac particle are
obtained by mixing positive and negative Landau levels of massless Dirac particle with
same index. This amounts to mixing massless Dirac particle and hole states with same

Landau level index. The breaking of particle-hole symmetry is justified as in presence of
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magnetic field, the non-interacting model no longer retains the particle-hole symmetry.

The n = 0 Landau level for massive Dirac particle is exactly same as that of massless
ones, hence it retains the staggered charge and spin ordering that we discussed in the
previous section. The n # 0 Landau levels for the massive Dirac particles, the staggered

charge distribution on two sub-lattice points is,

/ dw Z (0m49(@)) e ™ (@) = L () @.17)

l=—n

And the staggered spin distribution is,

/ do 3" (89(@)) frio 0ia(a) = T (ot (@1s)
l=—n En,l,q

This shows that n # 0 Landau levels also have staggered charge and spin distribution.
The symmetries partially occupied n = 0 Landau levels are translated to that of n # 0
with the choice of massive Dirac eigenstates and magnitude of SU(4) polarization of the
filled Dirac sea is proportional to the magnitude of eigenvalues m,. The quantities that
completely specify the matrix M are the variational parameters for ground state that we
are going to construct for Hall conductivity oy = 0, £1. The hermitian matrix M required
sixteen parameters to be completely specified but the additional symmetry constraints for
specific Hall conductivity will reduce the number of variational parameters required for

each case, which we discuss in the next section.

4.3 Variational states

The Landau level wave functions for massive Dirac particles are used to expand the field

operators,

Upa(x) =D O0i!(m) P (4.19)

n,l,q
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Here the first subscript 7 is used for Dirac spinor index and second A is used to specify the
SU (4) spinor index. v, , is annihilation operator for fermion with Landau level index n,

orbit degeneracy index [ and the SU(4) quantum number q.

In this thesis we will be only investigating the nature of ground state and excitations about

the states for Hall conductivity oy = 0 and oy = —1. The state for oy = +1 is charge
conjugate state of oy = —1, so we are only going to study the oy = —1 here.
2 o0
log = 0) = <HH¢OH)( H H H %zq) (4.20)
qg=1 [=0 n=—N¢ ¢=11=—|n|
o = =1) = (TT ¥hea) H H H 0h1,)10) @.21)
=0 n=—N¢ g=1[=—|n|

These states have partially occupied sub-levels of n = (0 Landau level and a filled Dirac
sea operators acting on the vacuum, |0), zero particle state. The Dirac theory has a sea
with no lower bound, but here the (2 + 1)d Dirac theory is an effective theory resulting
from the underlying lattice model. The lattice model set an ultraviolet cutoff which is
proportional to the inverse of the lattice constant. We estimate a cutoff for Landau level
index by equating the number of states of the lattice model to that of continuum model.

d%k 2N, +1

A
2valley X 2spin X 2bands,i/0 W = 2valley X 2spin X 27’(’6% (422)

In Eq.(4.22), LHS is number density of the states for the continuum model after equating

with lattice model
47

V/3a2

A is the ultraviolet cutoff on the wavevector. RHS is total number density of states re-

A% =

sulting from the non-interacting model in presence of magnetic field. The cutoff on the

Landau level index,

Ne = % (%)2 (4.23)

The variational ground states described in Eq.(4.20) and Eq.(4.21) is parameterized by

57



the elements that specifies the mass matrix M. As discussed earlier in previous section
that 4 x 4 hermitian matrix M required sixteen parameters to be specified completely. A

hermitian matrix will have a unitary matrix, {/, that will diagonalize it.

M=UMpU' (4.24)

Here Mp = {my, mg, m3, my} is diagonal matrix, which accounts for four parameters.
In general n X n unitary matrix requires n? parameters to specify it. In our case, a sixteen
parameters will be required for unitary matrix, {/. This suggests that we have over count-
ing of parameter on the RHS of Eq.(4.24). The extra four parameters can be accounted
for by choice of matrix /. The matrix U/ is not unique as we free to choose as a product
of two unitary matrices,

U=UV

such that it V leaves the M p invariant, i.e. VM Dfﬁ = Mp. This is possible choosing a
diagonal form for V = {ei?1, ei% ¢i% i} This takes into account of four parameters
and we need only twelve parameters to specify the matrix U. So we have shown that we
actually only need twelve parameters to completely specify matrix ¢/ in Eq.(4.24) and

taking into account of parameter counting on either side of this equation.

An alternative route to confirm that we only need the twelve parameters for matrix 4, up to
a right multiplication by a diagonal unitary matrix, is by counting the parameters required
to construct unitary matrix from the eigenvectors up to overall phases. An eigenvector
of matrix M is four component column vector with complex entries and taking orthonor-
mality into account implies that we need seven real parameters to describe it completely.
Four eigenvectors of M takes the count to twenty eight to construct /. The requirement,
UU' = 1, results in sixteen constraint equations. This leaves with twelve independent
parameters to describe an unitary matrix &/ up to a multiplication by a diagonal unitary

matrix.
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In general, full parameterization of mass matrix M can be done by four parameters to
specify the eigenvalues and twelve to describe the four eigenvectors. There are some
more symmetry consideration that will reduce the sixteen parameters to parameterize M

for our variational states as we shall see in following discussion.

4.3.1 Parameterization for ground state at o = —1

The ground state for Hall conductivity oy = —1 requires only one of four sub-levels of
n = 0 Landau level to be occupied and rest three unoccupied. This choice implies that
n = 0 Landau level should be invariant under a subgroup, U(1) x SU(3), of SU(4). This
amounts that there is U(1) transformation for occupied sub-level of n = 0 Landau level
and SU(3) transformation for the unoccupied sub-levels should leave the ground state
invariant. The invariance of ground state under U (1) x.SU (3) is ensured by the structure of
mass matrix M. The diagonal matrix Mp = {m,, —m,,, —m,,, —m,, } and the associated
unitary matrix that diagonalize M, belongs to the subgroup U(1) x SU(3). Here m, > 0
and m,, > 0. The negative sign indicates the unoccupied levels for n = 0. This ensures
that ground state Eq.(4.21) is invariant under transformation SU(1) x SU(3). Thus the
set of all such mass matrix is a coset space SU(4)/(U(1) x SU(3)). This counting of
parameters for the coset space is equivalent to that of U(4)/(U(1) x U(3)), which is

4212 - 32 =6,

The mass matrix that is invariant under subgroup U (1) x SU (3) can be constructed explic-
itly by specifying the SU(4) component of the occupied level. A general four component
vector required four complex numbers to be specified. Orthonormality and an overall
phase factor gets rid of two and leaving with six parameters to specify single SU(4) com-

ponent,

1) = Cos(%)H)lnﬁ +el sin(%)]—ﬂ ) (4.25)

Here |+)|n;) = |£) ® |n;). And |+£) are the eigenvectors of valley operator 7*. |n;) is
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an vector pointing in arbitrary direction in spin space.
ei iy Q’L
m) = cos(2)| 1) + €% sin(2)] 1) (4.26)

Here | 1) and | |) are the eigenvector for spin operator o~.

The mass matrix for the Hall conductivity oy = —1is
M = (m,+ my,)|1) (1| — m, 1y 4.27)

Here we made use of the fact, 23:1 l9)(q] = 14

The two parameters m, and m,, for the eigenvalues of M and six angle parameters for

vector |1) makes it eight variational parameters to describe the ground state in Eq.(4.21).

4.3.2 Parameterization for ground state at o7 = 0

In case of hall conductivity at oy = 0, two of the sub-levels of n = 0 Landau level are
occupied and two are unoccupied. The subgroup that leaves the n = 0 Landau levels
invariant is SU(2) x SU(2), which means that both the occupied and unoccupied sub-
levels are invariant under SU (2) rotations among themselves. To achieve same invariance
under unitary rotation for the filled Dirac sea, for each Landau level with negative index,
the diagonal mass matrix takes the form, Mp = {m,, m,, —m,, —m,}. The unitary
matrix that bring the mass matrix M to this form is a subgroup SU (4), same as forn = 0
Landau level, i.e. SU(2) x SU(2). The number of parameters need to describe this
subgroup from a coset space SU (4)/(SU(2) x SU(2))x U(1). This counting is equivalent
to counting the coset space for U(4)/(U(2) x U(2)), which amounts to 4> — 2% — 22 = 8.
In addition there are two parameters for the eigenvalues of mass matrix m, and m,,. Thus

we need ten parameters to describe the variational ground state Eq.(4.20).

Similar to what we saw in previous subsection, we can construct the unitary matrix from
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the orthonormal four component column vectors with eight parameters. This can be done
by selecting a four component vector with six parameters as we did for the case of oy =
—1 and then choosing a second that is orthonormal to the first with addition of two more

parameters,

) = Cos(%)|+)|n1> telt sin(%)|—>| ~ ) 4.28)

2) = cos(Z) )] — 1) + % sin(2)|)ma) (4.29)

Parameter count for these two orthonormal vectors is eight.

The mass matrix for Hall conductivity oy = 0 has ten variational parameters,
M = (mo+my) (|1)(1] +12)(2]) — myLs (4.30)

The choice of massive Dirac particle for constructing the variational wave function with
mass matrix as the variational parameter allows us to have same SU (4) polarization for
both partially filled n = 0 Landau level and the filled Dirac sea. The specific values
taken by the variational parameters i.e. the mass matrix M, which will be decided by the
minimization of variational mean field energy is going to decide the SU(4) polarization

of the ground state.

4.4 Propagator for massive Dirac particle in presence of

magnetic field

In this section, we digress to evaluate the two point correlator using time ordered Feynman
propagator for a massive Dirac particle in presence of magnetic field. This two point
correlator that is encountered while computing the ground state energies. Here we are

considering a massive Dirac particle in (2 4 1)d and subjected to magnetic field along the
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z-axis. The hamiltonian,

_ hwp m e — 1Ty

h= (4.31)

e + 1y -m

Here m > 0 is expressed in units of fivg /¢, and the eigenvalues are,

€ni = sgn(n)(hZF)\/2|n| + m?2

‘ (4.32)
€0 = —M
The completeness relation
L= Y (O-eln bl +6e)|nnl) 4.33)
n=—00I=—|n|

Here 1, is 2 x 2 identity matrix, ¢, > 0 and the first term is summation over all negative
energy eigenvalue states which includes all the Landau levels with negative indices and
the n = 0 Landau level since the eigenvalue is —m with m > 0. The second term is for

states with positive energies i.e. Landau levels with indices n > 0.

We are interested in constructing two point correlator,
1
G (r,mo) = S(O[[WL(r), W, (r0)]]0) (4.34)

Here |0), the vacuum is constructed by occupying Landau levels with index n = 0 and
n < 0 that is all the Landau levels with negative energy eigenvalues. This definition takes

into account the subtraction of background charge from the positive charged ions.

1 o0 [e.9]

G=5 2 > (O(=e) = O(e))ln.l)(n.1l (4.35)

n=—oo l:—|n\

Let
K =0(—¢,) —O(e,) (4.36)



K can be defined as following by considering the equal time for time ordered Feynman

propagator,

K = lim e 7™O(—7)0(—¢,) — lim e " O(7)0(e,)

T—0~ T—0t

Define

K(1)=eT"™0(-7)0(—€,) —e ™O(7)0(€,)

K = lim K(7)+ lim K(71)

70~ T—=0t+
+00 .
dw elUJT
K(r)=— | —
(7) 2m e, +iw

“+00 0o

d
= _/ - 10JT(osn—iw)/ds e s(ente?)
2m

—00 0

Here we make use the integral representation,

—s(€2 +w?)
e +uw? wQ /ds ¢

Hence using Eq.(4.39)

This is the so called ‘heat kernel’ representation.

63

(4.37)
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(4.39)

(4.40)

(4.41)

(4.42)

(4.43)

(4.44)
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Now the task is find the real space representation for the heat kernel operator e—sh?,

m e — 1Ty
h=e (4.46)
e +17y -m
Here ¢ = (hvp)/{. and h? is diagonal.
m? 4 w2 + 7+ 1 0
h? = ¢2 (4.47)
0 m? + 7 4w — 1
From the knowledge of imaginary time, i.e. t = —i /i3 propagator for hamiltonian (72 +

77)(hw,/2) in configuration space [8], Appendix. F

1 2 Bhwe
f@h'fro\ coth(TL)

- —B(2) (n2+n3) __Le
;9071,[(7'0)6 2 Y gpn,l(r) - 27'('6%

o (zyo—yzo)
e2e? 4.48
2 sinh(%) (48)

sh

. . Ch2 . .
This enables us to write e in configuration space,

—s(m241)e? 0

1 2 2
——|r—r th
Z%' 0|? coth(se?)

2 1 i _
o) 502 (2Yo—yo)

2702 2sinh(se?) 0 o s(m?=1)e2

(role

(4.49)
For our convenience, we rewrite the above equation in more compact notation. Since s

has dimension of inverse of energy square and r has the dimension of length, we employ.

AN
— r
le

and define,

G, mg) = e a0l coth(®) (o veo) (4.50)
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The net result so far in compact notation,

e—sm e ® 0

—sh? _
(role™™"Ir) = 2sinh(s)

CS(r7 TO)

272

(4.51)

To obtain the propagator, we need to evaluate h e~*"”. This achieved by finding the action

of operators 7, and w_ on (s(r, 7). To accomplish this we express the operators 7 in

terms of complex variable z = x 4 iy and its conjugate Z.
1 : 1 . i
T = (pe — §y) +1i(py + §I) = —i20; + 37

1 , 1 . 1 _
T =P = 5y) —1(py + 52) = —120; - 2

And expressing (s(r, 1) in terms of complex variables,

1.2 1z, _ .3
Cs(r> TO) — e 1 |z—2z0|* coth(s) e4(zz0 2Z0)
We obtain,

7ol 7o) :%(2 — 2o)(coth(s) + 1)Co(r, 7o)

i e’

:—(Z — Zo)m

9 CS(T; ’l"o)

Cor 7o) :%(2 _ %) (coth(s) — 1)C(r, 7o)

—S

=—(z—7% s(r,r
2<Z zo)sinh(s)g (r,70)
The operator he="* in configuration space,
—s(m?+1 i(2—20) e—sm?
1 Cs(r,’l"(]) me (=) 2 : sinh(s)

h —sh? —
(rolh.e™ r) 2702 2sinh(s) | i(z—z0) e—sm*
2 sinh(s)
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(4.52)

(4.53)

(4.54)

(4.55)
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The correlator in Eq.(4.45) the limits of integration for s were (0, 00). s has the dimen-
sions of inverse square of energy. We have to take into account the ultra-violet cut-off
because of the underlying lattice structure of graphene lattice. This is taken into account
by taking the limits of integration from 1/2N¢ to infinity for s. Hence the correlator for

the massive Dirac particle in magnetic field is,

G=—-——- [ ——he" (4.57)

In configuration space the equal time two point correlator, (r2|G|ry) = G, (71, 72)

0o _ —s  1(Z1—%)
1 ds emsm? me 2sinh
G (71,7 — / —= Cs(T, T2) 5 ———— e 4.58
( 1 2) 27T \/— \/_ C( ! 2)251nh( ) i(z1—22) —me® ( :
1 2 sinh(s)
Nc

The (;(ry, r2) is defined in Eq.(4.50).

Another quantity that we will require when we compute the mean field energy for the
contact terms in the interacting hamiltonian is coincident correlator. That is obtained by

evaluating propagator for a given point, (r¢|G|ry) = G(ro, 70)

(4.59)

The coincident correlator for Dirac particle is independent of position. The correlator
obtained in this section are for a single Dirac particle. To obtain the correlator for the
Dirac particles in graphene we need to take into account the SU (4) structure of the eigen
functions. We will use these two point correlator and coincident one to construct the

correlator for the case of graphene in next section.
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4.5 'Two point correlation functions

The computation of mean field energy requires the knowledge of two point correlation
function, which is expectation value of the two point field operators. This results from
Wick decomposition applied to four fermion terms in the interacting model. For example,

consider the case four fermion term occurring in Coulomb interaction term,

(U] 4(@)pa(@) U] (@)U, p(2)) = (U] 4 (@), a(2)) (V] p(@) ¥y ()

— (Ul (2) W, 5 () (! ()T, 4 () (4.60)

Here the notation (. ..) stands for the expectation value (GS|...|GS) and |GS) is the
ground state under consideration. This requires the expectation value of two point fermion

operators,

(W p()Ua(@) = > UE (y) o () (4.61)

(n,l,q)€occ
Here the summation is over all the occupied states. We define an quantity, two-point

correlation function,

D(x,y) = " H(2) (0" (y))' (4.62)
(n,l,q)€occ

By construction I'(x, y) is 8 x 8 matrix and this will be computed from the propagator

for massive Dirac particle in magnetic field obtained in the previous section. For the Hall

conductivity we are considering in this thesis, is encoded in the mass matrix M, for the

masses of Dirac particles for graphene.
4
M = Z ququT (4.63)
q=1

here x? is eigenvector corresponding to m,. For Hall conductivity oy = 0, m; = my =

m, and ms = my = —m,,. And in the case for oy = —1 my = My, My = M3 = My =
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—m,,. We define projection operator,

Py = x*x"

which satisfies P2 P, and the completeness relation,

Using Eq.(4.58) to construct the correlator for the desired Hall conductivity,
4

F(’l"l,’r2> = Zqu(T17T2)Pq

q=1

F(’I”l, 'I”Q

4
1 —fmq(T1,T2) qu("“h?“z)
oz D

l\l)l»—l
(e V]

q=1 bmq<r17 T3) Img (r1,72)

Here
’ oo 2
My ds e s(mgtl)

fmg(T1,72) = \/— NG m (s(r1,72)

C

m
i) = 3 [
L

o0 2
. (21— 29) ds e %"

I 4/ J %Sth(s)C}(’ﬁ,’m)

0 2
. (21 — 22) ds e 9™

Ay (T1,72) = —1 W B m@(ﬁﬂ“z)

2N¢o
The coincident correlator,
4
11 ~fmg, O
=352 q Py
e q=1 0 gmq
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(4.65)

(4.66)

(4.67)

(4.68)

(4.69)

(4.70)

4.71)

(4.72)



Here,

d —s(mq+1)
e (4.73)
T 27w Vs sinh(s)
™G
m, 7 ds e mi- wr)
Ima = 2\/m s sinh(s) '
1 1¢
U= 5ms ; (tmy 12 = v, 8) @ P (4.75)
Here,
U _ Mg E —smg
Mo /T NG
o
[ d
U, = 277:/(% 785 e *™a coth(s)
WG
For numerical evaluation it convenient to rewrite above equations,
0 2
_ Mg “maer (1 e )
ony = / e e (1 e (4.76)
v
Mg —m2¢2 sgn(m,) [my|
U, = —F—= de Mv = =——erfc(—=—= 4.77
T T / : 2 (\/QNC) “77)
7
The complementary error function is defined as
fo(z) 2 /dt - (4.78)
erfc(r) = —= e .
V3

Making use of the structure of mass matrix M for the Hall conductivity under considera-
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tion here the two point coincident correlator can be written in convenient form

11
— (U, Lo — vy, B) ® 114) 4.79)
Here the summation over j = 1 foroy = —land j = 1,2 foroy = 0.

4.6 Summary

We summarize the features of framework that we developed in this chapter to be used in

subsequent chapter for mean field computations,

1. We showed that Landau levels for massive Dirac particle will provided the same
SU (4) polarization for both partially occupied n = 0 Landau levels and filled Dirac

s€a.

2. We described the number of parameters needed for the variational ground states for

the Hall conductivity oy = 0 and oy = —1.

3. Using the heat kernel method we developed a convenient expression for two point

correlator for a massive Dirac particle in magnetic field.

4. With the knowledge of two point correlator for a massive Dirac particle we con-
structed the two point correlator and coincident correlator for Dirac particle in

graphene to be used for variational mean field computations.
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Chapter 5

SU(4) symmetric model

In this chapter, we consider the SU (4) symmetric model for graphene, which includes the
leading terms from the kinetic and Coulomb terms in the continuum approximation. The
model used in this chapter

H="Ho+Hc 5.1

The kinetic term,

Ho = /\Iﬁ(r)(vF a-m®1L,)U(r) (5.2)
The SU(4) symmetric part of electron-electron interaction,

He = %/ Ve(lry — r2|)<\I/T(7°1)\If(r1)\1ﬁ(”“2)\l'(r2) = 2pWt (1) (7)) +:52) (5.3)

here p is the average charge density. This has been incorporated to take into account
the average background charge due to positive charge of the ions. Both H, and H¢ are
invariant under SU (4) rotation performed on the field operator, i.e. U pV(x), 5, leaves

both terms unchanged.

We will show that, the SU(4) symmetric model spontaneously breaks the SU(4) sym-
metry to SU(3) ® U(1) for Hall conductivity at oy = —1 and SU(2) ® SU(2) for Hall
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conductivity oy = 0. It does not throw light on the nature of the ground states of the Hall
conductivity for oy = 0,+1. The mean field energies for ground state turns out to be
independent of the angle parameters. These angle parameters are responsible for indicat-
ing the direction of the ground states in the SU(4) space i.e. the SU(4) polarization of
the ground states in not completely specified. In the case of particle-hole excitations also
gaps also turns out to be independent of the angle parameters. We will show that leading
contributions to the magnitude of the gaps comes from the Coulomb term but the SU (4)

component of the excitations are left unspecified.

5.1 Expectation value for symmetric model

In this section we use the two point correlator Eq.(4.67) to compute the expectation value
of kinetic and Coulomb term. We will show that the expectation value for the SU(4)
symmetric terms is independent of angle parameters that specify the SU(4) polarization.
The expectations values are reduced to evaluating the integration of s variable of the

correlator, Eq.(4.67), which is done numerically.

5.1.1 Kinetic term

The kinetic term has local fermion field operators and the expectation value can be ex-

pressed as,

(Ho) = / by e (4 (1) 0, () (5.4)

From Eq.(5.2), hy 458 = vF (a . w)r . (114)A B To compute average of kinetic term we
need to take into account the action of operator h which makes it non-local because of
the action of conjugate momentum operator. We cannot apply the coincident correlator

here instead we compute the action of operator h on the two point correlator and take the
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coincident limit.

(Ho) = / lim Tr[h (v, ry)] (5.5)

r 70

Since the operator ¢ - 7r has only off-diagonal elements, hence

Tr[h[(r,r)] = (th> Z (r,ro) + mrdpm (r,ro)) (5.6)

27T€2 2
q=1

Here 74 = 7, & im, and its action on the off-diagonal elements of the two-point corre-
lator provides the contributions. 7@ = p + eA is the conjugate momenta in presence of
magnetic field. The action of 74 can be easily obtained by expressing them as derivatives
of complex variable z = x + iy and its conjugate z as shown in Eq.(4.52) and using the

Eq.(4.54) and Eq.(4.55), we obtain

(2= 20)G(2,20)) =i(—2—Z2(2— %) + %|z — 2zo[*(coth(s) 4+ 1)) ¢(z, 20)

7 ((z = 20)¢s(2,20)) =i (—2— z2(z — 2) + %\z — 20|*(coth(s) — 1))¢s(2, 20)

Now taking limit z — z; and we obtain,

The spatial integration in Eq.(5.5) is trivial and results in V, volume of the system

—sm2

V shvpy 1 ! /OO e M
= ds ———— 5.9
(Ho) 2702 ( 0, ) 2/ q:zl _— i /s sinh?(s) )

The integrand in Eq.(5.9), is a diverging function of s near zero. Although the point of
divergence, s = 0, is not part of range of integration but it diverges very rapidly in the
proximity of the lower limit of the integration. We note that leading contribution of this

integration is independent of variational parameter, which is just a constant from the min-
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imization point of view. Hence we remove this constant in the process of computing the
coefficients with variational parameter dependence and to keep the integration going out
of bounds for numerical computation. The integration can be rearranged in the following

way,

) \/Esmh2 / \/Esmh2( ) /2:11 ds E}E_s%hjzg

The first term in the above equation is independent of variational parameter so we drop it
and second one carries the complete variational parameter dependence. The expectation

value of the kinetic term that has variational parameter dependence can be expressed as,

A% hUF 1
(Ho) = 27r€2< ( )Zm(m‘?) (5.10)
c c g=1

The quantity - )
efmqf )6—25
e2%%)2

(5.11)

4 [
t\Myg) = —F= d
i, ﬁ/;% ¢

is expressed with change of variable which suited best for it to be computed numerically.
Also note that the coefficient 7,(m,) will yield positive values for range of integration and

parameter values that are of our interest.

5.1.2 Coulomb term

The expectation value of Coulomb term, Eq.(5.3),

) = gz [ [ o (WalrWatr) L (e,

— (U] () Wy () (WL (o) Uy a (1))

—2p(U! 4 (r1) T a(m)) +p* (5.12)
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In above equation four fermion term has undergone Wick’s decomposition. By defini-
tion p = Tr[['(r, r)], the average charge. This leads to cancellation of the first and last
two terms. The mean field energy contributions from the Coulomb term comes from the

exchange term and can be expressed in terms of the two point correlator,

(Heo) = _54_7r5 r2 \7'1 Tr[l'(71, 7o) T'(r2, 71)] (5.13)

We use the fact, Tr[ P, P;] = ¢, 4, to evaluate the trace of correlator,

1 1<

Te[D(r1, m2)l (2, 7m1)] = on £2)24Z (fmq(ﬁ,m)fmq(’rz,’m)

+ Gy (T1,72) g, (T2, 71) + by, (1, 72)dy, (P2, 71) + din, (71, 72) b7, (T2, 7'1)) (5.14)

This indicated that the Coulomb expectation value is independent of the angle parameters.

Now consider the integral

1 e? 1 1 1
ITi=-——ot | ———
! (2 47T€> (2m02)2 4 //1‘1,1*2 7y — 7o <fmq<r1vr2)fmq(7'2,7'1)

+ Gimg (T2, 71) Gin,y (71, 7“2)) (5.15)

Once again we plug in f,,, (71, 72) from Eq.(4.68) and Img (r1,72) from Eq.(4.69) in the

above equation,

T, = (1 2 // ~(s192)mi cosh(s) + o)
2 47r5€ 27T€2 281 s1.52 /5152 sinh(sy)sinh(s;)
e 4|'r'1 r2|2(coth(s1)+coth(sz2))
//TMQ - (5.16)

The spatial integration involves only the magnitude of relative position coordinates, hence

we transform the spatial integration from two position coordinates to center of mass and

relative coordinates. The center of mass coordinate is trivial and yields the volume of the
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system and the relative coordinate is a gaussian integral.

yA

<1 e? / ~(suts2)my cosh(sy + s2)
2 47T8€ 27T€2 8\/_ 51,82 V5152 smh(sl) Sll’lh 52 \/COth 31 + COth(Sg)

<1 e // ~(s1s2)m cosh(s; + $2)

2 47r5€ 27?62 8\/— sies /5152 \/sinh(sl) sinh(sy) sinh(s; + s2)

1 e? \%

<§ dmel ) 2702 rs(Ma) G147

The variational parameter dependent 7)¢,(m,) is computed numerically by implementing

the double integral

Njg(my) = m \[ / d§——— / dfz il ) (5.18)
o267) _ 23)(1 — e 2 +ED))

Now consider the integral,

1 ¢ 11 1
I B (_ > 4 T — o | bm ) dm 3
2 247el./ (2ml?)? 4 //TM2 v — 742|( q("'l 2y q("“2 r1)

+ b, (T2, 71)dm, (11, 72))  (5.19)

Taking by, (71, 72) from Eq.(4.70) and d,,, (71, 72) from Eq.(4.71) and plugging in above

equation,

2 2

1 e s1Myg —samg
7, = ( e > / e
24mel.) (2m02)2 3210 | [y, 5, +/515i00°(s1) /55 sinh®(s2)

// ’7’1 . ,,,2’ e—z|r1—r2\ (coth(s1)+coth(s2)) (520)
1,72

Once again spatial integration done by transforming to center of mass and relative coor-

dinates and done analytically using gamma functions.

I (1 e? > vV 1 e s1myg e—52my 1
* 7 \24mel.) 2n216y/7 J J,, 4, \/515inh2(s1) /53 sinh?(sy) (coth(s,) + coth(sy))?

(5.21)
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The double integral over s variable is diverging at lower limit and its leading contribution
is independent of variational parameter, a situation similar was seen in computation of

expectation value of kinetic term.

*S1m o—s2mg 1
/s 52 \/518inh(s1) /52 sinh’(s 2) (coth(s;) +coth(52))3

1 1
B /S s \/S14/52 sinhz(sl) sinh®(ss) (coth(s;) + coth(sy))?
(S1+52) 3 — 1) 1
/ ) - (5.22)
s \/_\/_smh (s1)sinh®(s2) (coth(s;) + coth(sy))>

The first term on the right hand side of the above equation is independent of variational

parameter, hence we drop it and only retain the second term.

1 €? A%
L = <§ 47T6€C> 272 Tea (1) (5.23)

The coefficient 1,4(m,) is computed numerically by implementing the double integral

/ e (51+52)mq _ 1) —2(£34€3)
— e26)(1 — e 2 HE2))3

(5.24)

o) = 72 / d&W

2NC 2NC

The coefficients 77, (m,) and 7,4(m,) both are function of m?. We club them together,

no(mq) = nge(my) + Mea(mg) (5.25)

The net variational parameter dependence of Coulomb term can be expressed as,

4

vV /1 1
= (k) St
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5.2 Ground state energy minimization

In this section we compute the ground state energies for Hall conductivity states oy = 0
and oy = —1 for the symmetric model. The general expression from the previous section

are applied for each case and minimization is done numerically.

5.2.1 Ground stateat oy = 0

The many body ground state has filled Dirac sea and two of four sub-levels of n = 0
Landau levels. As we discussed in section 4.3.2, the diagonal mass matrix takes the form
Mp = {m,, my, —my, —my }, i.e. my = me = m, the mass for the occupied n = 0

Landau levels and m3 = m, = —m,, are for the unoccupied ones.

The mean field energy for the ground state at Hall conductivity oy = 0 for the symmetry
model,

£ = (Hy) + (Hc) (5.27)

We only retain the terms that depend on the variational parameters for the ground state
energy as other terms are inconsequential for the minimization routine. Using Eq.(5.10)

for the kinetic energy and Eq.(5.26) Coulomb energy, and denoting

hUF
it = ( 7 ) (5.28)
11
v~ (57mers) 529)
\%
&€= W2(“t (1:(mo) + m(=mu)) = ke (ne(mo) + nc(—mu))> (5.30)

The mean field energy is decoupled for variational parameters, m,, and m,,. Hence we can
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minimize the two equations separately,

E(mo) = ke ne(mo) — Kene, (M) (5.31)

E(—my) = ke ne(—ma) — Kene, (—my) (5.32)

The coefficients 7,(m) and 7, (m) are even functions of m. Hence &(—m,,) = &(m,).
This implies that if m, = m results in extreme value for £ (m,) then m, = m will be
yield same type of extreme value for £ (—m,,), because they are even function of the mass
parameter. The diagonal mass matrix for the ground state at Hall conductivity oy = 0
take the form

Mp = {m,m, —m, —im} (5.33)

The angle parameters for the mass matrix M do not get fixed when working with the

SU(4) symmetric model for Hall conductivity at o = 0.

5.2.2 Ground state at oy — —1

In the case for the ground state at oy = —1, there is the filled Dirac sea and one of the sub-
levels of the n = 0 Landau level is occupied. Following the discussion in section 4.3.1, the
diagonal mass matrix takes the form, Mp = {m,, —m,,, —m,, —m, }, i.e. the occupied
sub-level for n = 0 Landau level is attributed mass, m; = m, and the unoccupied ones

Mo = Mg = My = — My

The mean field energy is computed by collecting variational parameter dependent of the
kinetic, (H;) using Eq.(5.10) and the Coulomb term, (#¢), using Eq.(5.26). Using the
definition of x; in Eq.(5.28) and k¢ in Eq.(5.29), the mean field energy can be arranged

as decoupled functions of variational parameters, m, and m,,.

\%

- 272

E (/-it n:(mo) — Keey (M) + 3(/@ e (may) — /€07702(mu)>) (5.34)
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Figure 5.1: This figure shows the variation of dimensionless mass parameter with mag-
netic field. The mean field energy is minimized by these mass parameter for the particular
magnetic field. We have shown the variation of mass parameter with dielectric constant
of the substrates. €, = 1 corresponds for suspended graphene. The mass parameter is in
units of (hvg/l.),som — 0as B — 0. Here dimensionless constant « is the ratio k¢ / k.

The decoupling of variables m, and m,, in the above equation yields us similar situation
as we had seen in the case for o = 0. Once again the decoupled equations that needs to
minimized are exactly same as we had seen in Eq.(5.31) for parameter m, and Eq.(5.32).
And same argument holds for the extreme values, i.e. m, = m = m,,. Hence in the case

for Hall conductivity o = —1, the diagonal mass matrix takes the form,

Mp = {1, =i, —m, —m} (5.35)
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5.3 Particle-hole gaps

In this section we will compute the particle-hole excitation gaps for the ground states
we found for the Hall conductivity states that we found in the previous section. The
variational parameters are fixed by the minimization procedure. In the case for the sym-
metric model, the masses of the Dirac particle get fixed via minimization and the angle
parameters are still arbitrary as we saw in the previous section that mean field energy was
independent of variational angle parameters. For the particle-hole excitation gaps within
the symmetric model, is independent of angle parameters. We will see that the size of the

gaps are decided by the symmetric model.

We are considering the particle-hole excitations about the ground state, so in general the
excited state can be constructed,

|ES) =) | Wy tan| GS) (5.36)

Np,lp,ap

i.e. a hole is created by annihilate a state with quantum numbers (ny, l5, g, ), here Lan-
dau level index, ny, of the hole created with [, its orbital angular momentum and g, the

SU(4) index. And a particle is created by the creation operator with quantum numbers

(nm lp, qP)'

The particle-hole activation gap is computed from the expectation value of hamiltonian

for excited state and the ground state,

A ((ES|H|ES) — (GS|H|GS)) (5.37)

gap —

DN | —

The ground state expectation value of hamiltonian can be expressed in terms of two
point correlator, used for mean field energy calculation. In the similar fashion as we

did for ground state computations, we can define two point correlator for excited states,
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Y (71, 72), which is excited state expectation value for two field operators, defined as
Yo ais5(r1,m2) = (ES|W! 5(ra) W, 4(r1)| ES) (5.38)

This expectation value can be expressed in terms of the wave functions used to construct

the variational state,

Tr e (71, 72) = QU (1) (@157 (1)) — @ () (B (1))

+1asp(r,m2) (5.39)
This correlator is 8 x 8 matrix and in compact notation we can write,
Y(ri,m2) = TP (r, ) — TW (e, 79) + D1y, 75) (5.40)
Here, the correlator for the particle,
T®) (ry, 7y) = edoeto () ) prorlo e () (5.41)
and the correlator for the hole,
T (1, 7y) = Orbtn () rntnoan () (5.42)

['(7y1, r2) is the two point correlator for the ground state.

In our case, the excited state for the ground states at Hall conductivity at o = 0, —1 has

particle and hole state belong to different sub-levels of n = 0 Landau level.

|ES) =¥}, . 1040/ GS) (5.43)

p>qdp
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The wave function for the n = 0 Landau level,

Do q(1) = xIxt (5.44)

Here,

1 Lo g 12

1 ZAN\L 102

— —gll
P ¢ i = 5.45
i) = e (%) G4

1
V2B VI\V2

the wave function expressed in complex variable will be useful for analytic computation

of the gaps as we shall see shortly.

The correlator for the particle or hole, (x = p, h)

F(X) ('r'l, rr-2) — @071}:7%; (,'41)@07ZX7QXT(,’,.2)

1 1 1 2129 Ix _l(lz 124|22/2)
:2w£g§(12_5)m< 5 ) o=,

b4

It is useful for computations to express the above expression in relative coordinates and

this achieved by using following relations,
71— 1ol = |21 — 2)? = |21]* + |22)* — (F122 + 21%2) (5.46)

1 \1 1 /Z129\& _1; Sy 1 2
F(X) _ ( >_ 1, — ( 1 2) —3(Z1z242122) \—gl21—22| P 5.47

(rre) =g )2 = A7) © ¢ w (A7)
Note that we have not mentioned anything about the angle parameters for the hole and

particle states. Within symmetric model we will show that SU(4) component of the

correlator gets traced out leaving no angle dependence for the activation gaps.
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5.3.1 Kinetic term

To compute the contribution to the activation gap from the kinetic terms we need to eval-

uate

1
A, = §<<ES\H0]ES) - (GS|7—L0\GS)) (5.48)

We can express the left hand side of the above equation in terms of the correlator, follow-

ing the discussion of section 5.1.1.

A, = %(hé’Fx/ lim Te[h Y (r, 7o)] —/r lim Tr[hF(r,rU)]> (5.49)

TO—T TO—T

Using the definition of two point correlator for excited state, Eq.(5.40), we find evaluation
of correlator for the particle and hole, Tr[hI'® (7, 7¢)] = 0 and Tr[hl'™ (, r)] = 0. And
the Tr[hI'(r, ()] cancels and hence this leads to conclusion that there is no contribution to
activation gap from the kinetic term. This is has to do with the fact that both particle and
hole states which are n = 0 Landau levels are same for both massless and massive cases.
And here the hamiltonian h is for massless Dirac particle which have zero eigenvalue for

n = 0 Landau level.

5.3.2 Coulomb term

The contribution to the activation gap from the Coulomb term is computed by evaluating,

1
Ap = §<<ES]HC\ES> - (GS]”HC\GS)) (5.50)

Here H. is taken from Eq.(5.3). And use two point correlator to evaluate the above
expression in a similar fashion as we accomplished for mean field energy computation in

section 5.1.2

84



The direct term contributions for Ao

24775 //r1 r |r1 Te[L (ry,m) = 0 (7))

(Tr[L® (1, 1) — T (g, 7)]) (5.51)

The exchange contributions

;<2 Are //Tl . \7‘1%7‘2| (Tr[(r(p)("“la”b) PO (1, 1) )T (1, 71)]

+ Tr[(F(p)(rg, r) — F(h)(rg, Tl))r(rlv 7°2)}

+ Tr[(P(p) (ry,79) — ™ (71, Tz)) (F(P)(m, ry) — I‘(h)(TQ’ r2))}) (5.52)

On collecting the direct and exchange contributions together to find the final expression

for excitation gap, we find terms

Te[T® (71, 71) | Te[TP (19, 75)] — Tr [F(p)(rl, 79) TP (15, )]
and

Te[D?) 1y, 7)) Te[L W (10, 75)] — Tr [T (s, 7o) T (75, )]

on spatial integration have no contribution as the direct and exchange terms cancel each
other. The terms

Tr[F(p)(rl,rg)F(h) (7'2,7"1)] =0
by virtue of orthonormal SU(4) components of the particle and hole wave functions.

In our simplified picture of activation process we are assuming that the hole is created at
one end of the sample and the particle is created on the other end. The overlap of particle

and hole wave functions, whose centers are separated by large distances can neglected.
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And the term

1
// [ — 7] Te[D® (ry, 7)) T[T (75, 175)]
1,72 1 — 12

which is essentially overlap of particle and hole wave functions with a weight factor of
inverse of distance between them, i.e. we are not considering the possibility that particle

and hole states can form a bound state. Hence we can neglect this integral.

The activation gap in SU(4) symmetric model comes from the exchange terms only,

;<247r5 //T N ﬁ (Tr[(F(p)('rl,'rg) M (ry, 1) )T (o, 71)]

+ Te[(DP (rg, 1) — TP (rg, 7)) (1, m2)] (5.53)

The activation gap from the Coulomb term,

Bo = 247?5 //r1 . |r1 TQ‘ Tr[ (7'177‘2)F(7'2,7‘1)]
— Te[TW) (ry, 1)L (1, rﬁ]) (5.54)

Using the particle and hole correlator from Eq.(5.47) and the correlator for filled Dirac sea

from Eq.(4.67). And we convert the integrals to complex coordinates as we did earlier.

Ao = (;45; )(2;€2>212Tr [(Pr = Pp) Fy]
i=q

_ ; i )
// ’z - H_'<212Z2> e—%(z122+z1z2)e—i|z1—22\2gmq(227Zl) (5.55)
21,22 1 — <2| ¢

After plugging in g,, (22, 21)

—s(m2-1)

ACZ(%J%)( ZTrPhP PP N jgsinh(s)

// <Z122>le_1zlzge—4zl z2|?(1+coth(s)) (5.56)
Qﬂ s |21 —2’2|l' 2
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Figure 5.2: This figure shows the variation of activation gap with applied magnetic field.
The gaps in meV and magnetic field in Tesla. The gaps for the Hall conductivity at
oy = 0 and oy = —1 are same. The points are values for the gap obtained from our
calculations where filled Dirac sea is taken into account and solid line curve is obtained
when lowest Landau level projection is considered. The thin solid line with the points
show the best fit. The best fit is function of magnetic field of the form avB +bB + c,
with a, b and c are best fit parameters. We have shown the variation of gaps with change
in the dielectric constant of the substrate. The dielectric constant €, = 1 corresponds to
the suspended graphene. The best fit showed the dominant v/B contribution and linear B
decreases as the dielectric constant of substrate increased. The constant term in the best
fit was negligible. Along with dielectric constant we have presented the value o = k¢ /K.

The spatial integrals are solved analytically using the general solution from Appendix G.

1 e \1e m e~s(mg—1) T

A :(— )— Tr[P, P, — P, P, —2 : 5.57

¢ 24mel,/ 2 ; [PaFy = B 2/ J /ssinh(s) |/ (1 + coth(s)) (5.57)

Using the fact from the energy minimization m; = m and m, = —m, the contribution to
gap from filled Dirac sea,

1 €2 \m [e ™™ 3 1 é?
A — (_ >_ _ (__) 7 5.58
= \3amet) 2 | s Janty - \2dmer) ™G39
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The coefficient 1, in numerically implemented as following

o0 _m2£2
~ (S
o, = mvV2 / U= (5.59)

V2N¢o

The activation gap for the symmetric model for the Hall conductivity at oy = 0 and
Og = —1,

Agap = Ac (5.60)

The variation of particle-hole gap with magnetic field is shown in Fig.5.2. The values
of gap were computed numerically and the result was best fitted to a curve of the form
aV/B +b B + c. Here a, b, ¢ are the best fit coefficients. We observe that dominant contri-
bution comes from the v/B contribution and few percent contribution from the linear term
and the constant term was very small compared to v/B contribution. We have compared
results of our calculations where filled Dirac sea is taken into account with that of lowest
Landau level projection. In Fig.5.2, we have also presented the variation of gaps with di-
electric constant of the substrate. It clearly shows decrease in gaps as dielectric constant
increases and also the linear magnetic field dependence of our best fit of the gaps. The
magnitude of gaps that we obtained from our computations is approximately double of

what is seen in the gap measurements for the suspended graphene [1].

5.4 Summary

We here summarize the results of our symmetric model calculations,

1. We have showed that the Coulomb interaction breaks the SU(4) symmetry sponta-

neously for the ground states for Hall conductivity at oy = 0 and oy = —1.

2. The order parameter for spontaneous symmetry breaking is the mass of the Dirac

particle which is proportional to a dimensionless « = k¢ /k;, which depends on
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dielectric constant.

. The order parameter is proportional to magnetic field and tends to zero as mag-
netic field goes to zero which indicates spontaneous symmetry breaking of SU(4)

symmetry by Coulomb interaction in presence of magnetic field.

. The particle-hole gaps from symmetric model showed a square root dependence
on the applied magnetic field. Our symmetric model without disorder taken into

account over estimates the gaps when compared with experimental values.
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Chapter 6

Symmetry breaking terms

In the previous chapter, we saw the spontaneous symmetry breaking of SU(4) symmetry
of the non-interacting model by considering the SU(4) symmetric long ranged Coulomb
interaction. Though the SU(4) symmetry is broken, the SU(4) polarization of the ground
state is ambiguous within the SU(4) symmetric model. In this chapter, we consider the
SU(4) symmetry breaking terms of the model adopted in this thesis. We obtain the mean
field energy of the interacting model in term of the variational angle parameters and min-
imize the energy with respect to these angle parameters to obtain the SU(4) polarization
for the ground states for the Hall conductivity oy = 0 and 0y = —1. We obtain all pos-
sible ground states by conducting a complete search of the variational parameter space
for the coupling parameters used for short ranged interactions, V', nearest neighbour in-
teraction and U, Hubbard interaction. We have presented this in the phase diagram in
U-V space. The SU(4) polarization of the excitations from the ground states was also
ambiguous within the symmetric model as we had seen in the previous chapter. Incor-
porating the symmetry breaking term in the calculations for the particle-hole excitations
reveal possible excitations in the U-V parameter space for the ground states obtained in
this chapter. Although contributions of short ranged interactions to the particle-hole exci-

tations is considerably small compared long ranged Coulomb interaction but they decide
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the SU (4) polarization of the excitations. We also compared results from our calculations

with that of obtained from the experiments and present a detailed discussion.

6.1 Symmetry breaking terms

In this section we consider the all the symmetry breaking term of our interacting model
and express their expectation value for the variational ground states of oy = 0 and
oy = —1. This is expressed in terms of the coincident correlator, which contains all
the variational parameters. These general expressions will be used to find the explicit de-
pendence on the variational parameters ground states at Hall conductivity at oy = 0, —1
discussed in section 4.3. Unlike the computation of expectation value for Coulomb term,
the evaluation of expectation value for symmetry breaking terms involves coincident cor-
relator which have no spatial dependence. Hence the spatial integration is trivial and

results in a factor of volume of the system, V.

6.1.1 Nearest Neighbour term

The nearest neighbour interaction term was introduced into our interacting model to take
into account the sub-leading resulting after the continuum approximation of Coulomb in-
teraction and finite size wave function effects of the short ranged interaction. We had
approximated this sub-leading term was approximated with nearest neighbour interaction
because both break the SU (4) in similar fashion. At the lattice level, the nearest neighbour
interaction takes into account electron-electron interaction between a sub-lattice point and
its three nearest neighbour which belong to the second sub-lattice point. The bare strength
of this interaction is that of Coulomb interaction between two electron separated by bond
length, a/+/3, a is lattice constant. In reality the electron are not point objects, instead
described by the wave functions. This interaction gets modified due to spread of the wave

function. We are going to treat this interaction strength, V', as a parameter. Moreover
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nearest neighbour is simplified form of much more complicated interaction term that re-
sulted from the continuum approximation of lattice Coulomb interaction. Treating V" as
parameter allows us to explore the change in the ground state for a range of values. The
continuum approximation derivation of nearest neighbour interaction term is provided in
Appendix D. In the lattice model we also take into account the background charge from

positive ions. The nearest neighbour interaction at continuum level is given by,

Hy = %VGQ/OB (('(@)w(2)" - (¥(@)8 W (@)’ - 209/ (@)¥(@) + *) (6.)

Here p is the average charge density and is related to the coincident correlator, I'
p = Tr[l] (6.2)
The expectation value of nearest neighbour term,
(Hv) = (GS|Hv|GS)

|GS) is the ground state under consideration. This expectation value can be expressed
in terms expectation value of pair of creation and annihilation field operators via Wick’s
decomposition as performed in section 5.1.2. A similar process to that we has seen in
the case of Coulomb interaction term, write the expectation value of nearest neighbour

interaction, Eq.(6.1), in terms of two point coincident correlator.

\Y%
272

(H) = /<cv< — T[T — (T[87°T))° + Te[3 7 T B 7 f]) 6.3)

Here, I' = I'/(27(?) and y is function of coupling parameter, V/,

o 3Va?
v 82

(6.4)
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The factor, a®/¢? symbolizes the leading lattice order correction to the continuum energy.
The value of a?/(? =~ 9.2 x 107° B, varies linearly with magnetic field, B and magnetic
field is expressed in Tesla. The value of xy =~ 10728 meV for V is order of few electron
volts. On comparison with the x; and ko which have square root magnetic field depen-
dence, ky i1s at least two order of magnitude smaller for the magnetic fields achieved in

laboratory.

6.1.2 Hubbard term

The second short ranged of interaction at lattice level is the Hubbard on-site interaction.
This takes into account the interaction between two electron wave function with spins
pointing in opposite direction interacting at same lattice point. The continuum derivation
of on-site Hubbard term is provided in Appendix E. Here also we have taken into account
the charge due to background positive ions, like the way did for nearest neighbour and
Coulomb interaction terms. The continuum approximation for Hubbard term results in,

o = 0e [ (( (¥ (@) ¥(a))’

Ui (z)U(z))” +
n % Z (Ul (@)’ 7*0(2))” - 25 T (2)V(2) + ;72) (6.5)

For the mean field computation we are interested in evaluation of the expectation value of

the Hubbard term for the ground state under consideration,
(Hu) = (GS|Hu|GS)

Once again we make use of Wick’s decomposition to express this into expectation value

of pair of creation and annihilation field operators and to express in terms of the two point

94



coincident correlator.

<HU> = WKJU( - Tr[f f] + (Tr[ﬁ T f])2 - Tr[ﬂ T fBTZ f]
+ %j;y ((Tr[aj Tk f])2 —Tr[o’ 7T o 7F f])) (6.6)

Here xy; is function of coupling parameter, U,

_ Ua?
- 8mi2

KU (6.7)

Similar to that we had seen in the case of nearest neighbour interaction, the coupling
parameter, sy varies linearly with magnetic field and is also at least two order smaller
in magnitude when compared to x¢ and k; for magnetic fields used in the quantum Hall

experiments.

Both coupling parameters <y and xy has linear dependence on the perpendicular compo-

nent of the applied magnetic field and are of same order of magnitude.

6.1.3 Zeeman term

The Zeeman term is one-particle term that becomes relevant in presence of magnetic
field. This term lifts the spin degeneracy takes by the splitting in energy level of spins
pointing in direction of the magnetic field and in the opposite direction. The continuum

approximation of Zeeman term,

Hy = —%guB / vi(z)o - BY(x) (6.8)

The expectation value of Zeeman term can be expressed in terms of coincident correlator,

v Kz Tr[o® T (6.9)

22
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Here x, give the measure of strength of the Zeeman term,

1
Kz = 59#33 (6.10)

g =~ 2 is the Lande’s g-factor. up = 9.274 x 1072*JT is Bohr magneton. This term
also varies linearly with magnetic field like the other SU(4) symmetry breaking terms.
kyz = 5.78 x 1072BymeV, here By is total applied magnetic field. Whereas the orbital
motion of the electron only see the perpendicular component of the magnetic field to the
plane, B; = Bypcos(f). 0 here is the angle between applied magnetic field and the line
perpendicular to plane of graphene. In the case when By = B, the Zeeman term also
contribute energies of same order of magnitude as the nearest neighbour and Hubbard
terms. The linear dependence on B of Zeeman coupling enables to distinguish the gaps

that are caused by the spin splitting.

6.1.4 Kinetic - Sub-leading term

Last SU(4) symmetry breaking term comes from the leading order lattice correction to
the continuum kinetic term which we had described in section 3.1. Taking the leading
order correction term to kinetic term of the lattice model from Eq.(3.12) and changing the
momenta operator to conjugate momenta to account for the presence of magnetic field,

_ta®

MsE ),

Ul (x) ((az(ﬁi +3m)) — a¥3(mpmy, + 7Ty7T33)) ® T° >\I/(33) (6.11)

The expectation value of sub-leading correction to the kinetic term is obtained in the

similar fashion as we discussed in section 5.1.1 for the kinetic term.

(M) = [ Jim Tolby Do) (6.12)
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Here

K, = = — (6.13)

The value k;, ~ 3.485 X 1072BmeV for t = 3.03¢eV, has linear dependence on the
magnetic field and is of same order of magnitude like the other SU(4) symmetry breaking

terms.

We shall show later that this term does not contribute to the mean field energy for the Hall

conductivity oy = 0 and oy = —1.

6.2 Mean field energy minimization and phase diagrams

In the previous section we had demonstrated that energy contribution from the SU(4)
symmetry breaking interaction terms are all proportional to B, perpendicular magnetic
field (via a*/¢?) and they are at least two order of magnitude smaller when compared to
terms from the SU(4) symmetric terms. The single particle Zeeman term has got linear
dependence on B, total applied magnetic field. In this section we compute the expec-
tation value of symmetry breaking terms for the Hall conductivity states of oy = 0 and
oy = —1. The mean field energy is expressed as a function of mass parameters and
SU(4) angle parameters. The angle parameters dependence solely comes from the sym-
metry breaking terms considered in this chapter and independent of contributions from
the symmetric model. Whereas the variational mass parameter dependence comes from
both symmetric and breaking terms of our model. In principle we should consider both
symmetric and symmetry breaking terms in order to evaluate the mass parameter that min-
imizes the mean field energy. We had shown in the previous section that energy contri-
butions to the mean field energy from the symmetry breaking terms are at least two order
smaller when compared to the symmetric terms for magnetic field employed in quantum
Hall experiments. As a consequence the values of mass parameter that minimizes the

mean field energy gets only few percent correction from the symmetry breaking terms.
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And subsequently the effect of the few percent change in mass parameter has negligible
effect on the mean field energy. Hence we use the minimum values of mass parameter
obtained from the symmetric model calculations. This amounts to treating the symmetry

breaking terms as perturbations about the symmetric model.

The computation of mean field energy from the symmetry breaking terms requires the in-
formation of two point coincident correlator for the Hall conductivity o = 0, —1. These
correlator requires the information of mass matrix for specific Hall conductivity. The an-
gle parameterization of the mass matrix is described in section 4.3 and the diagonal mass
matrix form is taken from the solutions obtained from symmetric model computations for

respective Hall conductivity obtained in the previous chapter, which is

og =0: Mp = {m,m, —m, —m} (6.14)

og = —1: Mp = {m,—m,—m,—m} (6.15)

First we show that the contributions from the sub-leading kinetic term Eq.(6.12) vanishes
for the Hall conductivity oy = 0 and — 1. The action of h; on two point correlator and

traced over requires evaluation
Tr[hi (7, 70)] = fi(m?)Tr[r7] (6.16)

Here f1(m?) is evaluated by using b,,(r, 7o) from Eq.(4.70) and d,,, (7, 7y) from Eq.(4.71)

which are functions of square of mass parameter,

(7?2 + 37r§ +13(m,my, + Wyﬁx))bm(’r', o)

+ (2 + 37T; — 13(mymy + mymy) )di (7, 0) = fi1(m?) (6.17)
We do not need to this explicitly as the trace over the SU(4) indices vanishes, hence

(H1) =0 (6.18)
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Hence we drop the kinetic sub-leading term completely and compute the mean field en-
ergy for Hall conductivity at oy = 0 and oy = —1 using nearest neighbour, Hubbard and

Zeeman terms.

6.2.1 Ground state at oy = 0

The mass matrix for the oy = 0 obtained from the symmetric model calculations,
Mp = {m,m,—m, —m}

and the two point coincident correlator takes the form after this choice of diagonal mass

matrix,

[ = 270 = (unls — vf) ® ( S P 14) (6.19)

7=1,2
Here P, = |1)(1] and P» = |2)(2| are projection operators constructed from the vectors
of SU(4) component of occupied n = 0 Landau levels from parameterization scheme

discussed in section 4.3.2,

1) = COS( L[+ ) + el sin( 2 5 )= = na) (6.20)

12) = cos( 2)|4)| = ny) 4 € sm( 5 2)|=)|ns) (6.21)

2

The expectation values of the symmetry breaking terms i.e the nearest neighbour interac-
tion, Hubbard and Zeeman terms by evaluating the various traces involved with two point
coincident correlator. The resulting mean field energy contributions from these terms is
expressed as function of the variational parameters. The details of the calculation is pro-
vided in Appendix. I and here we present the final results obtained for each symmetry

breaking term showing explicit the SU(4) angle dependence.

99



Nearest neighbour interaction

The expectation value of nearest neighbour interaction, Eq(I.15),

v
() = = g (8, coston) cos)

+2(v2, — ul,) (cos?(71) + cos*(72)) + 4 (v2, + ufn)) (6.22)

The nearest neighbour energy is function of only two angle parameters ~y; or v,. Since

Um > U, the nearest neighbour energy minimization is solely decided by the first term

in Eq.(6.22). It minimizes for the values 7, = 2 = 0 or 7. Substituting these values in

Eq.(6.20) and Eq.(6.21), we obtain a charge ordering for the n = 0 Landau level.

Hubbard term

The expectation value for the Hubbard term, Eq.1.16

y
(o) = gz (808 cos(on)costrn)

+2(v2, — ul,) (cos(m) — COS(’}/Q)>2|<TL1|TL2> |2) (6.23)

Here the mean field energy is function of 7y, 7s, 61,02, ¢; and ¢5. The Hubbard term

minimizes for the values v; = Oorm, 72 = ™ — 71 and |(n;|ny)|> = 0. These values
indicate that Hubbard term prefers an anti-ferromagnetic ordering for n = 0 Landau

levels.

Zeeman term

The Zeeman energy contributions to the mean field energy, Eq.(1.17),

_%“Z U (cos(1) — cos(72)) ((cos(61) + cos(6a)) (6.24)

(Hz) =
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Here the values of angle parameter that minimizes the Zeeman energy correspond to a
ferromagnetic ordering for n = 0 Landau level, for example 7, = 0, 72 = 7, ; = 0 and

6220.

Minimization

To obtain the SU(4) polarization of the ground state, we need to obtain the values of the
angle parameters that minimizes the mean field energy of the symmetry breaking terms.
For this we collect the angle dependent contributions from the nearest neighbour, Hubbard

and Zeeman terms.

= 2(u2 —u2) (= 2oy — ) coston)coslrn) — v cosn) + cos()
+ %KU(COS(’yl) - cos(’yg))Q(l + cos(61) cos(62) + cos(¢1 — o) sin(6:) sin(6s))
— ,{Zﬁ (cos(11) — cos(72)) (cos(6:1) + cos(6)) (6.25)

The minimization with respect to angle variables was achieved numerically and details
are provided in section. I.1. These are three types of solutions corresponding to three

phases seen in the U-V parameter space.

1. Charge ordered state:

m=72=0orm

The corresponding energy

Ecpw = —81}51(/{‘/ — Ky) — 4(vfn — u%n)liv (6.26)

2. Ferromagnetic ordered state:

v =0(7), 72 =0(n), v1 — p2 =0, 6 = 0(7) and Oy = 0(7)
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Figure 6.1: The figure shows the phase diagram for possible ground states for Hall con-
ductivity oy = 0 in U-V parameter space. Both parameters are expressed in electron
volts. This phase diagram is for magnetic field B = 407". The region marked with dots
in the phase space where ferromagnetic spin ordering preferred. The region marked with
plus sign, ‘+°, corresponds to the charge ordered state. This region is doubly degenerate
the other possible ground will have |—)| 1), |—)| {) SU(4) components for n = 0 Landau
level. The region marked with asterisk, *, is for the canted spin ordered state. The bold
line separating the three phases were obtained analytically after equating pair of the ana-
lytical expression for the mean field energies in Eq.(6.26), Eq.(6.27) and Eq.(6.28), which
are function of parameters U and V. Equations for these lines are shown in Eq.(6.29),
Eq.(6.31) and Eq.(6.32). Phase transition across these lines is first order.
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Ferromagnetic state energy

Ererro = SV2, (ky — Ky) — 402, — u2) ) ky + 8(v2, — u2 )ky — dumkyz  (6.27)

3. Canted spin ordered state:

71 = 0(7), 72 = 7(0),

0, +0 1w,
w1 — 2 =m, 0y — 0 =0 and cos( 1;— ) = 4+(-) __Um Rz

Energy for canted state,

1 u? K2
_ 2 2 2 m 4
gCanted = 8Um(HV — /iU) — 4(Um — um)lﬁlv — §mg (628)

The Fig.6.1 shows results of minimization of mean field energy obtained numerically.
These phases show first order phase transition with change in the parameters U and V.
The lines separating the three phases can be obtained by comparing the energies for the

corresponding phases. The equation of line separating the ferromagnetic and charge or-

dered phases is given by
3v—1(1+“3”>U+1umZ (6.29)
2 v2, 402, '
Here,
~ Srl? 4 h
7 = Bzt _ 2TMINB (6.30)
e a? ae?

is constant parameter independent of magnetic field and expressed in electron volts.The
equation of line separating ferromagnetic and canted spin ordered state is line parallel to
the V' axis.

(6.31)



The line separating the charge ordered and canted spin ordered state is straight line, 3V =
U, for large U and V' limit. It has a singular nature in the limit U — 0.
1 u? Z2

V=U+ "+ 6.32
- 3202, (v, —u) U (6.32)

We can notice the deviation from the straight line near the point where three phases meet

in the phase diagram.

6.2.2 Ground stateat oy = —1

The mass matrix for the o = —1 obtained from the symmetric model calculations like

we did in the case for oy = 0,
Mp ={m,—m,—m,—m}

and the two point coincident correlator is constructed incorporating the diagonal mass
matrix structure

[ = 2r)T = (unls — v f) ® (Pl - %14) (6.33)

Here P, = |1)(1] is projection operators constructed from the vectors of SU(4) compo-

nent of occupied n = 0 Landau levels as we discussed in section 4.3.1
. M1 Q) (1
1) = cos(3)|+)|n1> +e s1n(§)|—>| — Ny) (6.34)

The expectation values of the symmetry breaking terms i.e the nearest neighbour interac-
tion, Hubbard and Zeeman terms by evaluating the various traces involved with two point
coincident correlator. The resulting mean field energy contributions from these terms
is expressed as function of the variational parameters. The details of the calculation is

provided in Appendix. J.
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Nearest neighbour interaction

The nearest neighbour interaction is function of only one angle parameter,

v

(Hy) = _27753

Ky (2 (v2, —uz,) cos®*(m) + 2(v, + ufn)) (6.35)

and this terms individually minimizes for ; = 0 or 7, which implies that n = 0 Landau

level will be localized on one of the sub-lattice point

Hubbard term

The expectation value for Hubbard term,

v
(Hy) = 52 K,U( —2(v2, — u) sin®(v1) |[(ngno) | — 4ufn> (6.36)

minimizes for value v, = /2, provided that |(n,|n,)|*> = 1. This indicates that occupied
n = 0 Landau level has equal weights on two sub-lattice points and spins are polarized in
opposite direction.

Zeeman term

The Zeeman term depends on three angle variables,

(Hz) = —2;;(2: Kz (um<(cos(91) — cos(6s)) + cos(71) (cos(6:) + 008(92)))) (6.37)

and it minimizes for either ¢, = 0,6, = 7,7 = 7/2 implying that equal weights on
two sub-lattice points with spins pointing in same direction that of magnetic field, or
v = 0(r),0; = 0(f; = 7), indicating that n = 0 Landau level is localized on one

sub-lattice with spin pointing in same direction of magnetic field.
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Minimization
We collect the angle parameter dependent terms for symmetry breaking terms

E = —2(v2 —u2)Ky cos®(71)
— (V2 — u?) Ky sin? (1) <1 + cos(6) cos(6s) + cos(p1 — ¢2) sin(6,) sin(62)>

— UKy ((008(91) — cos(6)) + cos(1)( cos(6) + Cos(%))) (6.38)

to evaluate the angle parameters that minimizes the energy numerically.

The results of numerical minimization resulted in two types of solutions corresponding to

two phases which we have enumerated below.

1. Valley-spin polarized state:
1 =0,0=0 or =m0 =

This ground state is doubly degenerate and at n = 0 Landau level, the wave function
is localized on either sub-lattice point with spin pointing is same direction that of

magnetic field. The energy in terms of coupling parameter for this ground state is,

&1 = —2(v2 —ul)ky — UKy (6.39)
2. Canted valley ordered state:

Um Rz

1
COS(/yl) = +(_)§’U2 — u2 Ky — Ky

The SU(4) component of the occupied n = 0 Landau level,

1) = cos(Z) )] 1) + @ sin(F)] =) ) (6.40)
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Figure 6.2: The figure shows the phase diagram for possible ground states for Hall con-
ductivity at oy = —1 in U-V parameter space. Both parameters are expressed in electron
volts. This phase diagram is for magnetic field B = 407" The region marked with plus
sign, ‘+’, corresponds to the valley-spin polarized state for n = 0 Landau level. This
state is doubly degenerate, we have shown one of the degenerate state in the figure and
the other is |—)| 1). green. The region marked with asterisk, ‘x’, corresponds to ferri-
magnetic state. The SU(4) components shown in the figure has extra charge density for
|+) valley. This phase also doubly degenerate, where the second degenerate state has
extra charge density for |—) valley. The bold line separating the two phases is obtained by
equating the energies of these two phases give in Eq.(6.39) and Eq.(6.41). The equation
for this line is given in Eq.(6.42) and the order transition across this line is continuous.
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For n = 0 Landau level, these angle parameter values indicate that the wave func-
tion has anti-parallel spins residing on the two sub-lattice points. And the weight on
the wave function is more on the sub-lattice point which carries the spin pointing in
the direction of the magnetic field. The energy for this ground state as a function of

U and V' parameters,

2 2
1w, Ky

Ey = —2(v2, — vl Ky — SR M— (6.41)

Phase boundary is computed by comparing the energies and we obtain the straight line,
(6.42)

separating the two phases. Unlike o = 0 where the phase transition in U-V space was

first order, here we find a continuous phase transition.

6.3 Excitations for ground states

The particle-hole excitations from the symmetric model was only able to describe the
magnitude of the gaps. The exact nature of these excitation, i.e. polarization in SU(4)
space of the excitations was ambiguous. In this section we compute the contributions to
particle-hole excitations from the SU(4) symmetry breaking terms of our model. The
ground states has been fixed in the U-V phase space by the local terms as we had seen in
the previous section. The gaps from the local interaction terms is going to be two orders
smaller when compared with that resulting from long ranged Coulomb interaction. But
the angle parameter dependence that results from symmetry breaking terms decides the

SU (4) polarization of the excitations.

A general particle-hole excitations for the ground states at Hall conductivity oy = 0 and
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oy = —1 obtained in previous section can be constructed in the following way,

[ES) =4, o otnanl GS) (6.43)

i.e. a hole is created by annihilating a state with quantum numbers (0, 5, ¢5), for the
n = 0 Landau level with quantum numbers, [,,, for orbital angular momentum and ¢;, for
the SU(4) index. And a particle is created by the creation operator for n = 0 Landau

level with quantum numbers (0, [,,, ¢,).

To compute the contribution to particle-hole gap from the short ranged interaction terms,

we need to compute
(ES|(WH(r) G U(r))*|ES) — (GS|(¥i(r) G U(r))*|GS) (6.44)

where the matrix G = 14, 577, /7" and j, k = z,y. Similar procdure that we followed
for particle-hole excitations for symmetric model in section 5.3, we define two point co-

incident correlator for the excited state,
T(r,r)=T®(r r) = TW(r r)+T(r,r) (6.45)

I'®) and T'") are correlator for particle and hole state. I'(r, ) is the coincident correlator

for the ground state.

The contribution to particle-hole excitation from short ranged interaction terms can be
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written in general form,

(ES|(U!(r) G W(r))*|ES) — (GS| (' (r) G U(r))*|GS)

— [ (18 @(r) o (r)]? + (16 6 (r) 8 (1))

r

— 2Tt[G 2P (r) P (1) Tr[G &™) () DM (1))
~Te[G 0P () 3P (1) G P () 0P ()]
— Tr[G & (r) M (1) G &™) (1) &M ()]
+2Tr[G W) (1) 0P (1) G 2 (1) M) (1))
+2 (Tr[6 &P (r) 8P ()] — Tr[G 2P () ™) (1)) TG T (7, )]
—2Tr[G 3P () 0P (1) G T (s, 7)]

+ 2Te[6 oM () @™ (1) G T(r, r)]> (6.46)

Similar arguments as we had seen in the case for symmetric model particle-hole exci-
tations computation in section 5.3, various terms cancel and the assumption that large

separation between particle and hole wave functions results

(ES|(P!(r) GU(r))*|ES) — (GS|(P'(r) G U(r))*|GS)

= 2/ ( (Tr[(E rw (r,r)] — Tr[G F(h)(r, 'r)])Tr[(E L(r,r)]

~ TG IP (r,7) GD(r,r)] + Tr[G T (r, ) G (r, r)]) (6.47)

The two-point coincident correlator has no coordinate dependence and the position de-
pendence comes from the correlator for particle and hole. Expressing the correlator for

particle and hole in terms of complex variables, Eq.(5.47), the coordinate integration is

110



accomplished using gamma functions,

1 1 1 7‘2 l 1.2
(@) — (9) — z _ (=) e 2"
e _/,,Fq(r)_<27reg)2<12 5)Pq/,,u(2)e (6.48)
1
= 5(]12 - B)F, (6.49)

In the above equation we made use of relation,

(27363) /,,%(gye_w =1 (6.50)

As the result we are only left with computation of various traces for the excitation calcu-

lation,

(ES|(P!(r) GU(r))*|ES) — (GS|(P'(r) G U(r))*|GS)

_ 2( (TG I'®] — Tr{G I™))Tr[GT] — TG I G T + Tr{GI'™ & F]) 6.51)
The particle-hole gap contribution from each term is given by

Ag = = ((ES|(¥T(r) GU(r))*|ES) — (GS|(¥'(r) G U(r))*|GS)) (6.52)

N —

The nearest neighbour interaction term contribution to gap is accounted by considering

the terms given Eq.(6.1),

Ay = %(—Va2> ( - (Tr[F(p) T — Te[T™ r])
. (Tr[mz r®)] — Tr[37? F(h)])Tr[ﬂTz T

+ <Tr[67'z r® 37°T] — Tr[gr* T® /wr}) ) (6.53)

Similarly gap contributions from Hubbard interaction by taking into account the terms in
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Eq.(6.6),

Ay = %GU&) ( - (Tr[F<P> I — Te[D® r])

o+ (Tr{g7* TW] = TrlB7* T Te{ 37 T
- <Tr[ﬁ7'z e Bl — Tr[p1* ) BTZFD

( (Tr[oijk F(p)] — Tr[oijk F(h)])Tr[aka I

Jik=z,y

- (Tr[oijk P® i 7] — Tradrk D0 oijkF]) )) (6.54)
Finally the Zeeman term contribution is given by,

1 1 1
Ay = 5( — 59K B> 5 (Tr[o*T®)] — Tr[azf(h)]) (6.55)
We now evaluate the gap contributions given in Eq.(6.53), Eq.(6.54) and Eq.(6.55) for

each phase obtained for the Hall conductivity cy = 0 and oy = —1 in the U-V parameter

space.

6.3.1 Excitations for ground states at o7 = 0

In this section we compute the nature of excitations for the ground states for the Hall
conductivity at oy = 0 in the U-V phase space. We consider excitations from all three
possible ground states in the U-V phase space, i.e. ferromagnetic ordered ground state,
charge ordered state and canted spin ordered state. The details of the calculations for
exctiations for ground states at oy = 0 is shown in Appendix K. The ground state is
specfied by the specifying the two-point coincident correlator, which in turn requires the

mass parameter to be specified obtained from the symmetric model computations and the

112



SU(4) component of occupied n = 0 Landau levels. The correlator for the ground state,

1 1
M=o 7 (umls — v ) (P + P> — 3 1y) (6.56)

Here P, and P; are the projection operators contructed from the SU(4) components of

occupied n = 0 Landau levels. The correlators for the hole and particle,

1
Fh:ﬁ(ﬂz—ﬁ)Ph 6.57)
(6.57
= (L~ B)F,

Here P, and P, are the projections operator constructed from the SU(4) components of
hole and particle states of excitations. We use these coincident correlators to compute the

contributions from the symmetry breaking terms in rest of this section.

At the end of this section we discuss variation of the gaps with the tilted magnetic field

and compare the results with that seen in the quantum Hall experiments in tilted magnetic

fields.

Excitations for ferromagnetic ordered state

The SU(4) component of occupied n = 0 Landau levels for ferromagetic ordered state

are,

1) =111
2) ==

(6.58)

A general hole state is linear combination occupied n = 0 Landau level. The SU(4)

component such a linear combination can be constructed as following,

Ih) = cos(%)H—)\ 1) + el sin(%)|—>| ) (6.59)

113



In a similar fashion, a particle state state is constructed from the unoccupied levels of
n = 0 Landau levels. SU(4) components of such a particle state can be constructed as
following,

p) = cos(L)H)] ) + ¢ sin(2)|-)| ) (6.60)

The contributions to the gaps from the symmetry breaking terms are

Ay =0
AU = 2KJUUm (661)
AZ = Rz

The net gap from the symmetry breaking terms comes from the Zeeman term and angle
independence implies that both particle and holes states can be in any linear combination
of unoccupied and occupied levels of n = 0 Landau level respectively. Since the ferro-
magnetic ordered states is fully spin polarized hence the excitations will involve a spin

flip, which costs Zeeman energy.

Excitations for charge ordered state

The charge ordered state is doubly degenerate as it can be localized on either valley. Here
we choose one of the SU(4) component of occupied n = 0 Landau levels for charge
ordered state,

1) = [+)[n1)
(6.62)

2) = [+)| = na)

The hole state is constructed by choosing a spin in arbitrary direction localized in |+) for
valley,
) = [+) ) (6.63)
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The particle state has spin pointing in arbitrary direction sitting in |—) state for valley.

p) = [=)Iny) (6.64)

The contribution to gaps from the symmetry breaking terms,

Ay = —4ky v,
Ay = 2Ky Unm, (6.65)
1

Ay = —§K2(COS(9p) — cos(6r))

The angle dependence comes only for Zeeman term and the net gap will minimize for

6, = 0 and 6, = 7. SU(4) components of particle and hole states

p) == 1), [h) = 1H)14) (6.66)
and resulting net gap will be
A = —4Kky U, + 2600, — Kz (6.67)

The hole is created by removing a down spin from the occupied sub-lattice and particle
is created by placing it unoccupied sub-lattice point and this results in lowering Zeeman

energy.

Excitations for canted spin state

The canted spin state has both the sub-lattice points are occupied

1) = [+)[n1)
2) = [=)[n2)
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and the spins on each of the sub-lattice points satisfy

_Um hz (6.69)

— 2
Uy, KU

0, — 0y =0, cos(fy) =

e~ =

2
Um

here 6, = (0, + 02)/2. The hole state is constructed by taking a linear superposition of
these states,

0 o o 0
1) = cos(5)|+)|na) + ¢ sin ()| =) ) (6.70)

And the particle state is constructed by taking the linear superpostion of unoccupied states

of n = 0 Landau level,

) o . 0
Ip) = cos(gp)|+>\ —ny)te¥r SIH(EPM—)’ —ny) (6.71)
The contributions from the symmetry breaking terms,
Ay =0
Ay = 2kyVm — 26y (U — U ) cos?(6) (6.72)

AZ = Rz COS(9+)

Here also like in the case of ferromagetic ordered state, the gap in independent of the

angle parameters of particle and hole states.

The titled magnetic field measurements for the activation gaps in quantum Hall experi-
ments is a good indicator to decipher the spin for the excitations. In tilted field experi-
ment, B, the perpendicular component of the magnetic field is kept fixed and By, the
total magnetic field is varied by rotation the sample. In Zeeman term, the spin sees only
the total magnetic field. Whereas for the interaction terms, the magnetic field comes from
the orbital motion of electron, which depends on the magnetic field perpendicular the
plane. The contributions to the total particle-hole excitations from the interaction terms
has a dominant contribution from the long ranged Coulomb term. The contribution from

the short ranged interactions is two orders smaller, hence we ignore them in the following
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Figure 6.3: The figure shows the variation of particle-hole gap with respect to By for
all the three phases for quantum Hall state at oy = 0. The tilted field gap for ferro-
magnetic spin ordered state increases linearly with By, whereas the charge ordered state
gap decreases linearly. The gap for canted spin phase shows an increase with By with a
quadratic dependence. Moreover the in the canted phase, gap is inversely proportional to
Hubbard interaction strength U. In the figure we have choosen U = 4 eV for the shown
curve. The tilted field activation gap measurement for graphene on boron nitrite [21] has
been reported to decrease with tilt angle. This is consistent with behaviour that we find
for charge ordered phase.

analysis. The dependence of total gap can be written as

A = Ac(BL) + Ay(Br) (6.73)

For the fixed B, the Coulomb contribution is constant, whereas the Zeeman contribution
vary with the Bp. The ferromagnetic ordered is fully spin polarized state and excitations
will involve a flipping of spin and this will cost Zeeman energy, hence the dependence on
Br is linear and increasing as we have shown in the Fig.6.3. The charge ordered state is
spin unpolarized state and we find that it decreases linearly with the Br. The canted spin

ordered state is not fully spin polarized and gaps show an increasing quadratic dependence
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on Brp. It also inversely proportional to the Hubbard interaction strength, U.

In the reference [21], activation gaps are measured in tilted field for graphene on boron
nitrite substrate. The authors have reported a decrease in gaps with increase in Bp. This
variation of tilted field gap with By is consistent with particle-hole excitations for charge

ordered ground state of our mean field calculations.

6.3.2 [Excitations for ground states at oy = —1

In this section we compute the nature of all the possible excitations for both the ground
states for the Hall conductivity at oy = —1 in the U-V phase space. There are two
possible ground states in the U-V phase space, valley-spin polarized state and the ferri-
magnetic ordered state. The details of the calculations for excoriations for ground states
at oy = 0 1s shown in Appendix L. The ground state is specified by the specifying the
two-point coincident correlator, which in turn requires the mass parameter to be specified
obtained from the symmetric model computations and the SU(4) component of occupied
n = 0 Landau level, a similar scenario seen for the case of o = 0. The correlator for the

ground state,

1

1
= W(umng — o) (P — 3 14) (6.74)

C

Here P, is the projection operator constructed from the SU(4) components of occupied

n = 0 Landau level. The correlator for the hole and particle,

I = _(1, - B)P,

(6.75)

I“p = (]].2 - 5)Pp

N~ N~

Here P, and P, are the projections operator constructed from the SU(4) components of
hole and particle states of excitations. We use these coincident correlator to compute the

contributions from the symmetry breaking terms in rest of this section.
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At the end of this section once again we discuss variation of the gaps with the tilted
magnetic field and compare the results with that seen in the quantum Hall experiments in

tilted magnetic fields.

Valley-spin polarized ground state

For the valley-spin polarized state, the SU(4) components of n = 0 Landau level is,

1) =[] (6.76)

The SU(4) components of hole wave function

|h) = |+)| 1) 6.77)

The SU(4) components of particle wave function are constructed by choosing a linear

combination of three unoccupied sub-levels of n = 0 Landau level,

Oy
2

Op

p) = cos(L) )| 1) + e sin() | 1)) (6.78)

The details of computation for each symmetry breaking term is shown in section ??

Gap contribution from nearest neighbour term,

9
) cos?(%) N (6.79)

Ay = —26ky0, SinQ(E

From it dependence on the particle state angle variable we can infer that this term prefers
only a spin flip with no change in valley quantum number.

Hubbard term contribution is also depends on the angle parameters of particle state,

O
2

Op

Ay = 2Ky, sin?( 5) (6.80)

)cosz(%) — Ky (U — Uy, sin®(
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This term prefers a flip in valley quantum number and spin in the eigenstate of o* operator.

The Zeeman term contribution,

Op

Ay = /@ZsiHQ(E) (6.81)

prefers the angle variables for particle state exactly similar to that of Hubbard term.

The minimization of total gap from symmetry breaking terms was preformed numerically

and we find three possible excitations for valley-spin polarized state.

(i).0, =m,7, =0 |-+ 4) A = =2Ky Uy + Ky (U + Uum) + Kz (6.82)
(i3).0, = 0 oI A= (6.83)
(itd).yp, =7, 0, =7 =) ) A= —ky Uy —Up) + Kz (6.84)

The region in U-V phase space where these excitations are possible is shown in Fig.6.4.
The dependence of these excitation gap is shown in Fig.6.5. The excitation |—)| 1) has
no variation with B whereas both the other excitations have linear and increasing depen-

dence on Br.

Ferrimagnetic ground state

The ferrimagnetic ground state is doubly degenerate, here choose on of them. The SU (4)

components of occupied n = 0 Landau level,
_ 0 i .. /0
1) = cos(2) |4} 1) + % sin(2) )] 1) (6.85)

Here  is obtained from the mean field energy minimization

Um Rz

1
cos(0) = 202 — g2 Ky — Ky
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Figure 6.4: The figure shows the variation of particle-hole excitations for both the phases
for Hall conductivity at o = 1 i.e valley-spin polarized state and ferrimagnetic state.
These two phases are separated by the dashed line and ground state chosen for the exci-
tation calculation is mentioned on the top and right side. Each shaded region is labeled
with the excitation preferred
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The SU(4) components of hole wave function
|h) —COS( 5[ 1) + el Sln( =) ) (6.86)

The SU(4) components of particle wave function is obtained by taking a suitable linear

combination of unoccupied levels,

) = cos(2) (sin(D) ) 1) — > cos(22) )] 1))

+el¢psm<%’>(cos< 2] 1)+ e sin(2) )] 1)) 687)

Contributions to gap from nearest neighbour interaction

Ay = —éw(sin2<%> (20m(cos(3) + c0s(70)) c05(30) + (v + ) sin?(30) )

— 2(Vp — Upm) c05*(70) — 2(vp, + um)) (6.88)

and from the Hubbard term

0= g (55 (2 (cos(a) + cos(ro)) o) + (s + ) i)

+ (U — ) (1 — cos(7o) cos(’yp))) — 2(Vn, — Up) cos2(’yo)) (6.89)

The Zeeman term results in

ep)(cos(fyp) —cos(70)) + 2kz cos(fyo)> (6.90)

1
AZ = §(I€Z SiIlQ(E

The gap that depends on angle parameters that was minimized numerically,

Qp) (2(@ — Ky )Um cosz(%) — Ky (U — Up) + Iiz> (6.91)

A = sin?(2
2
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Figure 6.5: The figure shows the variation of particle-hole gap with respect to By for all
the two phases for quantum Hall state at c; = —1. Top linear line and constant line are
the gaps for the valley-spin polarized state. The two curves with quadratic variation with
By are for the ferrimagnetic state. The nature of excitation is indicated with each curve.

1.
0, =0, |p) =sin())] 1) — ™ cos(L) =) 4)
A=0 (6.92)
2.
Op=m =", Ip)=|-)1

A = %((KJU — Fév)( — 20y, c08(Y0) + (U, + ) (1 + COS(%))) (1 — cos(v0))

+ (1 (om — ) = i7) (1 + Cos(’yo))) (6.93)
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Figure 6.6: Delineated region in U-V phase diagram marked with region where the
particle-hole gap decreases with increase in By for the ground state at oy = 0 within
our interacting model hamiltonian. The region marked also corresponds to the charge
ordered state ground state for o = 0.

The tilted magnetic field dependence of the excitations in valley-spin polarized state can
be divided into class. Either there is no variation or increases with Br. The excitations

for the ferrimagnetic state can also be classified into two categories, one has very small

quadratic dependence that increases with Br. The second one decreases with By.

6.4 Connection with experiments

In this section we compare the results obtained from our interacting model with that ob-

served in experiments.

Young et. al. in reference [21] report that variation of activation gap with Bp. They had

reported gaps for oy = 0 decreases with increasing By, which lead them to conclude
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Figure 6.7: The region delineated here is for where particle-hole gaps increase with By
for interacting continuum model at oy = —1 ground state. The region marked with
red ‘%’ is also the region for the valley-spin polarized ground state for oy = —1. And
region marked with green ‘x’ is for ferrimagnet ordered ground state at Hall conductivity
og = —1.

that the ground state for oy = 0 is spin unpolarized state. The Fig.(6.6) shows the region
in the U-V phase space where the particle-hole activation gaps decrease with By. This
delineated region also corresponds to the charge ordered ground state for the Hall plateau
at oy = 0, which is spin unpolarized ground state. Our conclusion coincides with the one

drawn for o = 0 with that of given in reference [21].

The activation gaps for the state at Hall conductivity oy = —1 showed a variation which
was given a linear fit, which increases with Bp in reference [21]. It was also reported
that effective g-factor for the Zeeman coupling was greated than two and concluded that
excitation are caused by skyrmion-antiskyrmion from a valley-spin polarized ground state.
In Fig.6.7, we show the region in U-V phase space that show increase in particle-hole

gaps with Br. The delineated region conrresponds to region with valley-spin polarized
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Figure 6.8: Region delineated here is the intersection of regions shown in Fig.6.6 and

Fig.6.7. This shows the range of value for parameters U and V' for our model that is
consistent with excitations observed in quantum Hall experiments.

and ferrimagnetic ordered ground states for oy = —1 within our model computations.

Fig.6.8 shows the region in the U-V phase space that is consistent with the excitations
observed in quantum Hall experiment [21]. This region was deduced by taking the inter-
section of delineated regions from the Fig.(6.6) and Fig.(6.7), which are regions consistent

with experiment for excitation observed for Hall plateaus at oy = 0 and oy = —1 [21].

6.5 Summary

We summarize the results obtained in this chapter

1. We obtained phase diagram for the ground state for oy = 0 using the symmetry
breaking terms of our model. The three possible phases in U-V parameter space

shown in Fig.6.1.
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. Phase diagram was also obtained for oy = —1. The two possible ground states in

the U-V parameter space is shown in Fig.6.2

. The tilted magnetic field gaps for the ground states for Hall conductivity oy = 0
is shown in Fig.6.3 and the charge ordered state behavior is consistent with that
seen in experiments. Fig.6.6 shows delineated region in U-V phase space that is

consistent activation gaps seen in experiments for our interacting model.

. The tilted magnetic field gaps for oy = —1 shown in Fig.6.5 has also regions that
are consistent with the experiments. And the Fig.6.7 shows the region in U-V phase

space.

. Fig.6.8 shows the range for the values U and V' parameters for our model can take

that are consistent with current experiments.
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Chapter 7

Summary

In the chapter we enumerate the findings of this thesis.

1. Exact analytical solutions for Dirac particle in cross electric and magnetic field were

found using the trick of Lorentz boost.

2. Numerical computations for the cross electric and magnetic field subjected to graphene
on lattice were shown to confirm the effects of Landau levels is not an artifact of

continuum model.

3. The phenomenon of dielectric breakdown was discussed and predictions were made
about difference of dielectric breakdown for n = 0 and n # 0 Landau levels. And

this was verified in quantum Hall experiments by Singh and Deshmukh [18]

4. We have derived a systematic continuum approximation for the interacting lattice
model for graphene. The lattice interaction terms yields a leading SU(4) terms
and sub-leading part. We justified replacing the sub-leading part with the terms
resulting from the nearest neighbour interaction. We have presented the interacting

continuum model that we adopt in this thesis in Eq.(3.26)

5. We showed that the Landau levels for massive Dirac particle provides the same
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10.

11.

12.

13.

14.

SU (4) polarization for both partially occupied n = 0 Landau levels and filled Dirac

s€a.

We described the number of parameters needed for the variational ground states for

the Hall conductivity oy = 0 and oy = —1.

. We developed the two point correlator for a massive Dirac particle in magnetic field.

With the knowledge of two point correlator for a massive Dirac particle we con-
structed the two point correlator and coincident correlator for Dirac particle in

graphene to be used for variational mean field computations.

. We have showed that the Coulomb interaction breaks the SU(4) symmetry sponta-

neously for the ground states for Hall conductivity at oy = 0 and oy = —1.

The order parameter for spontaneous symmetry breaking is the mass of the Dirac
particle which is proportional to a dimensionless « = k¢/k;, which depends on

dielectric constant.

The order parameter is proportional to magnetic field and tends to zero as mag-
netic field goes to zero which indicates spontaneous symmetry breaking of SU(4)

symmetry by Coulomb interaction in presence of magnetic field.

The particle-hole gaps from symmetric model showed a square root dependence
on the applied magnetic field. Our symmetric model without disorder taken into

account over estimates the gaps when compared with experimental values.

We obtained phase diagram for the ground state for oy = 0 using the symmetry
breaking terms of our model. The three possible phases in U-V parameter space

shown in Fig.6.1.

Phase diagram was also obtained for oy = —1. The two possible ground states in

the U-V parameter space is shown in Fig.6.2
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15.

16.

17.

The tilted magnetic field gaps for the ground states for Hall conductivity o = 0 is
shown in Fig.6.3 and the charge ordered state behavior is consistent with that seen

in experiments.

The tilted magnetic field gaps for o = —1 shown in Fig.6.5 has also regions that

are consistent with the experiments.

Fig.6.8 is our prediction for the range of values U and V' can take for our model to

explain the current quantum Hall experiments.

131



132



Appendices

133






Appendix A

Landau levels of massless and massive

Dirac particles

A.1 Massless Dirac particle

Hamiltonian for massless Dirac particle in (2 + 1)d in presence of magnetic field,
h=vrpa -7 (A.1)

7 1s the conjugate momenta in presence of magnetic field.

Eigenvalues for the hamiltonian

hv
€ny = sgn(n)/2|n €F (A.2)

The corresponding wave functions, for n # 0

1 @\n\—l,m(”“)
Pni(r) = —= (A.3)
v2 ( i sgn(n)pyo1(r) )
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Forn =0,

0
¢0,z (7') =
wou(T)

(A4)

¢, is the magnetic length, ¢, ;(r) are wave functions of non-relativistic electron gas in

magnetic field.

—1)" ! o 1
putr) = o [t et

Here ¢ = r2/2(?

A.2 Massive Dirac particle
h=vpa-mw+m

Eigenvalues

BoeN 2
€nl = sgn(n)\/2|n| < ;F> + m?

C

Corresponding wave functions for n # 0

o) 1 (€ny +m)¢|n\—1,l+1("“)
nI\T) =
\/2 6n,l(en,l + m) 1 4 /2’n h’g—fwm’l(r)
Forn =0,
0
¢0,l("°) =
wo.(r)

©n(r) is given by Eq.A.S.
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Appendix B

Solution for cross electric and magnetic

field

h=vpa -w+eExl,

Time dependent Schrodinger equation

ihg\lf(a:,t) = (vpa -+ e Ealy)V(x,t)

ot
2° = vpt, ' =z, =y
o 1RO ., 0 s .. 0
_ o — _ip - _ih—
vp Ot b S b ! oy

el
(70 = 001 — 0w — 04, + eB ) )W, 1) = 0

Po cosh(d) —sinh(0) Do
Dy —sinh(f)  cosh(h) Dy
ay = ~ ay & E\
(ee YPo — QzPy — eg ypy — 63(1 + OéyW—B)$>\IJ<£C,t) =0
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Choose 3 = ;Zz = tanh(6)

(67T o4 ~ (6% ~ B ~
(ee VDo — Py — €7 y(py + ecosh(@) x))\If(w, t)=0 (B.8)
Making use of the identity
e"‘ygcvgceo“«’g = Q, (B.9)
and
T (&,7) = e2™U(x, 1) (B.10)
(B0 — b — (3, + eB7) ) B(&, 1) = 0 (B.11)
B =By1-/? (B.12)
Eigenvalues
h
€.z, = sgn(n) QW% (B.13)
here

gc = gc(l - 52)_%

Eigenvectors for the time-independent Landau level problem,

b () = — P, (@) (B.14)
o V2 1 Sgn(n)%m,l}y(i)

Here ¢, ;. () is eigen functions non-relativistic Landau level problem in Landau gauge.
-7 ~ ~2 ~.
oo, (&) = Anel P Te™ 5 H,,(€) (B.15)
Here H, (x) is hermite polynomial and proportionality constant, A,, is fixed by normal-
ization and depends on n.
T+ ky 2

= Z T We B.16
§ 7 (B.16)
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Apply inverse Lorentz transformation on three-vector, we have following results,

nk

n — hvpk, tanh(6
b = com(gy M) B.17)
= sgn(n 2|n| hUF % — hvpk, S
~ k gn,;
k, = —* =Y tanh(6
' @ (B.18)

— ky(1— )2 + sgn(n \/2]n /31—52i

We use invariance of scalar product of two 3-vectors under Lorentz transformation

Eniyt — Ry T = €np,t —kyy (B.19)
and

F 4 Iy 2 (1-p%)i b
Ty — &= . (:L‘ + k02 + sgn(n)\/2|n|€cm> (B.20)

the eigen functions for the cross magnetic and electric field

gy e [ @) ®.21)
2 cosh(#) isgn(n) @k, (x)

Here ¢, 1, () is eigen functions non-relativistic Landau level problem in Landau gauge.

139



140



Appendix C

Continuum approximation:

Interactions
1 . 1, R 1,
He — 5;2% — S)Vellny = 1)) s — 5 ()

The summation has a constraint that when n = m then r # s

Nnroe = Chrolnro
Npr = Nnro
o=T,4
Np = § N
r=1,2
n = E E 'fln,r
n r=1,2

Applying projection operator Eq.(3.3), applied on the number operators,

Ciz,l,gcn,l,a ~ 77/);_‘_’0(?1)@017_,_70(11) + 77/};_70(7?,)@/)27_’0(%)

+ o Kyl (), o (1)

e FmEI Y] ()0 (n)
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CIL,2,aCn,2,a ~ 1/};+,0'(n>¢2,+,0 (n) + wi,f,a(n

)1/)1,—,0(")

—e” (K+_K’)'n¢;+,a(n)¢1,—,o(n)

Making the substitutions

— o B K)myl  (n)s s (m) (C.T)

Uyt e = W) () (T Yy

Ul to = V) (1) (A5 ) )

Wheotine = Vi) (57) (55 v(m)

W _ s e = \PT(n)(l 5 B) (1 _27>‘I’ n) (C.8)
ot = W) () ()

vt = V) () () vm)

oo =¥ (S5 ) (5 ) wm)

¢1377g¢2,+,o _ \I/T(n) (afv + iay> <7-x — iTy)\IJ(n)

2

The number operators can be approximated in terms of slow and fast varying modes as,

PN %\IIT(n)\If(n) + %\I’T(n)BTZ\II(n)

e ——

(W (n)a"rU(n) + ¥ (n)a’rU(n))

1 .
Zalo(n)
—|—4e

—i(¥(n
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( (Ui (n)a®r"¥(n) — U (n)a?r¥(n))

)V (n) + Ut (n)ozyTz\I/(n))> (C.9)



iz~ U (m)U() — 2 () 37 0(m)

B ie—iqﬁ(n) <(\1ﬁ(n)am7'r\lf(n) + \I;T(n)ayTy\I/(n))

+1 (¥ (n)a" ¥ (n) — @T(n)ayﬁ\p(n)»

_ iew(n) ((\I}T(n)o/”Tx\I/(n) + U (n)a’r" ¥ (n))

—i (U (n)a"rhU(n) — xp*(n)@w\y(n))) (C.10)

Here e*¢(™) are the fast varying modes.

Consider the four fermion terms,

Hi =5 3 (V) imsofimis + V0 )ingoimas)

n,m

1 A - ~ A
+ 5 1; (V(dl)nn,l,anm,l& + V(dg)nn,zyanml,&)

n#m

1
+ §V(d) Z (ﬁn,l,aﬁn,l& + ﬁn,Z,Uﬁn,l,&) (Cl 1)

n

From the Figure 3.1
r=|ns —my (C.12)

di = V1?2 —2racosf + a2

(C.13)
dy = V12 + 2racosd + a2
Here & = a/ V'3, a is the lattice constant.
1 e?
V(r)=—— C.14
(r) 4me r ( )
For r >> a,
a 1a .,
V(dy) = V(r)(l + —cosf + ——2(3(308 0—1)+.. >
r o (C.15)
a a 5
V(dy) = V(r)(l — ;cosﬁ+§r—2(3(:os 0 — 1)+...>
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After long wavelength approximation,

n, —my| = |z —y|l=r

1
Zégfm

Voro(n) = a¥V, ()

2

intoiimis = 7 (V(@)W(@) + V(2)8r V(@) (V(y)0(y) + V(y)sro(y
fin2ofimas = o (V(@)V(@) ~ V(@) 57 0(@) ) (W (y)U(y) - ¥

0,2

fintofimas = 7 (V@) W(@) + V(@) v() ) ((y)¥(y) -

4

(C.16)

(C.17)
(C.18)
(C.19)

(C.20)

)
w)

‘I”(y)ﬁfz\lf(y)>

(C.21)

Separating the interaction term in the leading order of contribution at large separations,

Hi=j [, VOV @@V @)

zF#yY
1 la
+ §/wy V(T)(Zﬁ(&’»cos 0—1)+ )

T#Y

(v (@) ¥ (@) ¥ ()0 (y) - V(@) 57" V(@) ¥(y) 67 U(y))

+ Contact interaction term along one nearest bond (C.22)
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Appendix D

Continuum approximation: Nearest

neighbour terms

The nearest neighbour interaction on honeycomb lattice,

_ T T i T
Hy =V E Cp1,oCnto (0. 5Cn25 T Ctey05Cntes2s T Cnertesn5Cnertess)
n,o,c

(D.1)
Rewriting the nearest neighbour interaction term and subtracting the background charge

due to positive ions,

My =V (Zmn,l — 5.2 %m») ®2)

1=

Here the summation over index ¢+ = 1,2, 3 is for the three nearest neighbour for each

carbon site.

Now consider the four fermion terms,

Hy = vZﬁnJ(iﬁmbﬂ) (D.3)
n =1
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Using Eq.(C.10) and retaining the leading terms and dropping the derivatives of fermion

operator terms and fast varying modes, we can approximate
: 3 3
> iinn2 & W (n)¥(n) — S (n)Br7 0 (n) (D.4)
i=1

Here we make use of the fact, (1 +¢' 5 + ¢ 5) =0

Now using Eq.(C.9) and taking the continuum approximation as described in previous

chapter.

3

Hy = Vo’ /m ((\IJT(a:)\II(w))Q _ (\IIT(a:)ﬁTZ\I/(w))?) (D.5)

The net continuum limit for the nearest neighbour interaction when the background charge

is deducted,
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Appendix E

Continuum approximation: Hubbard

terms

The Hubbard interaction,

HU =U Z Z ﬁn,r,’rﬁn,r,i (El)

We rewrite the Hubbard term in manifestly SU(2) spin rotation invariant form,

2

= O, i) (E3)

Ho=UY ( - gsgmsg,r + 1nn) (E.2)

Rewriting the above equation after subtracting the background charge,

Ho=5) <(ﬁn»1>2 + (ftn )" = ()fin + %<ﬁ>2 — i + <ﬁ>) (E.4)

n
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Consider the four fermion terms and gathering slow varying modes for density-density

operators for each sub-lattice index

ﬁn,l,aﬁn,l,a ~ i(\lﬁ(n)‘y(n) + lI]T(”)BTZ\IJ(n))2

+ % (' (m)a 77w (n) — ¥'(n)a?r"w(n))*
+ (U (n)a"r¥(n) + xpf(n)@yTI\y(n))2) (E.5)

nsoiinzg ~ ¢ (V(n)E(n) — W (n)5rw(n))

+ 1_16 ((\IIT(n)awT’”\Il(n) + \I/T(n)ayTy\I/(’l’L))Q
+ (U (n)a™ W (n) — \IJT(n)ayT“’\I/(n))2> (E.6)

Taking the continuum approximation,

Hy = gaZ/ 1<(\IJT(:1:)\II(:B))2 + (\I/T(a:)ﬂrz\lf(m))Q

2
+% Z (\I/T(a:)aka\Il(m))2> (E.7)

Jik=wzy

Rewriting the Hubbard term after removing the background charge,

Hy = iU*/w (W @)w@) + (W @prv@)’ + 5 Y (@)’

Jik=zy

2V @U@ + ) - 5 [ (F@@)-7) €9
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Appendix F

Propagator for non-relativistic electron

in magnetic field

In general to compute the propagator, we need to evaluate
i t .
K (w,t;w0.t) = / Dlq(1)] e o 010 (E.1)

with boundary condition ¢(t) = x and q(to) = x¢

Lagrangian for charged particle in electromagnetic field

L= %mf“2 —q®(r) +qA(r) -7 (F.2)

For electron in a constant magnetic field along z-axis and working with symmetric gauge

for vector potential
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Lagrangian for electron in magnetic field,

L= % (i + 17 — we(—yd + 20)) (F.3)

Here w. = eB/m is the cyclotron frequency.

The propagator is by evaluating contributions from the classical part which gives the
spatial part of the propagator and the fluctuations around the classical motion which con-
tributes to the normalization. The action S = f dt¢ L has contributions motions, classical

and fluctuations.

T=Tq+N

with boundary conditions,

(2(0), yar (0) = (20, 90)  and  (za(T), ya(T) = (2,y)

(12(0),my(0)) = 0 = (nu(T), my(T))
This results S = S, + .5
T
/ m .9 ) . .
S = /dt D) (nw + 1y — we(—=nyTie + 77m77y>) (F4)

0

the cross terms vanish after integration by parts and applying classical equations of mo-

tions
Te + wcycl =0
(FS5)
ycl - wcj:cl =0
The propagator
K(r,T;mo,0) = e / Din(t)] er (F.6)
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The solutions to classical equation of motion,

Ty =T + csin(w.t + ¢)

(E7)
Ya = § — ccos(wt + @)
The constants are fixed by the boundary conditions,
To = T + csin(¢) Yo =y — ccos(¢) (F.8)
r =7+ csin(w.T + ¢) y =19y — ccos(w.T + ¢) (F9)
T . weT
T —xo= QCCOS(wT + ¢) sm(w2 )
. weT o wT
Yy — Yo = 2csin(—— + ¢) sin(——)
2 2
1|r— 7
‘T3 sin(«<L)
T 2 (F.10)
We Y—%Y
t -
an(——+¢) = —— .

/ at () (i + )

= Eccuc (Fsin(wet + @) + T cos(we + d))|o — mc%}?T

2 2
= e (Flom(T +6) — sin(e) + Fleos(wT + ) — cos(s)
= m2wc ((x —x0) = Z(y — ¥0))
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Here we made use of Eq.(F.10)

1 w '
== | (x+x0) — (y — yo) cot(——)
2 2
1 wel
7= (0400 + 0= weon*sH)
mw. (1 weT'
S, = —|r — ro|* cot(——) + (zy0 — yx0) (F.11)
2 2 2
ig jlr=rol? cot (26T )+i L (zyo—yxo)
erdd — o a2 2 202 (F.12)

_ _B(n+i we _
Z =Tife ] = e tnta)h —/dq<qle q)

n,l

! ):/qu(q,_lhﬂ,q,O)

2 sinh(ﬁgwc

The evaluation of fluctuation part with the boundary condition

i 1 1 1 1
Din(t)] er® = = Blntz)hwe — F.13
/ (1)) er A ; ¢ ’ 272 2 sinh(i “’5t) ( )

here # = it/h and using relation sinh(i ) = i sin 6, the propagator for the non-relativistic

electron in magnetic field,

1 L ilmmP coy(est) i oL (aoyao) (F.14)

= (& (& 268
2702 2i sin(%t)

K(Ta ta To, 0)
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Appendix G

Integral for Coulomb gap calculation

The integral that we want to consider,

1 1 1/z ! _
t= (2m)? // 21 — 29| ! <21222) e~ 3A2o (1402l (G.1)
21,22 1 .

Here z; and 2, are complex variables, [ takes non-negative integer values and o > 1 is

real number. Consider the integral,

1 (_1)l 1 Z1zo\! a1 2
(N = ( ) 32122 (I4a)lz1—22 G2
W= // FEEAE AR €2

Assuming we can solve the above integral, then the integral, 7 in Eq.(G.1) can be obtained

by repeated differentiation with respect to A.

7= di;\lI()\) - (G.3)

Make a change of variables in Eq.(G.2),
a=2+ (G.4)
n=2-2 (G.5)
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(7 B ALY Y o
2122—(Z+2)(Z 2)—|Z] 4|z\—|—2(Zz Z2) (G.6)

Now substitute, 7 = X —iY

| 1
Bz = X2+ Y2 — 722+ §<(X+1Y)2— (X —iY)z>

1 . . _
_xtey?o lepaxPTEyiEHD gy
4 2 2
Completing the squares for the variable X and Y
_ (X+Z_2)2+(Y+Z(Z+z))2 1‘ 2 (2—2)2 (i(z+2))2
2129 = — —lzF = (—— _ (N T
2 4 4 4 4 4

N\ 2 . _ 2
_(X+ZZZ> +(Y+Z(ZIZ)> (G.8)

! +o0 )
I()\) = 1 (_1) /iei(1+a)z|2/ 4x e*)\%(XJrZZZ)Q

+oo ) _
/ dy e M0+ (G o)

o0

The integration for X and Y and simple shifted gaussian integrals and converting back

the relative complex variable to real quantity,

2
I T G ) 2 T CL(1yay?
I()\)_(%)Q i ( 7)/0 2rdr e (G.10)

Thus,
(-1 [«

I\ = —\/ = G.11
() AV 2« ( )

Using the Eq.(G.3)

T

7= G.12
(1+a) (G.12)
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Appendix H

Contact terms

1

5-;z1 Here we are using
c

Redefine the contact correlator to suppress 1/2w(? factor, ' =

the fact that mass matrix takes the form

M=m(2) Pj—1) (H.1)
j€Eocc
~ 1
D= (unl—vnf) @ (D P51 (H.2)
j€oce

Here j € occ is summation occupied SU (4) states of n = 0 Landau level. We make use

of completeness relation to arrive at,

Z Pj=14—ZPj (H.3)

j€E€unoce j€Eocc

I'T terms

Tr[[T] = 2(v2, + u?) (H.4)

using the fact that Tr[ P, P;| = 0, ;
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B7*T terms

5 1
BT = — (v Ly — tu f) @ ( ; P - TZ> (H.5)
J€oce
Te[B7°T] = —2vy, » | Tr[r* P} (H.6)
jocc

T[T 37T = 2(v2, +u) Z Te[r* Pr* Py + 2(v2, + ul,) (1 — Z 1) (H.7)

1,j€o0cc j€Eocc

(Tr[ﬁT’Zf‘])2 - TT[BTZf/BTZf]

= Z <4v727LTr[TZPZ-]Tr[TZPj] —2(v2, + uil)Tr[TZPZ-TZPj])

1,j€occ
—2(0), +up) (1= 1) (HS8)
j€occ
a7 T terms
. 1
a7 = (um o — vy, a“ﬁ) ® ( Z Tij ~3 Tb> (H.9)
J€oce
Tr[a®r’T] =0 (H.10)

Tr[a*7"Ta®r"T) = 4(u?, — U?n)( Z Te[r* PPy + (1 — Z Pj)) (H.11)

1,J€oce j€occ

% Z < (Tr[aabe])2 — Tr[a“bea“be‘]

a,b=zy
= 2(v2, —u?) Z (Tx[r* P P}] + Tx[rY P,V Py))
%,j €occ
+A, —up) (1= ) (H12)
j€Eocc
o°I" term
Trlo” T] = u, Y Tr[o® P (H.13)

i€0cc
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Appendix I

Ground state energy for o =0

M ={m,m,—m,—m}

1) = cos(5) ) na) + ¢ sin()| )| - no)

V2 iQy - 2
2) = cos(2) )] — ) + &% sin(2)| ) o)

(1|0%1) = %(cos(@l) —cos(62)) + %Cos(yl)(cos(el) + cos(6s))

(2]0°|2) = —%(cos(el) — cos(6y)) — %cos(’yg)(cos(el) + cos(6s))

Tr[o” I'] = wp, (cos(71) — cos(72)) ((cos(61) + cos(6s))

Tr[IT] = 2(v2, + u?)
(1|77[1) = cos(m)

(2177[2) = cos(72)

(2|7*[1) = 0
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1.9)



(Tr[ 77 1;])2 —Tr[p7* L3717 f‘] = 802, cos(71) cos(7s)

+ 2(Um — U ) (cos? (1) + cos*(12)) — 202, — 2uZ, (1.10)

[P+ [ [1)]* = (1 = cos® (1)) [(ra| — ma2)? (L1T)
[27712)]" + (21 7Y12)]* = (1 = cos®(72)) [(r1| — ) ? (L.12)
[T + [ [1)]* = (1 — cos() cos(12)) | (r1n2)|* (L.13)

% ((Tr[oﬂ 7 f])2 — Tr[a“bea“be> = —2(v2, — up,)(cos®(71) + cos*(72))
a,b=zy
+2(v2, — u,) (cos(m) — COS(’}/Q))2|<TL1| —ny)|? (1.14)
(Hv) = — 2;;2 Ky (81}3,1 cos(71) cos(y2) +2(v2, —u,) (cos®(11) + COSZ(")/Q))> (I.15)

\Y%
() = e (8 coston) cos)

+2(v2, — uz,) (cos(m) — cos(fyg))2\<n1|n2>|2 —4(v2, + ufn)> (1.16)

\Y

(Hz)=— 272

K 2 Um ( cos(y1) — COS("}/Q)) (cos(@l) + 005(92)) 1.17)
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I.1 Minimization

Collecting the angle dependent terms

—ug(/fv — Ky) cos(71) cos(y2) — HV(COSZ(%) + 0052(72))

2
m m

+ %/{U(cos(%) - cos(vg))Q(l + cos(6) cos(62) + cos(p1 — p2) sin(6y) sin(6s))

Sy (cos(n) —cos(3)) (cos(by) — cos(B))  (L18)

m m

Derivative w.r.t o1 — s :

(cos(m) — cos(’yg))2 sin(p; — p2) sin(fy) sin(fy) = 0

Energy minimizes for ¢ — o =7

The minimum value for the rest of angle parameters that minimizes the mean field en-
ergy was obtained numerically. We used downhill simplex routine “amoeba’ provided in

Numerical Recipes in C.
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Appendix J

Ground state energy o = —1

N —

M ={m,—m,—m,—m}
04! iQ N
[1) = cos()|+)[ma) + e sin() [ )] = ma)
(1|o*]1) = %(008(91) + cos(6y)) + % cos(71)(cos(6;) — cos(6s))

Trjo T = um<( cos(61) + cos(62)) + cos(y1) ( cos(6y) — cos(ez)))
T[T = 2(v2, + u?)
(1|77|1) = cos(m)
(e[ I))? = Te[ 7" [ 57T = 2(vy, — u3,) cos® (1)

m

(LT + (L) = (1 = cos™(1))[{na] — ma)”

Z ((Tr[aa 70 f])Q —Tr [aabea“be>
a,b=xy

= —2(v2, — uz,) sin®*(n)|[(n] — ma)|?

161

J.n

J.2)

J.3)

J.4)

dJ.5)

J.6)

J.7)

J.3)

J.9)



(Hy) = _%ﬁﬁv (2(1}72” - ufn) cos?(y1) + 2(v2, + ui)) (J.10)
Vv 2 2\ i 2 2 2
(Hy) = W/@( — Z(Um — um) sin®(y1)[(ny|ng)|® — 4um) J.11)
v

(Hz) = Kz <um<(cos(91) — cos(6s)) + cos(y1) (cos(6:) + cos(@ﬂ))) (J.12)

(2

J.1 Minimization

Collect the angle parameter dependent terms for symmetry breaking terms

£ = ~2(u%, - u2) (v eostn)
+ %/@U sin®(v;) (1 + cos(61) cos(fs) + cos(p1 — p2) sin(6y) sin(92)>
+ HZW ((008(91) + 003(92>) + COS(”Yl)(COS(el) - COS(92))>) J.13)

Derivative w.r.t o1 — (s :
sin(py — @) sin(f;) sin(6y) = 0 J.14)

The energy minimizes when ¢; — @2 = 0 because the coefficient is always positive for

the range of #; and 6,

The minimum value for the rest angle parameters that minimizes the mean field energy
was obtained numerically. We used downhill simplex routine “amoeba” provided in Nu-

merical Recipes in C.
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Appendix K

Excitations : 77 = 0

K.1 General expression for excitations

Ag = (Tr[GI'P)] — Tr[GI' ™)) Tr[GI] — Tr[GI' PG + Tr[GI' ™ GI (K.1)
G = 1,14, B7%, I 7"
I=Gn2(P+P)—1,), I'®=GP (K.2)
P, is projection for particle or hole.
Tr[arT™] = Tr[aG]Tr[r P,] (K.3)

TrjarT] = Tr[aGy) <2Tr[TP1} + T[T Py — TI‘[T]) (K.4)

TrlarT®arT] = TrlaGaG,,] <2Tr[7'PX7'P1] + 2Tr[r P,T Ps)) — Tr[PX]> (K.5)

For a general a7 term,

Aur = Tr[aG]Tr[aG] (Tr[fpp] - Tr[TPh]) (2Tr[TP1] T[T Ry — Tr[r])

— 9Tr[aGaGhy) (Tr[TPprl] + Tt[rPyrPy] — Tr|r Py Py] — Tr[TPhTPQ}) (K.6)
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JAPE Tr[azF(p)] — Tr[azr(h)] = Tr[o* P, — Tr[o* P

1 -
Gim = 22 G
G = ~(un1 a-1n
m_§(um Q_Um/g) _§< 2_6>
Tt[G] = U Tr[G] = 1
Tr[8G ] = —vnm Tr[3G] = —1
Tr[a?G,n) = 0 Tr[a’G] = 0

Ay = 2Tr[GG| = v, + Uy,

Agre = 20, (Tr[TZPp] - Tr[TZPh]> (Tr[TZPl] + Tr[TZPQ])

(K.7)

(K.8)
(K.9)
(K.10)

(K.11)

(K.12)
(K.13)

(K.14)

(K.15)

~ (v + ) (T[T By 1] + T Byr* By] = Te{r* Fyr* Pl = Tl Bur* o] ) (K.16)

Ak = (0m — ) (Tl‘[TkaTkpl] + e[ Py By — e[ Pyt Py — Tr[T’fPhT’“PQD

Ayz = Tr[o* P, — Tr[o* Py
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(K.17)
(K.18)



K.2 Charge ordered state

Ground state SU(4) components,

1) = [+)n) 2) =) —n) (K.19)
Particle and hole SU(4) components,

p) = [=)nyp) [h) = |+) ) (K.20)

Here,

my) = cos(2)14) + & sin( )] )

Ing,) = COS<9 Y|4 + eton sm( )|—>

Te[r*P,] — Te[r* Py = —2 (K.21)

Te[r* Py + Tr[r7Py] = 2 (K.22)

Tr[r*P,7* P =0 Tr[7*P,7°Ps) =0 (K.23)
Tt[7* P, 7* Py = |(n|n))? Tr[7* P, m* Py = |(—n|n)[? (K.24)
Tr[7*P,7* Py] = [(n|n,) |’ Tr[r* P,7* Py) = [(—n|n,)|? (K.25)
Tr[r"P,m* P = 0 Tr[r"Pm* Py) = 0 (K.26)
Trjo* P, — Tr[o* P,] = cos(6,) — cos(6,) (K.27)

Ap, = (U + Um) (K.28)
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Agrz = =80y, + (U + Upy)
Aaka = Um — Um

A,z = cos(6,) — cos(0y)
Gaps contribution from the symmetry breaking terms,
AV = —4/£va

AU = 2I<LUUm

Ay = —%Rz(COS(Qp) — cos(6y,))

Minimum for 6, = 0 and 6;, = 7, hence

p) =111, =111

K.3 Ferromagnetic state

Ground state SU(4) components,

1 =111 2) =111

Particle and hole SU(4) components,

) = ) ) |h) = |l 1)
Here,
'7p iQp s ﬁ _
[9p) = cos(2)|+) + ' sin(2)|-)

166

(K.29)

(K.30)

(K.31)

(K.32)

(K.33)

(K.34)

(K.35)

(K.36)

(K.37)



[n) = cos()|+) + e sin()]-)

Tr[7* P,] — Tr[7* P,] = cos(v,) — cos(n) (K.38)

Te[r* Py] + Te[r*Py) = 0 (K.39)
Te[r*P,m* P =0 Tr[r*P,m*Pa) = 0 (K.40)
Tr[r* P, 77 Py = COS2(%) Tr[r* P, m° Py = sing(%) (K.41)
Tr[r"P,m* P = 0 Tt[r"P,m* Py] = 0 (K.42)
Te[r* Bort Py] = sinZ(%) Te[r* Pyrt Py] = cosz(%) (K.43)
Tt[o*P,] — Tr[o* P,] = —2 (K.44)

Ay, = (U + Un) (K.45)

Agre = (U + i) (K.46)

Agirk = — (U — Up,) (K.47)

Ay = =2 (K.48)

Contributions from the symmetry breaking terms,

Ay =0 (K.49)
Ay = 2Ky, (K.50)
AZ = Rz (KSl)
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Gap contributions are independent of angle parameters

K.4 Canted state

SU(4) components of the ground state

1) = [+)In) 12) = |—)|ns) (K.52)
0 +0,, 1 Z
h-b=0.  Gi-ga=m  eos() = T
Particle and hole SU(4) components
0, ” g,
[p) = cos()|+)| = ma) + e sin(7)| )| — ma) (K.53)
«9 O,
|h) = cos(— 5 2[4 ) 4 el sin (= 5 ") =) ns) (K.54)
(K.55)
Here,
1) = COS( S)l) el Sln( H)l-)
) = COS( 2)H) + el Sln( 5)-)
Tr[7% P,] — Tr[1* P] = cos(6,) — cos(6}) (K.56)
Tr[7° Py] + Tr[r° Py) = 2 (K.57)
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Tr[r*P,7* Py =0 Tr[r* P, m* Py = 0

0 0
Tr[r* P, m* P = cosQ(Eh) Tr[r* Pym* Py) = Sin2<§h)

0 0
TI'[TkaTkpl] = sin2(5p)|<n1| —ny)|? TI'[TkaTkPQ] = (:032(573)|(—7'1,1|112)|2

.0
Tr[r* P, 7" P] = sm2(§h)\<n1!n2>\2 Tr[r* Py7" Py = COSQ(Eh)Km‘nQHz

th + 0,
2

Tr[o® P,] — Tr[o* P,] = —2 cos( )

A]l4 - (Um + um)

Agrz = (U + Unm)

Agire = (U — Upp) — 2(Vp, — Upy) cosz(é)1 ;— 92)
Ay = —2 cos(e1 i 02)
Contributions from the symmetry breaking terms,
Ay =0
Ay = 2ky (vm — (Vg — Up) cosQ((g1 ; 82))

0 + 0,
2

)

Ay = Kz cos(

Gap contributions turn out to be independent of angle parameters.
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(K.58)

(K.59)
(K.60)
(K.61)

(K.62)

(K.63)

(K.64)

(K.65)

(K.66)

(K.67)

(K.68)

(K.69)

(K.70)
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Appendix L

Excitations : o7 = —1

L.1 General expression for excitations

Ag = (Tt[GI'P] — Tr[GI'™]) Tr[GI] — Tr[GI'PGI'] + Tr[GI' W GI (L.1)
G = 1,14, 877, &I 7F
I =Gn(2P —1,), r® = agp, (L.2)

Here P, is projection for particle or hole state.

Tr[arT®] = Tr[aG]Tr[r P,] (L.3)
TrjarT] = TrjaG,] <2Tr[7'P1] - TI‘[T]) (L.4)
TrjarT®arl] = TrlaGaGyy] <2T1‘[7'PX7'P1] - Tr[Px]> (L.5)

Ao, = Tr[aG]Tr[aG)) (Tr[TPp] - Tr[TPh]> <2Tr[7'P1] - Tr[T])

— 2Tr[aGaGhy) <TI‘[TPpTP1] - Tr[TPhTP1]> (L.6)

Ay = Tt[o*T?)] — Tr[o*T' W] = Tr[o*P,] — Tr[o* Py (L.7)
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G = =(Umly — )
Tr[G ] = tm
Tr[BG ] = —vm
Tr[@’G,] = 0

G = %(12 - B)
Tr[G] =1
Tr[fG] = —1
Tr[a/G] = 0

Ay = 2Tr[GG ] = vy + Uy,

(L.8)

(L.9)
(L.10)

(L.11)

(L.12)
(L.13)

(L.14)

(L.15)

Apgrz = 20y, (Tr[Tsz] - TI'[TZPh]) Tr[7° P1| — (Up + ) (TI'[TZPpszl] - Tr[TzPhTZHD

Agirk = (U — Up,) <Tr[7'ka7'kP1] - Tr[TkPthP1]>

Ay:z = Tr[o* P, — Tr[o* Py

L.2 Valley and spin polarized state

SU(4) components of ground state, hole and particle state

1) = ) = 111 )
) = cos(%

172

=311 4+ sin(2) 1)

(L.16)
(L.17)

(L.18)

(L.19)



Here,

i e
) = cos(-)|+) + &P sin()|-)
z z 2 917 ) 917
Tr[r*P,] — Tr[r*P,] = — cos (5) + sin (5) cos(v,) — 1
TI‘[TZP:[] =1
Te[r*P,r* Py =0 Tr[rT* PP = 1
)
Tr[r" P,7" P,) = cos®(-2) Tr[r"Pm* P = 0

2

Tr[o*P,] — Tr[o® P,] = cos(6,) — 1

A]l4 = (Um + um)

g

0
Age = 2vm< - cos2(§p) + sin2(5p

) cos(1p) = 1) + (tm + )

0
= 2Up, sinQ(é’)(l + c08(7p)) — 30 + U

Contributions from symmetry breaking terms,

0
%) COSQ(%) + dky U,

AV = —4/<Lv1)m SinQ(E
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(L.20)

(L.21)

(L.22)

(L.23)

(L.24)

(L.25)

(L.26)

(L.27)

(L.28)

(L.29)

(L.30)

(L.31)



0 0
D) 0082(%) — 260 (v — ) sin*(F)

Ay = 4kyvy, sin2(§

O
2

)

Ay = 2Kz sin?(

The gap that depends on angle parameters that need to be minimized,

Qp) (2(/1[] — Ky)Unm cos%%) — k(U — Upm) + /<¢Z>

A = sin?(2
2

Minimization(numerically) results

e 0,=0ie|p) =|-)|1) and the gapis A =0

e 0, =mand~, =0ie. |p) =|+)| }) for Ky > Ky

and the gap is A = —2ky v, + Ky (Vm + Upm) + Kz
e 0,=mand, =mie. |p) =|—)| ) forky < Ky
and the gap is A = —ky (v — Up) + Kz
Equations of lines:

1 U 1
Ry = 5(1+—m)/€U+—/£Z

U, 2U,,
1
Ry = ————Hkgz
U — U,
Ry = Ry
In the figure the line are given by equation
U, 1 =
V= (1+ 22U+ -2
Um, 20,
1 -
U= A
Um — Um
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(L.32)

(L.33)

(L.34)

(L.35)

(L.36)



L.3 Canted valley - Ferrimagnet

Ground state, hole and particle state SU(4) components,

1) = ) = cos(-L) )] 1) +
9:0 ..o
Ip) = cos(=) ((sin(%)
+ el sin(e—
Tr[7*P,] — Tr[r*P,] = — cos*(
= sin2(%p

Tr[r* P,7* P] = cos®(

Z Tr[7" P, 7" P] = sin®(

k=x,y

Tr[o* P,

Tr[7* P1] = cos(7)

Oy
2

>

'
2

— Tr[o*Py] = — cos’(

= —sin?(

e sin( L)) 4)
)11 = e cos(2)] )| 1)

2)(cos(Z) )] 4) + e sin(2)|)| 1)

0

e
2

<>

) cos(vo) + sin?(2) cos(7,) — cos(o)

—~ N

)(cos(7p) + cos(70)) — 2 cos(yo)

) sin? (70) Tr[m* P, m° Py = cos® (7o)

)(1 — cos(7y0) cos(yp)) Z Tr[r* PP =0

k=x,y

Op

) cos((0) — sin®(2) cos(y,) — cos(o)

[\ |.ﬁ% ) |"B%

)(cos () — cos(70)) — 2 cos(70)

Ap, = U + Uy,
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(L.37)

(L.38)
(L.39)

(L.40)

(L.41)

(L.42)

(L.43)

(L.44)

(L.45)



") (cos(ry) + cos(an) — 2cos(r0) ) cosiro)

0)
2%
2

A rz = 2 m( in2 -

3 Uy | sin™( 5
+ (U + Upy) ( sin?(2) sin®(vp) + cos(270)>

= sin? 5” 20, (cos(7,) + cos(70)) cos(Vo) + (Vi + Um) Sin2(’yo)>

— 2(Vyy — Upn) €05%(70) — (U + Uy)  (L.46)

Z Agirk = 2V — Upy) sin2(%p)(1 — cos(o) cos(7p)) (L.47)
Jik=mzy
Ay =—( Sin2(%)(cos(7p) — cos(70)) + 2cos(70)) (L.48)

The contributions from the SU(4) symmetry breaking terms,

Ay = —ky (sinQ(%) (21}m(cos(’yp) + cos(70)) cos(Y0) + (U + Upm,) sinz(”yo))

— 2(Vp — Up) €08%(70) — 2(Vp, + um)> (L.49)

Ay = Ky ( sin (6; )<2vm(cos(fyp) + c08(70)) c08(Y0) + (Vyn + Uy, sin® (o)

+ (U — ) (1 — cos(yo) cos(fyp))) — 2V — U COS2(”)/0)> (L.50)

0

2Y(cos(rp) — cos(70)) + 2Kz cos(vo) (L.51)

AZ = Rz sin2(§

Gap that depends on the angle parameters,

A= 5 sin2(§p) ((nU—/{V) (2vm(cos(7p)+cos(70)) cos(%)—i—(vm—f—um)(l—cos2(70))>

+ Ky (U — Um) (1 — cos(7y0) cos(yp)) + kz(cos(y,) — Cos(%))> (L.52)
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Minimization done numerically and the results are

o 6, = 0,ic. [p) = sin(2%)[4)] 1) — &% cos(22)|=)| 1), the gap A = 0

e 0, =mand~y, =m|p) =|—)| 1) and the gap
A= %((/@'U — /sv)< — 20, c08(0) + (U + um)(1 + COS("Y(]))) (1 —cos(v))

+ (/{U(vm — Up,) — fiz) (1+ COS(VO)))
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