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Abstract

We show that a Mott transition is possible in our model with a dimer placed
on each site of a Lieb lattice. To illustrate this, we map the lattice problem to
an impurity problem. Then we solve the impurity problem to show the Mott
transition. We then investigate the band structure of the non-interacting
problem using the tight binding approximation. We show that the band
structure is topologically non-trivial. To check the stability of BCPs, we in-
troduce different hoppings. We get quadratic band crossing points(QBCPs),
tilted Dirac cones in the band structure. Then we introduce the electric field
in the system in z direction to see the effect of inversion symmetry breaking.
As the inversion symmetry is broken, we then introduce Rashba spin orbit
coupling type interaction in the Hamiltonian to check its effect on the BCPs.
Finally, the model is mapped to a two orbital per site model. We are able
to show that the topologically non-trivial features can be found in a system
having an odd and an even parity orbital at each site.
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Chapter 1

Introduction

There has been a consistent search to find materials which shows exotic prop-
erties and are of extreme interest. Since the discovery of quantum hall effect
in 1980s, there has been a constant search for new topological states of mat-
ter. Since then, a tremendous amount of work has been done in this field.
The Shastry Sutherland lattice is an example of this. The lattice was pre-
dicted theoretically first and few years down the line, it was experimentally
found in real materials. Hence, we plan to come up with results which could
serve as prescription for experimentalists to look for new materials which can
host novel phases. The phases would be already predicted theoretically.

The area of topological insulators has been a very active field in the last
decades and still continue to be one. The topological insulators are different
from the normal insulators in that the topological insulators behave as an
insulator in the bulk but acts as a conductor on the surface because of the
presence of gapless surface states. There are certain parameters by which one
can check if an insulator is topologically trivial or non-trivial. This quantity
is known as the Z, invariant|2] [3]. One should keep in mind that the gapless
edge survives the effects of weak perturbation. However, this is not true if
time reversal symmetry is broken.

In my thesis, I start with a model on a Lieb lattice. A Lieb lattice is a two
dimensional section of a pervoskite structure and pervoskite structure is seen
extensively. Then we consider the various phases in the model. We show a
Mott metal insulator transition in the model. Then we go to the topologi-
cal aspect of the band structure. We start with the simplest case with only
two hoppings-one inter dimer and another intra dimer hopping. The second
chapter deals with the basics of Green’s functions at zero temperature and
then introduction to Berry phase. In the next section, the methods have



been discussed. To solve the model, DMFT technique has been used. Also
the lattice model was mapped to Falicov Kimball impurity model.

The next chapter describes the model along with the results with various
hoppings and effects of electric field. We also study the effects of Rashba
spin orbit coupling in the system, which arises when the centerosymmetry is
broken due to electric field or any other source. The model is also mapped
to the Haldane model, which shows that a topological transition is possible.

In the next chapter, we map the model to a two-orbital per site system
and we investigate if the features of the dimer model still survives. We want
to investigate what happens when the 2D layers are stacked to give a 3D
structure.
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Chapter 2

Theory

2.1 Many Body Physics

2.1.1 Green’s function

Solving a Hamiltonian is often a difficult task. Most of the times, the total
Hamiltonian cannot be solved exactly. Usually, the Hamiltonian is divided
into two parts - one which can be exactly solved and other the remaining

parts of the Hamiltonian.
H=Hy+V (2.1)

where Hj is the exactly solvable part. Hj is chosen in a fashion such that
the effects of V are small. For a start, Hy is solved first and then V is
introduced. We will be using the interaction representation. In interaction
representation, both the operator and the state evolves. Let O and ¥ be an
operator and a state repectively. They evolve as in the following fashion:

O(t) = eHotQeiHot (2.2)
U(t) = eHote= g (0) (2.3)
If we define an evolution operator U(t) = e'ote™Ht such that U(t) =

U(t)¥(0) and assume that [Hy, V] # 0 and U(0) = 1. Differentiating U (t)
with respect to time gives us a differential equation:

) .
UM = =iV OU ) (2.4)
— Ut) = 1—7;/ ALV (8)U (1) (2.5)

Similarly, we can write an integral equation for U(¢;) and plug it in the above
equation. We can keep on doing that and the finally, we will get a form for

11



If we introduce a time-ordering operator T, the whole series can be re-written
as

v =1+3 5 /tdtl /tdtg..../tdtnT[V(tl)V(tz)...V(tn)] (2.7)

n!

~ Texp {—i /O t dtﬂ/(tl)} (2.8)

Now we define an operator S(t,t’) called the S matrix which is given by
U(t) = S(t,t')¥(t'). It can be shown that the operator can be written as
S(t,t") = Texp|—i f; dt,V (t1)] where T is the time ordering operator. The
main motive is to find the ground state of the H. Let us assume that the
exact ground state of Hy be Uy. It is assumed that the system is in state
Uy at t — oo where the effects of interactions are not considered. The
system is then adiabatically varied upto time ¢t = 0. W(0) is the ground state
wavefunction of the system at time t=0 in interaction representation. It
has been shown that at zero temperature W(0) = S(0, —o0)WU,. At t=0, the
interaction is switched on. The next step is to calculate the Green’s function.
The electron Green’s function in Heisenberg representation is given by

Gt =) = =i (| Tey(t)c(t) ) (2.9)

where 77 can be momentum wave vector or spin and 7' is the time ordering
operator. The expectation is taken with respect to the ground state of the
total Hamiltonian H. The operators are in interaction representation. We
change the state |) into its interaction representation using the S-matrix. [), is
the ground state of the system without any interaction at zero temperature.
Using the properties of S-matrix and time operators, the Green’s can be
written as

(| Te,(t)eh(#)S (00, —00) )

2 (1 TS(50, —00) Iy

If there is no interaction, then the free or unperturbed Green’s function is

GO, t — 1) = —ig (| T&,(0)E 1) g (2.11)

Gt —t) = —i- (2.10)

Similarly, phonon Green’s function can be written as

D(g,t— t’) _ ;0 (| T??‘(géoisfzj ’_>;>O) |>0 (2.12)

12



where A, = a, + a_, is the phononic displacement operator. It is possible to
have a system where there both electronic and phononic contributions come
into the Hamiltonian. In that case, the ground state will be a combinaton
of the ground states for the electrons, phonons. The next step would be
to calculate the Green’s fucntion. If we expand the S-matrix, the Green’s
function can be written as a series:

e n+1 )
Gt —t) Z / dtl..../ dt,,

n=0 o0

o (| eV (t)V (t2)...... V(
S |

In order to evaluate the time ordered expectation of the brackets o (| T¢,V (t,)V ()
LV (tn)eh (') [)g, we will need to understand how to pair the operators. The
following rules should be followed:

e When we pair the operators, there should be equal number of creation
and annihilation operator. Mathematically, it can be thought that the
action of a annihilation operator on a (| is equivalent to action of a
creation operator on a |) or vice versa. So, if there are unequal number
of creation and annihilation operators, then the final bra and ket would
be orthogonal and hence the expectation would be zero. Physically, this
is to ensure the particle number is conserved.

e For a The operators should have the same index. Let us take the
take the example of a fermionic creation operator ¢f, which when acted
upon |), creates an electron in the o state. Now before the action of
(|g» it must be acted upon by a lowering operator to have a non-zero
expectation. Now, the point is the lowering operator should have the
same « i.e. ¢, will act. Then, the expectation will be finite.

e All possible pairings of creation and annihilation operator should be
considered. Also each pair should be time ordered. Let us consider the
following example:

o (| Téa(t)eh(tr)éy (t2)e)

=0 {| Tea(t)eh(t1) oo | Te (£2)E5(t') )y
~0 (| Tea(t)E5(¥") [hoo (| T, (t2)25(11) g

(2.14)

13



This is known as the Wick’s theorem. If there are n creation and
destruction operators, there are n! ways possible to pair them. There
is a negative sign in front of the second term. This is because when two
fermionic operators are interchanged, it picks up a negative sign. So,
if there are odd number of interchanges, there will be a negative sign.

e In order to pair a term having a combination of different kinds of op-
erators, each type of operator is paired seperately. This is because the
electron operators will commute with the phonon operators.

o (| Tén(t)el, (t1)Ag, (t2)en, (ts)eh, () Agy () g =
o (| Te(t)e], (t1)én, (t3)el, (ta) oo (| TAg, (t2) Ay (') )y (2.15)

So the electron operators will be paired further independently of the
phonon operators. The Wick theorem will be applied to both the op-
erators.

o If both the operators act at the same time, then the ordering of the
operators is as follows:

o (| TE, (11)ek, (82) Do = Oy =kro (| &, (81)8ks (£2) g = Ot ()
(2.16)
where np is the fermionic number operator. If they are at different
times, the creation operator is put to the right.

So, it can be seen that each term in the expansion will either be a Green’s
function or a number operator. So if we have only V(¢;), it is the first order
interaction. We can have higher order interactions in the Green’s function
calculation where we consider V(t1)....V (¢,).

2.1.2 Feynman Diagrams

Expanding the series representation of Green’s function will yield many terms
with more number of operators and hence it becomes very difficult to keep
track of the terms. So, it is useful to represent the terms using Feyman di-
agrams. It also helps us to keep the terms which contribute to the actual
physical process and discard the rest. The electron Green’s function is rep-
resented by a line with momentum written on it and an arrow is put on the
line to indicate the direction of time flow. Similarly, for the phonon case, the
line is now replaced by dotted line. Here, there is no arrow. The number
operator is represented by a loop. This is because both the operators are at
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same time, so it has to close back to itself.

A diagram with a single electron line and single phonon line will represent a
electron phonon interaction. At each vertex, the total incoming momentum
will be equal to total outgoing momentum. Now one important thing to note
is that a diagram can either be connected or disconnected. The disconnected
diagrams are those which can be separated into two distinct parts without
making a cut.

The next thing is to evaluate the expectation ¢ (| S(co, —00) |),- This can be
written as a series given by

(| S(00, —o00) Py = 3 /OO it /OO At xo{| TV (E)V (£2) .V ()
(2.17)

This term will also give rise to terms known as vacuum polarization terms.
So, it would be tedious to first find the diagrams for the numerator in the
expansion for Green’s function and then the vacuum polarization. However,
there is a theorem which simplifies the calculation. According to the theorem,
the disconnected diagrams in the expansion of the term in the numerator gets
cancelled by the vacuum polarization diagrams in the denominator. Hence,
only the contributions from the connected diagrams are included to calculate
the Green’s function.

2.1.3 Dyson’s Equation

Interacting Green’s function include self energy terms which is basically the
energy change because of interaction. It is often easier to work in the Fourier
domain(energy) while calculating. The Fourier transform is given by:

G(p,E) = / dte’PG(p,t —t) (2.18)
Similarly, for a phonon, the frequency domain Green’s function is defined as
D(q,w) = / dte™'D(q, 1) (2.19)

Upon calculating the various terms in the expansion, we get the final inter-
acting Green’s function as [4]

Gp,E)=GO(p,E) + GO(p, B>’V (p,E) + ...... (2.20)

where G(°)(p, E) is the unperturbed Green’s function and X()(p, E) is the
first order self energy. There will be other higher terms having higher order
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self-energies. Final incorporating all the terms, it can be shown that,

GO(p, E)
1 - GO(p, E)X(p, E)

G(p, E) = (2.21)
where X(p, E) is the total self-energy, calculated by summing all the self-
energies. This is known as the Dyson’s equation. So, if we know both
interacting and non-interacting Green’s function, then self-energy can be
calculated using this equation. Everything we have considered was for zero
temperature. At non-zero termperatures, the expectation value is calculated
by averaging over all the possible configurations. For non-zero temperatures,
Matsubara Green’s function are defined which works in complex plane. From,
Matsubara Green’s function, the retarded Green’s function is obtained by
analytic continuation.

2.2 Band Topology

Let us now look at the topological aspect of the band structure. As we
know in topology, continuous deformation changes the shape of an object,
however, keeps the genus conserved. In physics, the continuous deformation
is equivalent to adiabatic continuity. Let us consider a system having a
ground state and an excited state with an energy difference AE between
them. By adiabatic continuity it is meant that if the Hamiltonian is varied
slowly, the two levels don’t cross each other. The time scale of varying
the Hamiltonian is much less than than that determined by the uncertainty
principle(t << A—hE) So two states will be same topologically, if they can be
connected adiabatically to each other. To understand the band topology, it
is first required to understand what the Berry phase is and what it implies.

2.2.1 Berry Phase

The concept of Berry phase was first introduced in 1983[5]. Let us consider a
Hamiltonian which depends on some parameter R. The Hamiltonian is varied
adiabatically by varying the parameter. The wavefunction of the system
acquires a phase, other than the phase dictated by time evolution. This
geometric phase is known as the Berry phase.

Let |¥U(t) > be the wavefunction of the system at time t. It evolves as

ih% — AR)|V(t) > (2.22)
H(R)|n(R) >= E,|n(R) > (2.23)
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[[n(R) >] form a basis at each instant. So, if a system is prepared in one
of the eigen states, say [n(R(0) >, the wavefunction of the system at any
instant will be given by

(1) >= exp{<—% / dt’En(R(t’)))} exp{(iO)n(R() > (2.24)

0

The first exponential corresponds to the phase factor due to time evolution
and the second is the factor due to geometric phase. We plug this in the time
dependent Schrodinger wave equation. We get the LHS as

2 L (R(0) el () In(R() > -+ 0) expl ()} n(R(1) >

h
rexplimoN D 2 epl (1 [LarEre)) 29)

The RHS reads as

AIW(1) >= Enexp{<—% / dt'En<R<t'>>>}exp{(z%(t»}\n(mt)) > (2.26)

0

Upon equating the two, we get

ADIn(R() >= i 2 n(R(D) > (2.27)
— 4,(t) =i < n(R(t)|Van(R({)) > .R(t) (2.28)

Over a circuit, i.e. R(0)=R(t), we will have
(C) = i 7§ < n(RO|Van(R(t)) > dR (2.29)
c

We will now show that ~,(C) is real. Orthonormality guarantees

<n(R)n(R) >=1 (2.30)

— Vg <n(R)[n(R) >=0 (2.31)

= < Ven(R)|n(R) > + < n(R)|Vgn(R) >=0 (2.32)
= (< n(R)|Vrn(R) >)"+ < n(R)|Vrn(R) >=0 (2.33)
= 2Re(< n(R)|Vgn(R) >) =0 (2.34)
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Hence, v is imaginary. Using Stokes theorem,

Y (C) = —Im//dS.Vx <n|Vn >

= —]m//dS. < Vn| x |Vn > —i—]m//dS.X <n|V x |Vn> (2.35)

THe second term goes to zero. Therefore, expanding this in terms of eigen
basis [|m(R) >|, we get

T (C) = —Im// ds. Z < Vnlm > x <m|Vn > (2.36)
c

m#n

We need to evaluate these terms.

H|n >= E,|n > (2.37)
= V(H|n>)=VE,|n> (2.38)
= VH|n>+HV|n>=E,Vn > (2.39)
— <m|VH|n >+ <m|H(VH|n >= E, <m|Vn > (2.40)
— <m|VH|n >= (E,, — E,) <m|Vn > (2.41)
Let us define
Vo(R) = Immgn = ”'VHTE; = Efn?j'vm” ~ds (2.42)
() = — / /C dS.V,(R) (2.43)

Similar to magnetic field, V,, is a curl of a vector. So, V,,(R) can be thought
as a magnetic field.
Let us consider system having two states + and -.which has energy E, and
E_ respectively. Let the system has a degeneracy at some point R* i.e.
E.(R*) = E_(R").
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Expanding the Hamiltonian near the degeneracy (R is very close to R*),
we get the Hamiltonian upto first order as

H(R)=H(R")+ VH(R*)(R— R") (2.44)
Differentiating both sides with respect to R,
VH(R)=VH(R") (2.45)

Therefore, using equation(21)

+(R)IVH(R*)| — (R) > x < —R|VH(R*)|+ R >
(E4(R) — E_(R))?

In order to evaluate V, (R). Let us assume that the point of degeneracy is

R*=0and FL =0. A spin—% Hamiltonian can be represented by 2*2 matrix

and we know that the Pauli matrices span the space of all 2*2 matrices. So
we can write the Hamiltonian in terms of Pauli matrices. Let us define:

o= o

Therefore, at some point R in parameter space, we can have

V(R) = Im>

(2.46)

o.|E£ >=|F >, 04| >= Li|F >, 0. >=|£ > (2.47)

where the o,,0,,0. are the Pauli spin matrices. This is true only when the
spin points towards the field and if we vary the field slowly, this can be
achieved. Using this assumption, we have

< Foy|— >< —|o|+ >

Vor =1Im SR =0 (2.48)
1@+:Im<+|02|_2>];_’%|+> =0 (2.49)
V., - s +|ow|— 2>R<2 —|oy|+ > _ 2]1%2 (2.50)

Plugging this into the main equation, we get
Vi(R) = QERZ’* (2.51)

Now the field has a singularity at R = 0, which is the point of degeneracy.
Therefore, any C enclosing the degeneracy will have a non-zero phase.

// dS.— = ——Q(C) (2.52)

. This can be thought as the solid angle Vlewed from the point of degener-
acy. Also, in analogy with Gauss’s law, it can be viewed as the magnetic flux
through loop C because of a pseudo magnetic charge at the degeneracyl5].
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Chapter 3
Methods

3.1 Dynamical Mean Field Theory

Mean field thoeries are extensively used for solving a many body Hamiltonian.
It is difficult to solve the many body Hamiltonian exactly for a large number
of particles because of very high number of degrees of freedom. So, by using
mean field approximation, the degrees of freedom can be reduced. If we have
a particle, the mean field approximation gives us the average field due to all
other particles in the system at that point. In this way, instead of having
individual terms and their interactions, by considering an average field we
can reduce the number of degrees and hence simplify the problem.

There are many mean field theories. Each uses some different sets of
approximations. However, the basic tenet behind each of them is still the
same. In order to solve our problem, dynamical mean field theory has been
used. Quantum mechanical many body systems are difficult to solve in finite
dimensions because of the complicated algebra involved.We know that even
the same holds for classical models. The Weiss molecular field theory becomes
exact as Z — oco. Dynamical mean field theory usually maps the problem to
models which are exact in the limit of infinite dimensions.

3.1.1 DMotivations for using infinite dimensions

If the system under consideration is a perfect crystalline, then each lattice
point will have the same number of neighbours, which is called the coordina-
tion number, often denoted by the symbol *Z’. If we look at three dimensional
simple cubic lattice(d=3), the number of nearest neighbours is Z=6. If we
expand %, we can see that the higher order terms goes as %, % and becomes
negligible. So the higher order terms don’t contribute significantly as com-
pared to the lower order. They decay faster. So the problem can be extended
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to infinite dimensions where it becomes exact and only the zeroth order term
contributes.

3.1.2 Classical Spin Model

Before moving to the dynamical mean field theory, it is important to know
the classical spin model and the effect of dimensions on it. If we consider the
classical Heisenberg model, the Hamiltonian of which is given by

1
H=—2J > 5i8; (3.1)

<ij>

where J is the coupling and S; is the spin. The sum is over nearest neighbours
and the factor of % is introduced to avoid double counting. To solve the
model, mean field approximation is used. The aim would be to obtain the
thermal average of magnetization, m; =< S; >The effective Hamiltonian
becomes an interaction between the spin and an average("molecular") field.
So the mean field Hamiltonian is

Hy =—-H, Z S; + constant (3.2)

where H,, = J 3 ; < S; >. Here the correlated spin fluctuations at different
sites have been neglected. If the coordination number Z is very large i.e. the
limit Z — oo, then the H,, will not be finite. So, the J needs to be rescaled
as J — % In the limit Z — oo, the spin fluctuations can be neglected and
the total Hamiltonian can be replaced by a local one and it becomes a single
site problem which is easier to solve.

3.1.3 Hubbard model in high dimensions

The next thing would be to know the effects of dimensionality on quantum
mechanical lattice models. The single orbital Spin—% Hubbard model on a D
dimensional cubic lattice is given by,

t
H=—— ¢ cio+ U ngng 3.3
i X et U mana 53

<ij>,0 i

The first term in the Hamiltonian is the kinetic energy and the second is the
interaction term. The parameters in the Hamiltonian are scaled to obtain
a non-trivial density of states and a finite kinetic energy(cite the paper by
Metzner and Volhardt) as D — oo. Considering nearest neighbor hopping,
the kinetic energy can be written in the momentum space as
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Hyn = Z €(k)c,t>ock7o (3.4)

k,o

D

2t
(k) = 7D ; cos(ky) (3.5)

The density of states for the system is given by
ple) = 3 dle — e(k)) (3.6
k

The density of states sum is nothing but the probability density of an event
€ = €. Also k; are chosen randomly from kq, ....., kp. It has been shown that
in the limit of infinite dimensions the non-interacting density of states tends
to a Gaussian distribution in infinite dimensions|6].

p(e) = exp{(—¢*/2t*)} /V2nrt?(D — oo) (3.7)

This result directly follows from the central limit theorem. Since k;s are cho-
sen randomly, €, is the sum of random numbers. Also the k;s are independent
of each other. Therefore, in the limit of infinite dimensions, the distribution
should be a Gaussian.

Now the interaction gives rise to self energy terms. Each internal line
in the irreducible self energy diagram contributes in O(\/ia). However each
site has 2d neighbouring sites i.e. each of them contribute in O(d). Now
if the number number of vertices is less than twice the number of internal
lines, then the diagram doesn’t contribute towards the self energy in the limit
d— 00. So only the diagrams at a single site contribute to the self energy
term i.e. the field is local|7]. Momentum conservation is no longer needed for
individual vertices. However, it is dynamical in time. Consider a single site.
If we look at it for a long time, we will find that the spin of the electron at
that site keeps on changing. This is because of hopping. As electrons with
different spins hop from one site to another, the spin at the local site keeps
on changing, hence, dynamical. So the self energy would be a function of
time not space. In the fourier space, the self energy would be independent of
momentum. However, the momentum would be reflected in the total Green’s
function in the band energy. We would be using DMFT approximation to
solve our model.

22



3.2 Equation of Motion for Green’s fucntion

The other way to obtain a Green’s function is using the equations of motion
developed by Zubarev [8]. Let us consider operators A(t) and B(t). The
equation of motion(h = 1) for the Green’s function << A(t); B(t') >> is

zi << A;B >>= i9(1& —t') < [A(t), B(t)] > + << iw;B(z&’) >>
dt dt dt

(3.8)
where 6 is the heavside function. The second term on the right side of the
equation will be equal to << [A(t), H(t)]; B(t') >>. So, this is a higher order
Green’s function. Similarly, an equation of motion will be written for the
higher order Green’s function and so on. A chain of equations will be formed.
In some cases, the sets of equation acquires a closed form. In those cases,
we get the exact Green’s function. In other cases, the higher order Green’s
function is decoupled to close the set of equations. The decoupling is usually
done considering some physical process in some limits. After decoupling,
the averages of the decoupled terms are calculated self-consistently. Lacroix
used a decoupling scheme to solve the Anderson model using the equations
of motion and obtained the Kondo resonance[d]. This method have been in
use since a long time [10].

3.3 Falicov-Kimball Model

In order to solve a lattice Hamiltonian, it is often mapped to an impurity
problem. The Falicov Kimball model is basically a single site impurity model.
It is a spinless model i.e. the model has two species of spinless electrons. It is
assumed that one of the species doesn’t hop. The conduction electron hops.

H=—t Z (clej + h.c) + UZ NicNid (3.9)
<ij> i
where n;. and n;q is the number operator for conduction and localized elec-
trons respectively. Since, n,= [0,1], we can write v; = Un;, = [0,U].
v; follows a binary alloy distribution the probability distribution of which
is given by P(v;)) = (1 — 2)d(v;) + 26(v; — U). For a symmetric case,
T =< Nig >= % =< Ny >.

Hipmp = Z EkCLCk + Z tk(cgck + h.c) + Uninig (3.10)
k k

where ] (¢;) is the creation(annihilation) operator for the bath or conduction

electrons. The last term is the on-site repulsion between the conduction and
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the impurity electrons. To understand the dynamics of the model, we have
to calculate the Green’s function. We will be using the equation of motion
for the Green’s function which was first developed by Zubarev [§]. Equation
of motion for the on-site diagonal impurity Green’s function is given by

wGiy; =1+ Ztk < ck,cji > +U < nidck;cj. > (3.11)
k

.I.

where G, =< ¢;;¢; > is the Fourier transform of the Green’s function in

time domain.

(w — U) < NydChs CI >=<Nig > + Ztk < NydCk; C;-r > (312)
k

(w—er) < cx; cj >= .Gy (3.13)

(W —€k) < NigCr; cj >=t, < NigCs; cj» > (3.14)

These four equations are in a closed form. Solving them we get the the on-site
Green’s function as

1— < ngyg > < Nyq >
Gii W) = +

(@) w—Aw) w-U-A(w)

(3.15)

where A(w) = >,

consistency in bath demands e, — ¢, + X(w). So, A(w) = >, #éz(w)

The self energy is independent of momentum in infinite dimensions. Its a
function of frequency only. For the Bethe lattice, A(w) = *Gy(w).

ték. This is called the bath function. However, self

w—

3.4 Metal-insulator transition

To study the metal-insulator transition in the system, we have to find the
interacting density of states. The interacting density of states is related to
the imaginary part of the Green’s function by

i) = ——Tmg(G(w) (3.16)

The green’s function has to be calculated self consistently. The algorithm to
get the interacting Green’s function is given here.

e For a start, we have to consider some value of G. The then the bath
function has to be calculated using the formulae
1

GOZw—i—u—A(w)

(3.17)
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e Once we get the bath function, we have to calculate the impurity
Green’s function. The impurity Green’s function can be calculated
using|[1T][12]

Wo w1

@tn—AW)  (@tpu—U—Aw)

G(w) = (3.18)
where w, + w; = 1. w; can be thought as the probability that the
site is occupied by an impurity electron. Since we are considering the
symmetric case in our problem, the numerators are both equal to 0.5.

e Using Dyson’s equation,we can get the self energy from the impurity
Green’s function and Gy.

As it is evident from the above relation, the self energy can have two
values because the square root dependence. We choose that branch of
the self energy which gives us positive density of states since negative
density of states doesn’t make sense.

e The next step is to calculate the lattice Green’s function

1 1
Ga ice — a7
fatt Nzk:w—l—u—a(k:)—ﬁ(w)

(3.20)

e Self consistency demands that the impurity Green’s function should be
equal to the lattice Green’s function.Hence, we set Ggpice = G(w).

o After this, we will update the value of Gy from G(w) using the Dyson-
equation discussed in Chapter 2.

e This loop has to continued until convergence is reached. By conver-
gence, it is meant that the value of lattice Green’s function equals that
of the impurity Green’s function

This method has been used to solve various models [13]. Once the Green’s
function is obtained, the interacting density of states can be easily obtained.
The metal insulator transition can be shown by varying U and its effect on
the density of states.
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Chapter 4

4.1 Model

The model consists of a Lieb lattice. On each lattice point, we place a dimer.
The dimers are arranged in such a fashion that two adjacent dimers are
perpendicular to each other and the atoms of one dimer are equidistant from
the two atoms of the adjacent dimer.The Lieb lattice has a unit cell having
three sites. Let us name them as 1,2 and 3. On each of them, we place a
dimer having two atoms labelled by indices a and b. The Hamiltonian for the
model will have terms for intra-dimer as well as inter-dimer hopping apart
from the onsite energies.

[ ]
]

Figure 4.1: Lieb lattice and the model with intra dimer and one inter dimer
hopping

The total Hamiltonian for the model can be written as
Htotal = Hmtra + Hinter + Hon—site (41)
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The intra-dimer hopping is captured in the Hamiltonian as

Hl-mm = —1 Z(Clﬂcilﬂ -+ CIGQCibQ + C;fa3cib3) -+ h.c. (4.2)

7

where ¢! | refers to the creation operator of the atom ‘a’ of 1st the dimer

at ith unit cell and ¢ is the hopping parameter. The inter-dimer hopping
Hamiltonian for the lattice will be given by

Hipper = —t' Z(Cj’mcm + cjalcibg) +hc—t Z(c;rblcmg + cjblcibg) + h.c.
7 1

i

- t/ Z(CIGSCiaQ + CZGSCibQ) + h.c - t/ Z(C:irb?)ciaQ + CZbSCibQ) + h.C.
%

— ') (el + clcame) +he =t (chiciie + i) + hee

%

— ') (st  clascirim) +he =t (chsciivna + chscirm) + e

7 %

If we make a dimer transformation of the form a; = \/Li(ca +¢) and a_ =
\%(ca — ¢p) with respect to bond axis.

T T 1 T
<a+i1 +a_; )(a—i-il - a—il)

V2 V2
1
= §(ali1a+i1 + aT—ﬂaHl - a:—ila—il - aT—ua—z’l)
1

T _ T T T T
Cip1 Cial = 5(@+¢1@+i1 +ay a-pn —alyarn —ala )

T _
Ciq1Cibl =

The terms can be re-written as

- tZ(CzTalcibl) +h.c = —tZ(aluam alya_n) = —tz Moy = Na_y)

(4.3)
Using this, we get the intra-dimer Hamiltonian as

mtra =—t Z na+11 N _ 11 tZ(nd-Hz _na—m) —1 Z(na+i3 _nd—is) (44)
i i

Similarly, we can get the inter-dimer Hamiltonian as

Hinter = —275/Z(ali1a+i2+a112a+iz+GL-161+(¢+1)2+GL3G+(¢+1)2)+h-C~ (4.5)

i
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So, now the final Hamiltonian in the can be written as

H= -2t Z (al,ay;+he)+(V—t) Z nyi+ (V1) Z n_i+U Z nyin_;
<ij> i i i

(4.6)
If we consider that the Hamiltonian with intra-dimer and one inter-dimer
hopping, we can see that only the a, electron hops from one site to another
while a_ doesn’t. However, there is an onsite interaction between the a, and
a_ electron. So, it can be mapped to the Falicov-Kimball model as discussed
in the previous chapter. A Mott transition is expected in this case. When
t = t', the dispersionless a_ band is exactly at the Von-Hove singularity of
the lower a_ band. When < n;, >=<n_ >= 0.5, we get the results as

1.25 _j 0.00—
1.00F
-0.50|
.75
8 s
a W
050k .00
0.25}
4.50F 4
“ 1 1 1 1 1 1 1
0.00= 45 40 05 00 05 10 15 20
o (eV)
(a) (b)

Figure 4.2: a)Mott-transition in the DOS b)Self energy for parameters t = ¢’

I

All the inter-dimer hopping strengths are same here because of the trans-
lation symmetry. Using the tight binding approximation, the terms can be
written in the momentum space as

tkym

T _ ’ T
alayip = —2t al ke 2
k

So, the tight binding Hamiltonian for the non-interacting case can be written
as

Ho(k) = @ H(k)Py (4.7)

where &), = (ay1x, Grok, A1k, A1k, A2k, a_3i) is the spinor, ay refers to the
creation operator for an electron of 4 species at site 1 in the unit cell of the
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lattice. k is the two dimensional momentum. Since, the a_ electrons are
dispersionless, we can consider only the a, electrons for now. So the tight
binding Hamiltonian matrix for the a, in momentum space can be written
as

Vi—t —4¢ cos(%) 0
H(k) = | _4 COS(%’) Vo —t —4¢ cos(%”) (4.8)
0 —4¢ cos(%) Vi —t

When all the on-site energies are equal V; = V5, = V3, we call it the symmetric
case. For the symmetric case, we have the energy eigenvalues as

- kya
Ei=V—t+ 4\/15’2 cos?( a) + t'QCOSQ(T) (4.9)
k.a kya
Ey =V —t —44/t? cos?(— i )+t’2cos2( 5 ) (4.10)
By=V —t (4.11)

When Vi = V3 # V5, we call it the staggered case. For the staggered case
with V3 =V, =0 andV; =V, we get the eigenvalues as

B =—t (4.12)

V — 2t + \/V2 + 64t%(cos? (l’%“) + cos? (kg—a)

By = 5

(4.13)

V-2t — \/V2 + 64¢2(cos? (E22) + cos? (k2 )
2

If we consider the symmetric case where the the on-site energies at the three
sites are equal, we can see that there is a point where the three bands touch.
The three bands touch in a linear fashion i.e. the energy dispersion around
that point is a linear function of the momentum. We put V; = Vo, = V3 =
1 and t = 1. The band touching point is (m, 7). Let us consider some
momentum k = M + p where M is the band crossing point. Now, if we make
a small momentum(|p| << 1) expansion of the Hamiltonian around the band
touching point, the low energy Hamiltonian upto first order of the expansion
will be

Es = (4.14)

0 p, O
H(k)~2t'|p, 0 p,| =2¢'L.B (4.15)
0 p. O
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where

010 00 0 0 0 i
Le=|100|,L,=[0 0 1|,L,=]0 0 0 (4.16)
00 0 010 —~i 0 0

B = (ps,py,0) and L,, L, and L, are pseudo spin-1 matrices which obey
the SU(2) Lie algebra, which implies that the matrices satisfy the relation
[L;, L;] = ig;jiLy. This is similar to a Hamiltonian of a system having a
spin L in an external magnetic field ’B’. If we calculate the eigenvalues of
the low-energy Hamiltonian, we get the eigenvalues as € = 0, &2t /p2 + p2.
This can be re-written as ¢ = 2t'|p|m where m = 0,£1. Thus, the energy
eigenvalues of the low-energy Hamiltonian is quantized and mimicks that of
a spin-1 system.

Now, if we consider the configuration with staggered potential, we can see
that only two of the bands touch at a point. The flat band still exits but the
band dispersion is not linear around the point. It is quadratic in character.
Hence, such points are called quadratic band crossing point(QBCP). If we
expand the low energy effective Hamiltonian around the point for the two
bands can be witten as

1 2
Hk) ~ — { P2 pngy} — 4]+ dyo, + do. (4.17)
mg |PzDy py
where my = Wft—;t), o are the Pauli matrices, [ is the identity matrix.
2,2 2 .2
dr = I%ﬁy,dx = p;iy,dz = p;TJZy [14]. This Hamiltonian looks like a Dirac

Hamiltonian. As we have been seen that there are band touching points in
the dispersion. So, the next thing would be to understand the topological
nature of the band touching points. The Berry phase for the band touching
points can be calculated using

B =i ]{ dp. (| V. [ty (4.18)
C

around a contour C enclosing the band touching point in momentum space
and |u,,) denotes the Bloch eigenvector for the nth band where n is any of
the bands involved in degeneracy. It can be shown that B™ = 27 for both of
them|[5].

QBCPs are the points of degeneracy in the bands. Let us define the Berry
phase over a contour C

exp{ (i7n(C))} = exp{(ijédR < n|VIn >)} (4.19)
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Now dSV x (n| V |n) looks like the flux linked. So, the area integral will

give the charge enclosed. In our case, the term Vx < n|V|n > can be iden-
tified as analogous to magnetic field. So, the the field will be because of a
magnetic dipole.
Now points of degeneracy are the points of singularity in Vx < n|V|n >.
If we close a contour having a degeneracy, the Berry flux will be non-zero.
The allowed values of Berry flux(= 2Wm, W is the winding no. which is
an integer) are quantized. Therefore, they cannot vary continuously when
the contour is deformed adiabatically to a point. At a point, the Berry flux
should be zero. So it has to be a constant or invariant. Therefore, contours
having degeneracies cannot be shrunk to a point since there will be non-zero
flux. Thus the points are topologically protected.

When B" is non-zero, the band touching point is protected. It remains
unaffected upon introducing weak perturbations.
The next logical step is to check if the QBCP survives when additional hop-
pings are allowed. We introduce diagonal hopping in the system

4.2 Effects of Additional Hopping

So, we introduce t” hopping in the system. When we have t” hopping in the
model,i.e. from the dimer at site 1 in ith unit cell to the site 1 at (i+1)th
unit cell or vice versa and same for the electrons at site 3, the additional part
in the Hamiltonian is given by

H=—~t"Y (cly,Craisne + ) (4.20)

where c{bixcla(iﬂ)x represents hopping from the site a in dimer at position
1 in the (i + 1)th sublattice to the site b of dimer at position 1 in the ith
sublattice along x direction. Using tight binding approximation for the "
hopping along y direction, we will get

H(k) = —t" (cos(k;ya)alkga%g + isin(kya)aik:,)a_k;;
f
—isin(kya)al qai k3 4 cos(kya)al a0 ps) (4.21)

Similarly along x-axis, we will get

H(k)=—t" (cos(k:xa)aikla%l +1 sin(k:xa)aikla_kl
k
—isin(kya)al  aip + cos(kpa)al a_r) (4.22)
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Incorporating all these terms in the model, we get the new tight binding
matrix as

Vi—t—

t'’ cos (kza) —4t' cos (%) 0 —it" sin(kya) 0 0
—4t cos (£42) Va—t —4t’ cos (Ez2) 0 0 0

0 —4t’ cos (Fz2) t,,‘(f?;;(tk;a) 0 0 —it" sin(kya)
o Vitt+
it sin(kza) 0 0 W ci)s(kza) 0 0

0 0 0 0 Vatt 0

11 Va+t+
0 0 it sin(kya) 0 0 i c?)s(kya)

(4.23)
We can see from the matrix that now a_ can hop from one site to another.
This can be viewed as a process in which a_ changes into a, and then the
a, electron hops. Also no extra symmetry is broken by introducing this
hopping. The four fold symmetry is still there. Also one more important
thing to note is that the terms aia, and aT_a+ have opposite signs. The
band structures have been plotted with parameters V; = V3 = 0,15 =1 and

t=t=1,1"=0.5.

4.2.1 Results

(a) (b)

Figure 4.3: Dispersion relation for staggered case for a)a, bands b)a_ bands
with parameters (t = 1, = 1.0,t" =0.5,V; = V3 =0,V, = 1)

From the band structure, it is clear that the flat band acquires a dispersion
which was previously dispersionless. However, the quadratic band crossing
point(QBCP) still remains unaffected. However, new topologically important
features come up in the band structure. Tilted Dirac cones can be seen in
the band dispersion which is evident from the cross section of the band
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dispersions (4.4). The QBCP is at a point (7, 7) which lies at the boundary
of the first Brillouin zone.

7

&

\

P

(a) (b)

Figure 4.4: Cross section of the band structure through the a)plane k, = =
and b)the diagonal plane (k, = k,) with parameters ¢t = 1,¢' = 1.0,t" =
0.5,V; =V53=0,V, = 1. The band crossing point of the two lower a, bands
at (m,m) is a QBCP. Two a_ bands touch at a surface.

The top three bands in the cross section are a_ and the lowest three
ones are a,. There is band inversion which can be seen. There are three
band inversions which is evident from the cross sectional View. Number
of band inversions are important if one wants to calculate the topological
Zy index. The Fermi surfaces have been plotted for w corresponding to the
Von-Hove singularities in the density of states. The Fermi surfaces show
interesting features.

PR
‘Q,Qo,v
P

PR
(R
o 4

Figure 4.5: Fermi surface for the a, bands for Von-Hove singularity at a)w =
—4.275 and at b)w = —1.3659 for parameters t = 1,¢' = 1.0,¢” = 0.5,V] =
Vs=0,1a=1
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Figure 4.6: Fermi surface for the a; bands for Von-Hove singularity at a)w =
0.488 and for the a_ bands at b)w = 0.5 for parameters t = 1,¢' = 1.0,t" =
05,Vi=V;=0,1=1

For the a_ bands in the figure above, there are two elliptical pockets
which are perpendicular to each other. On top of this, there is a circular
pocket. The Fermi surfaces will help us predict various properties. Existence
of such kind of Fermi surfaces will help us map various properties of the
dimer model in the real system. This kind of Fermi surfaces have been seen
in Bi-square net [I5]. Also similar to the Bi-net structure, the band structure
has anisotropic Dirac cones.

(a) (b)

Figure 4.7: Fermi surface for a_ bands with (¢t = 1, = 1.0,t" = 0.5,V} =
V3 =0,V, = 1) for Von-Hove singularity at a)w = 1.4809 and b)w = 2
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The top surface for the Fermi surface at w = 2 looks like a flat surface.
Therefore, it corresponds to the delta peak in the density of states. The
edges are also dispersionless.

0.20 DOS with t=1.0,t'=1.0,t"=0.5,V1=V3=0,V2=1

0.00 " . ——J‘\L
w

(a) (b)

Figure 4.8: a)Fermi surface for a_ with (¢t = 1, = 1.0,¢" = 0.5,V; = V5 =
0,V, = 1) for Von-Hove singularity at w = 1.4809 and b)DOS for all the
bands.

The blue part in the DOS plot corresponds to the a, bands and the green
one for the a_. Here we plot the band structure for t = 1,¢' = 0.75,t" =
—0.5,V1 = V2 = V3 =1 (symmetric configuration). In this case, only the
lower two a, bands touch at a QBCP. In the a_ bands, we can see tilted
Dirac cones.

(a) (b)

Figure 4.9: Dispersion relation for symmetric case for (a)a, bands and (b)a_
bands with parameters V;, =V, =V3 =1,t = 1,¢ =0.75,t" = —0.5
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Among the a, bands, only lower two bands touch at point. The touching
point is a QBCP. Because of " hopping, the flat band acquires dispersion.
Along the k, = 7 plane, there are anisotropic Dirac cones. However, one
interesting thing to observe is that there is a surface touching between the
top a_ bands.

(a) (b)

Figure 4.10: Cross section of the band structure for through a)plane k, = 7
and b) plane k, = k, with parameters V; =V, = V3 =1,t =1,/ = 0.75,t" =
—0.5

a, with t=1.0,t1=0.75,t2=-0.5,V1=V2=V3=1 a_ with t=1.0,t1=0.75,t2=-0.5,V1=V2=V3=1

0.08

0.02
0.2
0.00 0.0

-5 -4 -3 -2 -1 0 1 2 3 1.0 15 2.0 25 3.0 35 4.0 45 5.0

Figure 4.11: DOS for a) a; and b)a_ bands with parameters V; =V, = V3 =
1,t=1,t =0.75,t" = —0.5

The lower part of the DOS resembles that of a two-dimensional band.
There are four Von-Hove singularities in the density of states for a, bands
and four for a_ bands. There are electron pockets which can be seen in the
Fermi surface plots.
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Figure 4.12: Fermi surface for
symmetric case for lower bands
with (t = 1,¢ = 0.75,t" = —0.5)
for Von-Hove singularity at w =
—3.266

Fermi surface for

Figure 4.14:
symmetric case for lower bands

with(t = 1,¢ = 0.75,t" = —0.5)
for Von-Hove singularity at w =
1.486

Figure 4.13: Fermi surface for
symmetric case for lower bands
with (¢t = 1,¢' = 0.75,¢" = —0.5)
for Von-Hove singularity at w =
0.276

Figure 4.15: Fermi surface for
symmetric case for lower bands
with (¢t = 1,¢' = 0.75,¢" = —0.5)
for Von-Hove singularity at w =
1.926

Now if we consider the Fermi surface at w = 2.244, it can be seen that
there is Fermi surface nesting. This is because the blue bands(in the corners)
in the figure disperses only along one direction. So using a nesting vector, it
can be taken the other end.
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Figure 4.16: Fermi surface for
symmetric case for top bands
with (¢t = 1,¢' = 0.75,¢" = —0.5)
for Von-Hove singularity at w =
1.992

Fermi surface for

Figure 4.18:
symmetric case for top bands

with (¢t = 1,¢ = 0.75,¢" = —0.5)
for Von-Hove singularity at w =
2.496

DOS with t=1.0,t'=0.75,t"=-0.5,V1=V2=V3=1

Figure 4.17: Fermi surface for
symmetric case for top bands
with (t = 1,¢' = 0.75,¢" = —0.5)
for Von-Hove singularity at w =
2.244

Fermi surface for

Figure 4.19:
symmetric case for top bands
with a(t = 1,¢' = 0.75,t" = —0.5)
for Von-Hove singularity at w =
2.76

-4 -2

[

w

Figure 4.20:
—0.5

DOS(zoomed view) for symmetric case with ¢t = 1,¢' = 0.75,¢" =
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The next case is when the intra-dimer hopping is equal to the nearest
inter-dimer hopping. The parameters are Vi = Vo, = V3 = 1,t =t/ =
1.0,¢#" = —0.5.

(a) (b)

Figure 4.21: Band structure for a) a; and b)a_ bands with parameters V; =
Vo=Ve=1t=1¢=1,t"=-05

Figure 4.22: Cross section of the band dispersions for through the plane
k, =m with (t = 1,¢ = 1.0,t" = —0.5)
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Figure 4.23: Cross section of the band dispersions for through the diagonal
planek, = k, with (t =1,¢ = 1.0,t" = —0.5)

£

a, With t=1.0,t1=1.0,t2=-0.5V1=V2=V3=1

Figure 4.24: DOS for symmetric case for a_ bands (t = 1,¢' = 1.0,t" = —0.5)

0.9 a_ with t=1.0,t1=1.0,t2=-0.5,V1=V2=V3=1

0.8

0.7
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0.1 UA‘
0.0 “J

Figure 4.25: DOS for symmetric case for a_(t = 1, = 1.0, = —0.5)
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Figure 4.26: Fermi surface for
symmetric case for a, bands (¢ =
1, = 1.0,t" = —0.5) for Von-
Hove singularity at w = —4.27

Figure 4.28:
symmetric case for a; bands (¢ =

Fermi surface for

1,t 1.0,t" = —0.5) for Von-
Hove singularity at w = 1.5
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Figure 4.27: Fermi surface for
symmetric case for a_ bands with
t = 1,t 1.0,t" —0.5) for
Von-Hove singularity at w = 0.27

Figure 4.29:
symmetric case for a; bands (t =
1,¢/ = 1.0,t" = —0.5) for Von-
Hove singularity at w = 2

Fermi surface for



Figure 4.30: Fermi surface for symmetric case for a_ band with t = 1,¢ =
1.0,t"” = —0.5 for Von-Hove singularity at w = 2.1

This is one of the most interesting Fermi surfaces. The Fermi surface has
three pockets. The outer one is open. There are two inner pockets. This
type of Fermi surface is found in Strontium Ruthenate. Recently, calculations
have been done to get the Fermi surface [16]. The Fermi surface is because
of the a_ which is odd under inversion.

Figure 4.31: Fermi surface for Figure 4.32: Fermi surface for
symmetric case for a_ band with symmetric case for a_ bands with
t=1,t=1.0,t" = -0.5 for Von- t=1,t'=1.0,t"=-0.5 for Von-Hove
Hove singularity at w = 2.35 singularity at w = 2.4865
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Figure 4.33: Fermi surface for symmetric case for a_ bands with (¢t = 1,¢' =
1.0,t” = —0.5) for Von-Hove singularity at w = 3.75

4.2.2 Diagonal hopping

If we have a diagonal hopping instead of an hopping to the opposite side, we
get some interesting features in the band structure.

(a) (b)

Figure 4.34: Cross section of the band dispersions for through the diagonal
plane a)k, = 7 and b)k, =k, with Vi = Vo = V3 =1t = 1.t/ = 0.75,t" =
0.5, t” is the diagonal hopping parameter

In the band structure, we can see that three bands touch at a single band.
However, the middle band acquires dispersion and have a quadratic behaviour
around the band touching point. This kind of band structure has been found
in K4 lattice[I7]. So, this kind of band touching points can be realized in this
model. Also many anisotropic Dirac cones come up. By anisotropic, I mean
the curvature of the cones are different in different directions. One thing to
note is that the Hamiltonian ha s four fold symmetry. So there will be four
such points instead of two as seen in the cross sectional cuts.
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4.3 Effects of Electric Field

In order to check the stability the of the the QBCPs or other topologically
important points, we introduce the effect of an electric field. The electric field
E. is turned on in a direction perpendicular to the plane of the Lieb lattice.
Now the effect of electric effect will to polarize. Consider the displacements
of site a and site b in the dimer as X, and X, respectively.

H = Z 9(Xanjai + Xpnjpi) (4.24)

i
Jj=12.3

where njq,; = c}aicjm is the number operator for the site a of the dimer at
position j in the ¢th unit cell and g is nothing but the interaction strength.
If we make a transformation about the centre of mass such that % =X,
and % = X_ and use a,,a_, we will get the Hamiltonian in momentum

space as

H= ) gXy(nym+n_g)+gX_(aa g +a ja) (4.25)

k
Jj=12,3

where nj; = a) ja;;. The Hamiltonian is no longer invariant under inver-

sion. This is because of the mixing term. Both alka,k and its hermitian
conjugate has the same sign. So inverting them doesn’t keep the Hamilto-
nian same. By inverting, it means that site a goes to site b and site b goes
to site a with respect to the centre of mass. The new tight binding matrix
in momentum space will be given by:

Vi—t+gX4— ya —it" sin(ka
tlu cosg(?kx-(;) —4t/ cos (%) 0 ! Sgl;(_ a)+ 0 0
—4¢t’ cos (kLQG) Vo—t+gX4 —4t' cos (sza) 0 gX_ 0
Va—t+gX — —it"” sin(kya)+
0 —4t' cos (kﬂ”—“) v 0 0 Y
it" sin(kgza)+ 0 i ' COSO(kya) Vit+t+gXy+ 0 g)(()_
gX_ t" cos(kga)
0 gX_ 0 0 Vatt+gX 4 0
it" sin(kya)+ Va+t+gXy+
0 0 gX_ 0 0 t" cos(kya)
(4.26)
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4.3.1 Results

. . z . [ \
-l 15F \

(a) (b)

Figure 4.35: a)Cross section for the (a)a; bands and (b) a_ bands in the
band structure with parameters t = 1,¢' = 0.75,t" = 0,9 = 0.2,V; = V3 =
0,Va=1

(a) (b)
Figure 4.36: a)Cross section for the (a)a, bands and (b)a_ bands in the

band structure with parameters t = 1,t' = 0.75,t" = —0.5,9 = 0.2,V] =
Va=0,Va=1

It can be seen that the dirac cones become gapped once the electric field is
introduced. This is because of the hybridisation. The hybridiation goes as
sin(k) which is an odd function. Thus at time reversal invariant momenta,
it goes to zero and the gap closes. When there is elctric field, the inversion
symmetry is broken and then the gap becomes non-zero at special points.
Now it can be seen that when the electric field is high, the gaps are more
prominent. However, the QBCP still stays the same. It is stable under the
action of electric field.
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(a) (b)

Figure 4.37: a)Cross section for the (a)a; bands and (b) a_ bands in the band
structure with parameters t = 1,¢' = 0.75,t" = 0,9 =1,V = V3 =0,V =1
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Figure 4.38: a)Cross section for the (a)ay bands and (b) a_ bands in the

a
band structure with parameters t = 1,¢ = 0.75,t" = —0.5,g = 1,V;, = V3 =
07 ‘/2 =1

4.4 Rashba term

Rashba effect is generally defined as the phenomenon of momentum depen-
dent splitting of bands. The Rashba term arises because of breaking of
centrosymmetry. If we think a; as creation operator of spin up fermions.
(ailaurg will act as a spin flip operator where an a; is flipped to as. Using
this analogy, we can conclude that ailaﬁ + hc will act as o, where o, is
the x-component of an orbital pseudospin. Similarly, i(ailaw — h.c) will act
as the y component of the pseudospin. And in the low momentum region,
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sin(k) ~ k. Hence, the Hamiltonian can be written as

H, = —eEa Z[sin (ky/2)(a1k1a+k2 + h.c.) —isin (kx/2)(aik1a+k2 — h.c.)]
k

(4.27)
Here 1 and 2 in the subscript labels the bands involved in degeneracy of the
+ bands at a point. Rashba term in the Hamiltonian will be introduced in
the Hamiltonian between the bands involved in the band touching point. If
we remember the QBCP in the simplest case, only the lower two a, bands
touch. In order to investigate the effects of this term, we start with the
simplest case with no other hopping. We are considering a Lieb lattice (with
no dimers). The first case involves only two hoppings t and t’ where t is
the nearest neighbour hopping and t’ is the diagonal hopping between sites
1 and 3 in the Lieb lattice.

VA=V2\3=1 1= =075 Plane: xrT VIV2RVB=A=1,6=0 75 Plane: x=y

4L

Figure 4.39: a)Cross section of the bands with (V; =V, =V3 =1t =1,t' =
0.75,m = 0.5, g = 0.5) through plane k, = 7 and b) diagonal plane k, = k,

For the results obtained above and below for both the symmetric and stag-
gered case, the strength of the electric field, denoted by g, and the strength
of Rashba coupling, denoted by m, are both equal to 0.5. The results here
are for a Lieb lattice without the dimers.
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Figure 4.40: a)Cross section of the bands with (V; = V3 = 0,1, = 1,¢t =
1,t = 0.75,m = 0.5,¢g = 0.5) through plane k, = 7 and b) diagonal plane
ke = k,

We can see that because of the Rashba term, both the Dirac point and
QBCP becomes gapped. Since, this is valid for the simplest case, the same
argument can be used for the dimer case. We now introduce the Rashba
term in the dimer model on Lieb lattice. We consider the case with only one
intra-dimer hopping and two nearest neighbour inter-dimer hopping one of
which is the diagonal hopping.

V1=V2=V3=1,t=1,1'=0.75,1"=0.5,m=0.3,9=0.5,Plane :k_x =77 V1=V2=V3=1,t=1,t'=0.75,t"=0.5,m=0.3,g=0.5,Plane :k_x =k_y

(a) (b)

Figure 4.41: a)Cross section of the bands with (V}, =V, =V3 =1t =1t =
0.75,t" = 0.5,m = 0.3, g = 0.5) through plane k, = 7 and b) diagonal plane
k., = k,. Here t" is the diagonal hopping.

We know from the diagonal hopping case, that there was a triple band
touching point at (7, 7). This point becomes gapped upon introduction
of Rashba coupling in presence of electric field. The Dirac points become
gapped. However, one interesting fact to notice is that the band touching
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point at (m,0) and tripple band touching point at (0,0) and (27, 27) retain
their character. The QBCP at (7,0) maintains its spin—% structure despite
the symmetry breaking terms. Similarly, the tripple band crossing point has
a spim-1 structure which remaims preserved.

4.5 Haldane Model

Quantum Hall effect is usually seen in two dimensional electron systems when
there is a uniform external magnetic field. However, Haldane showed that
the same can be obtained without any magnetic flux through the unit cell
by breaking time reversal symmetry.

Consider a honeycomb-net model which can be seen in 2D graphite. It
consists of two sub-lattices A and B. Let the nearest neighbor hopping pa-
rameter be t; and the next nearest hopping parameter be t,. The on-site
energy on sites A and B be V4+M and V-M respectively, where V is the aver-
age potential and M is the inversion symmetry breaking on-site energy. So,
without loss of generality, V can be set to 0. In order to break the time-
reversal symmetry, a magnetic flux density B is introduced perpendicular to
the plane of graphite. The magnetic flux through the unit cell is zero. This
is one of the assumption.

When a particle moves around a closed contour enclosing a flux, it ac-
quires a phase exp{[i(e/h [ A.dr]}[I8], where A is the vector potential. A
next nearest complex hopping is introduced. So, in this case, the flux enclosed
by the t5 hopping will have a non-zero phase. Consider the displacements
ai,as, a3 from site B to nearest site A. Define by = ay — a3, by = a3 — aq,
where ;s are the next nearest displacements. If we consider all of these, the
Hamiltonian|19] can be written as

H (k) = 2t5 cos QS[Z cos (k.b;)|I + tl[Z[COS (k.a;)o, +sin (k.a;)o,]]

K3 K3

+[M = 2bsing » sin (k.b;)]o. (4.28)

The two bands will touch at degenerate points if all the coefficients of the os
become zero at the zone boundaries. Using this, one can find that the this
happens when | M| = ’3\/§t2 sin gb}. This marks a topological transition in the
system. Now we will apply the same logic in our dimer model on Lieb lattice.
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We consider the spin half case. Initially, the low energy Hamiltonian for
the staggered case near the QBCP could be written as

HO = doO’O + dzO'w + dzaz (429)

where oy is the identity operator. When there is Rashba spin orbit coupling,
we get terms in the Hamiltonian like

— eca ;[sm (?y) (azlakg + aLQakl) — 5111(?) (all(lkg — alzakl)] (4.30)

The term (azlakg +a£2ak1) can be identified as o, for a pseudospin. Similarly,
—i(allakg —aLQakl) — 0,. After incorporating the Rashba spin-orbit coupling
term in the Hamiltonian

k k,
Hy = doog + [d.(k) — eca sin(Ey)].a;C + eca sin(?) oy +d.o,  (4.31)

Since the Hamiltonian under consideration is for small momentum, sin(k) ~
k. 1f the y-component of the pseudospin is kept fixed and the x and z axis
rotated by 7, then 0, — 0, and 0, = —0,. The new Hamiltonian will be

H =dy(k)og — d.(k)o, + ecakyoy + [d, (k) — ecaky|o, (4.32)

We know that the coefficient of o, gives us the mass term.
As € increases, there will be a point where the mass term will change sign
which will mark the topological transition.
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Chapter 5

Extensions of the model

5.1 Two-orbital model

As we have been seen in the previous case, upon the transformation, there
were two kinds of electron. One belonging to the a, band and other to the
a_. So, if we remember a, = %% Now if we invert the dimer with respect
to its center of mass i.e. a — b and b — a, a, remains the same. However,
a_ picks up a negative sign. So, it is evident that a, is even under inversion
whereas a_ is odd.

Now the next thing would be to map the previous model with dimers to a
model having two orbitals at each site. Let us name them as a and b. One of
the orbitals, "a”, is even under parity and the other odd. We will first begin
with the simplest case i.e. only nearest neighbour hopping and then will
consider other hopping. For consistency with the dimer model, we demand
that only electrons in a orbital hop. So, the Hamiltonian can be written as

Hyin = —t Z(Clilycaﬁy+CILiQmCaBﬂC+CZi1yCa(i+1)2?}+Cl(i+1)3mcai2$)+h"c‘ (5.1)

)

Hiotat = Hpin, + Z Vlclﬂcaﬂ + ‘/ZCL‘QCM'Q + Vécju-gcaiz (5.2)

1

The tight binding Hamiltonian in matrix form for the lattice in momentum
space is

Vi —2t/ cos(%) 0
H(k)= | _op COS(%’) V5 -2t cos(%) (5.3)
0 -2t cos(%) Vs
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Let us first consider the staggered case i.e. Vi = V3 = V.The eigenvalues of

(Vg—V)—i—\/(Vg—V)2—4V2V2+16t’2(cos2(k7z)+c052(’%y))’E_ _

the matrix are £ =V, F, =

(VQ—V)—\/(VQ—V)2—4V2V+16t’2 (cos? (k) 4cos? (52 ))
2

0.005 DOS for t=0.75,V1=V3=0,V2=1

0.004

0.003

0.002

0.001

0.000

(a) (b)

Figure 5.1: a)Band dispersion of the ‘a’ bands in region [0, 27| for staggered
case and (b) density of states with t =1,V; =V3=0,1, =1

The band structure shows a quadratic band crossing point(QBCP). The
QBCP is at (7, 7). There is a flat band, which is dispersionless. The density
of states have also been plotted for the bands. The edges of the density of
states resemble that of a two dimensional band. The two dimensionaal char-
acter is evident from the band dispersion dispersion plot. The band disperses
along both k, and k,. The delta function in the density of states coreespond
to the flat band. At the band touching point, the density of states is non-zero.
This has important implications when the interaction effects are considered.
We would like to investigate the Fermi surface at the Von-Hove simgulari-
ties. There are two Von-Hove singularities in this case. The fermi surfaces
corresponding to the two Von-Hove singularities have been plotted. There
are pockets.
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Figure 5.2: Fermi surface for Von-Hove singularity a)at w = —1.08 and
b)w = 2.0808 with (t =0.75,V1 =V3=0,V2=1)

If we put V = 0, we get the orthonormalised eigenvector corresponding
to £ =V (flat band),F, and E_ respectively are

- & 4 - & -
COS(kz) cos(Ty) cos( 2y)
cos2(k—’”)+cos2(k—y) \/cos2 L2 )+cos? (2 Ey )+E3 \/cos2 7”‘ +c052 ky V+E2
2 2 B,
0
(ky ) ’ \/0052 e ) tcos? (4 Ey JH+E2 |7 \/cos2 k—“)+cos2( 2)+E?
cos
2 cos( kg ) cos( k; )
2 2(ky
\/cos ( L) +cos?(51) \/Cosz k2 )4 cos2( y)+E2 ] \/msz 7:6 )+cos?( y)+E3_

(5.4)

)

(a) (b) ()
Figure 5.3: Eigenvector for a)the middle band b)lower band c¢)top band for
staggered case case with ' =0.75 and V; = V3 =0,V =1

The eigen-vectors show that that the inversion symmetry is there. One
can also get the Wannier states by calculating the Fourier transform of
the eigenvectors. This will give us the real space shapes of the orbitals.
Now, we will investigate the symmetric case(t’ = 0.75,V} = Vo = V5 =
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1). In this case, we have Dirac point. The eigen values are £y = V +
2\/152 cos?(fzt) + tZCOSZ(kyTa), Ey,=V— 2\/152 cos?(zt) + tQCOSZ(kyTa), Es=V

0.005 DOS for t=0.75,V1=V2=V3=1

0.004

.003
2 0.

0.002

0.001

] k?

0.000
-2

(a) (b)

Figure 5.4: a)Band dispersion of the ‘a’ bands in region [0, 27| and (b) density
of states for symmetric case with t = 0.75,V; = Vo = V3 =1

Figure 5.5: Fermi surface for Von-Hove singularity a)at w = —0.5 and b)w =
25 (t=0.75,Vi=Vo= Vs = 1)

The corresponding eigenvectors are:

1 -1 0
1 COS(%) 1 . COS(%) _ Cos(ki;)

_— 2(kza 2(kya _ 2(kaa 2(kya bpa kya
NG \/COS (Cozs ()k";css =), /2 \/COS (C02S ):;7‘;05 =) | \/cos2(7£c052( 3)
B o B 3 cos( z )

\/COSZ(%)-FCOSQ(ICL;) \/c0s2(’”7a)+c052(ky7a) \/0032(%)4—0032(%&)

(5.5)
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Figure 5.6: Eigenvector for a)the middle band b)lower band c¢)top band for
symmetric case with ¢ =0.75and V; = Vo =V3 =1

If we consider a point in the momentum space, say (k,, k,). If we invert

about the k, axis, k, = —k;, f(ks) = f(—k,) where f is the function under
consideration. So, the eigenvectors has cos(k) in its component and we know
cos is an even function. So, the eigenvectors will have inversion symmetry.
From the figures above, it can be verified that the inversion symmetry is
there.
We want to remove the macroscopic degeneracy. So we introduce next near-
est neighbour interactions. The stability of the band touching points can be
checked by introducing the next nearest hopping. Let ¢ be the next nearest
hopping parameter. The next nearest hopping is the diagonal hopping be-
tween sites 1 and 3. Also at the same time, t” hopping is introduced, which
is the hopping from one edge centre to the center of opposite edge i.e. from
site 1 in one unit cell to site 1 in adjacent unit cells and site 3 in one unit cell
to site 3 in its adjacent unit cells. in The tight binding Hamiltonian matrix
for the non interacting fermions in momentum space is

Vi —t" cos (kpa) —2t cos(%) —4t' cos (%) cos (kz2)

H(k) = —2tCOS<%) % —2tcos(%)
—4t' cos (k;’—a) cos (E22)  —2¢ cos(L) Vs —t" cos (kya)

(5.6)

We will begin with the symmetric case first i.e. all the on-site potentials are

same ie. Vi =Vo=V3=1.
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Figure 5.7: a)Band structure for symmetric case for electrons in a orbital
with parameters ¢t = 0.75,¢ = 0.6,t” = —0.5, (b)Cross section of the band
dispersions in fig(a) for a orbital electrons through plane k, = 7

The quadratic band crossing point still remains. It remains unaffected by
additional hopping as expected. The additional hoppings introduced in the
system doesn’t break any symmetry which protects the QBCP. Now if we
look at the cross section of the band structure along the plane k, = k,, two
anisotropic Dirac points can be seen. There are four such points because of
the four fold symmetry. The anisotropic Dirac points have different Fermi
velocity along different directions. There are two Von-Hove singularity in the
density of states.

Figure 5.8: Cross section of the band structure for a orbital through the
plane k, = k, with parameters ¢t = 0.75,¢ = 0.6,t" = —0.5
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0.10 DOS for V1=V2=V3=1 with t=0.75,t'=0.6,t"=-0.5 0.012 Number density of a

0.010
0.08
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8 = 0.006
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0.004
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0.00 r"_’A\ 0.000
220 i ; ) . ; i =20

Figure 5.9: a)DOS for symmetric case for a bands with (¢ = 0.75,¢ =
0.6,t" = —0.5), (b)Number density for symmetric case for a bands for the
DOS in fig(a)

Similarly, the band dispersions, density of states for staggered cases with
Vi=V3=0,V, =1 are also plotted.

Ky 2'
i

T I B T Sy Sl
2 4

: /\
k of
(b)
(a)

Figure 5.10: a)Band structure for staggered case for electrons in a orbital
with parameters V; = V3 =0,V, = 1,t = 0.75,¢ = 0.6,t” = —0.5, (b)Cross
section of the band dispersions in fig(a) for a orbital electrons through plane
k,=m

There is a quadratic band crossing point(QBCP) at (w, 7). It is clear
from the figure above that introduction of additional hopping doesn’t have
any effect of the QBCP. It remains as it was without additional hoppings.
However, the flat band becomes dispersive. Both diagonal hopping and the
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hopping from one edge center to the opposite edge center doesn’t break the
four-fold symmetry. So, looking at the cross sectional plane k, = 7 will
give us information about k, = 7 plane since rotation by m doesn’t change
anything.

AL

Figure 5.11: Cross section of the band dispersions for a through the diagonal
plane k, = k, with parameters V; = V5 = 0,V, = 1,¢t = 0.75,¢' = 0.6,t" =
—0.5

010 DOS for V1=V3=0,V2=1 with t=0.75,t'=0.6,t"=-0.5 0012 Number density of a
0.010
0.08
0.008
0.06
8 = 0.006
a
0.04
0.004
0.02
0.002
0.00 ’_,r& 0.000
-3.0 =25 -2.0 -15 -1.0 -0.5 0.0 0.5 -3.0 -2.5 -2.0 -15 -1.0 -0.5 0.0 0.5
(a) (b)

Figure 5.12: a)DOS for staggered case for a bands with (¢t = 0.75,¢' =
0.6,t” = —0.5), (b)Number density for staggered case for a bands for the
DOS in fig(a)

Now we introduce mixing between the orbitals - a and b. However the
mixing is non-local i.e. the orbital "b" at position 1 mixes with orbital "a"
at positions 2 and vice-versa. Similar is the mixing between site 2 and site
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3. This is done in order to map it to the mixing of a; and a_ in the dimer
model.

Vi—2t" cos (kza) —4t cos (kg—a) —4t' cos (kg—a) cos (%) 0 0 0
—dtcos (Fu) Va —dtcos (kza) isin ’“!/7“) 0 isin(kze
—4t’ cos (kyTa) cos (kz2)  —4tcos (kze) Vs —2t" cos(kya) 0 0 0
0 —isin(*4%) 0 Vi 0 0
0 0 0 0 Vo 0
0 —isin( kg2 ) 0 0 0 Vi
(5.7)

We plot the eigenvalues to get the band structure. In this case, since there
is an orbital mixing, we expect that the b bands won’t be dispersionless
anymore. They will acquire dispersion.

Figure 5.13: Dispersion relation
for symmetric case for a bands
with (t = 0.75,¢ = 0.6,t" =
—0.5)

Figure 5.14: Dispersion relation
for symmetric case for b bands
with (¢ = 0.75,¢ = 0.6,t" =
—0.5)

Figure 5.15: Cross section of the band dispersions for all bands through the
plane k, = 7 with parameters t = 0.75,¢' = 0.6,t" = —0.5, Vi, = Vo = V3 =1
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Figure 5.16: Cross section of the band dispersions for all bands through the
plane k, = k, with parameters t = 0.75,¢' = 0.6,t" = 0.5,V =Va =V3 =1

From the band structure, it is clear that the QBCP still remains. Mixing
of the orbitals doesn’t break any symmetry. Hence, the QBCP is stable even
if there is mixing. The QBCP is in the ‘a’ orbital bands. The cross section
along the plane k, = 7 shows that there are two anisotropic Dirac cones in
each side while along the plane k, = k,, there are three.

DOS for t=0.75,t'=0.6,t"=-0.5,V1=V2=V3=1

0.10 +

0.08 +

0.06

DOs

0.04 |

0.02 +

0.00

Figure 5.17: DOS for the symmetric case with t=0.75,t"=0.6,t"=-0.5

60



Figure 5.18: Fermi surface for Figure 5.19: Fermi surface for

symmetric case for a with (¢t = symmetric case for a with (t =
0.75,t = 0.6,t" = —0.5) for Von- 0.75,t' = 0.6,¢" = —0.5) for Von-
Hove singularity at w = —1.099 Hove singularity at w = 0.95683

Figure 5.20: Fermi surface for Figure 5.21: Fermi surface for
symmetric case for b with (¢t = symmetric case for b with (t =
0.75,t' = 0.6,t" = —0.5) for Von- 0.75,¢ = 0.6,t" = —0.5) for Von-
Hove singularity at w = 0.99684 Hove singularity at w = 2.0023

We will look at the staggered case with the same parameter set and orbital
mixing where the mixing strength is 0.3
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Figure 5.22: Dispersion relation Figure 5.23: Dispersion relation

for symmetric case for a bands for staggered case for b bands
with (¢t = 0.75,¢ = 0.6,t" = with (¢ = 0.75,¢ = 0.6, =
—0.5) —0.5)

E

2

=

2L
Figure 5.24: Cross section of the band dispersions for all bands through the

plane k, = 7 with parameters ¢t = 0.75,' = 0.6,t" = —-0.5,V, = V3 =0,V5 =
1
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Figure 5.25: Cross section of the band dispersions for all bands through the
diagonal plane k, = k, with parameters t = 0.75,¢' = 0.6,t" = —0.5,V} =

V3=0,12=1

Figure 5.26:

DOS for t=0.75,t'=0.6,t"=-0.5,V1=V3=0,V2=1
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DOS for the staggered case with t=0.75,t"=0.6,t"=-0.5
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Figure 5.27: Fermi surface for
staggered case for lower bands

Figure 5.28: Fermi surface for
staggered case for lower bands

with (t = 0.75,# = 0.6,#" =  with (t = 0.75,¢ = 0.6,¢" =
—0.5) for Von-Hove singularity at —0.5) for Von-Hove singularity at
w = —1.8182 w = —0.0272

o7

W
e

Figure 5.29: Fermi surface for Figure 5.30: Fermi surface for

staggered case for top bands with
(t = 0.75,¢' = 0.6,t" = —0.5)
for Von-Hove singularity at w =
—0.00316

staggered case for top bands with
(t = 0.75,t = 0.6,t" = —0.5)
for Von-Hove singularity at w =
0.99548

Lastly, one can extend this two dimensional Lieb lattice model with
dimers to three dimensions. Each layer is stacked over the other. This is
done in a fashion such that the vertical hopping is only between the dimers
at position 2. The extension would give us an insight into whether the system
would be in a strong topological insulator or weak topological insulator. In
three dimensions, there are four Z, invariants[2] which one has to calculate.
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Chapter 6

Discussion

In the previous chapter, all the results have been compiled according to the
various cases. The model with a dimer on each site of a Lieb lattice supports
Dirac cones when the on-site potentials are equal. For the staggered config-
uration, we get a quadratic band crossing point at (m,7) which is the edge
of the first Brillouin zone. One important thing to notice is that we haven’t
considered spin-orbit coupling in the first case. The three bands touching
together for the a, species is a special case because it is possible only when
a)the inter-dimer hopping amplitudes are equal,b) there is four-fold symme-
try, and c) no spin orbit coupling [20]. Both the BCPs have non- zero Berry
phase. So, these are topologically non trivial points.

Once diagonal hoppings are introduced in the Hamiltonian, the flat band
disperses. However, the point where the three bands touch still survives
because none of the conditions mentioned above is broken. This kind of be-
haviour has been seen in K, crystal where isotropic Dirac cones emerge[17].
The band touching point will now be pseudospin-1 Dirac cone since there are
three bands which touch are degenerate at a point.

Due to additional hopping, a_ starts to hop. When there is only diago-
nal hopping, a_ hops by hybridising with a,. The a_ converts into an a,
and then a, hops. The next thing to observe is that the many of the Fermi
surfaces at Von-Hove singularities have electron and hole pockets. There are
cases in which there is Fermi surface nesting. Then there will be nesting
instability depending on the filling. If the band is partially filled, then the
most dominant instability may be a superconducting instability. There can
be various other instabilities. The anisotropic Dirac cones that we have seen
in the band structure can also be found in real systems|I5].

The next thing to notice would be the effect of electric field. Electric
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field induces a hybridisation or mixing between the a, and a_ fermions. It
breaks the inversion symmetry. Because of this reason, gaps open at the
Dirac points. Rashba effect is present in a system when the inversion sym-
metry is broken. It may be due to electric field or if the crystal itself lacks
the symmetry.

The two orbital model also hosts some of the interesting topological fea-
tures of the dimer model. The two orbital on each Lieb lattice system may
be seen in some materials. One of the orbital may be s, which is even under
parity. Then the other may be p or f. It is also possible to have a (p,d)
combination.

6.1 Mean-field Theory

The effects of interaction can be studied using mean field theory. The Hamil-
tonian in the momentum can be written as

H=> [er(k)a s +e (Kl ya o] + V'Y napmay (6.1)
P

w

where ng4, = aiuawThe interaction term is the one which makes it difficult
to solve the Hamiltonian. We use Wick’s theorem to decouple the interaction
term. The Wick’s theorem will consider all the possible pairings of creation
and annihilation operator.

atayala. = (alay)(ala ) - (ala_)(alay) (6.2)
Now because of the electric field, < aia_ >= (0. We define order parameters

Ag =< aia, >= Ae'. This is the excitonic order parameter. We also define

T

A =< alaJr > Ay =<a'a_ >.
Ng+MNg— = (TL,H_ - Al + Al)((na_ - AQ + Ag) (63)
= —AlAQ + CLT+CL+A2 + aT_a,Al (64)

Here we have neglected the fluctuations. If we define a spinor UT = (al, aT_),

the first term in the Wick decoupling can be written as

L= —MAg+ [a al] [AOQ Aol] Bj (6.5)
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We can define m, = Ay — Ay and my = Ay + A,

m, =< ala, —ala_ >= [ai au {(1) _01} {Zﬂ =< Ul U >  (6.6)

.i.

m, =< ala, +ala_ >=[al al] [1 O} [aﬂ =< UlogW > (6.7)

0 1| (a_

where o( is the identity matrix. Re-writing I; in terms of m,, mg, ¥ and
Pauli matrices we get

m? m% moVioglU  m,Ulo, U

I = —— :
! 4 2 2 (6.8)
m?2  m,Ulo, U m2  moUioyW
=(—2- L) (22— — 6.9
(2 - TSy - (TR - TR 0T (69)
For the second term in the Wick decoupling, we get
I = (aha_)(a'ay) (6.10)
= (ata_ — Ao+ Ag)(ala, — Af + AY) (6.11)
= —|Aof +ala Ay +ala, A (6.12)
A agt| 0 B
= —|Ag|"+ ¥ {Ao O} v (6.13)
Similar to mq, m., we define
me =N+ Ay =< ala_+ad +a, >=< Vi, ¥ > (6.14)
my = —i(Ag — Ay = —i < ala_ —al +a; >=< Vlg, ¥ > (6.15)

If we go to the original ¢,, ¢, dimer basis, m, =< n, —ny >,. This is the
polarization on each bond u. On the other hand, m, =i < clc, — cha >0
Using m, and m,, I can be written as

My m

m2 + m?
Ty + \IIT(7Ur + Tyay)\lf (6.16)

Using this form of I; and I, the mean field Hamiltonian can be written as

[2:—

U U
H = Z \IJLHO(k:)\Ifk— 5 Z \IJL(mxaﬁ—myaijmzaz)\IwaZ(mi%—mz%—mg)
k

I

(6.17)
The next step would be to get the mean field free energy. The gap equations
can be obtained by minimizing F with respect to the order parameters A;

ie. g—i = (0. This is what is going to be done next.
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