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Chapter 1

Introduction

Since the first design of an atomic trap by Steven Chu, Claude Cohen-
Tannoudji and William D. Phillips in 1985 [1], huge effort has been invested
in the fields of ultracold matter from both the experimental and theoretical
point of view [2]. From the sheer task of cooling and trapping atoms and
molecules, to the realisation of the first Bose-Einsein condensates [3] and
quantum logic gates [4], great progress has been made and still a wide range
of promising matter waits to be discovered. In recent times, significant theo-
retical interest has been attracted by cold polar molecules placed on optical
lattices [5-9]. A main reason for this is the high tunability of the system
parameters, that enables the creation of new shapes of interaction poten-
tials, and the simulation of various models known from solid-state physics.
Examples to the latter point are spin models that could provide insight to
the mechanisms of superconductivity and magnetic ordering. In contrast to
magnetic interaction, the electric dipole-dipole-interaction of polar molecules
is much stronger and could thus provide a wider range of interesting phenom-
ena. For example, it could present a way to investigate ferroelectric ordering
on the transition from a crystal to a liquid phase. This is not observable in
nature, where ferrolelectricity and ionic binding always go hand in hand.

In this work, we investigate quantum phases and quantum phase transitions
of a system of cold polar molecules loaded on an optical lattice. The system
parameters are controlled via a static electrical field and a microwave field.
In contrast to classical phase transitions, quantum phase transitions are not
driven by thermal fluctuations, but by the competition of different ground
states at zero absolute temperature.

First, we will prepare the fundamentals for the later investigation by micro-
scopically deriving the Hamiltonian of the system. Starting with a simple
rigid rotor, we subsequently introduce the electrical fields and the dipole-
dipole-interaction. A profound study of the Hamiltonian for the case of one



spatial dimension is made in chapter 3. Following an extensive mean-field
discussion, the system is mapped onto different boson-, spin- and fermion-
representations. Next, two opposite regimes, the crystal phase and the su-
perfluid are discussed. We close the one-dimensional case with an investi-
gation at a half-filled lattice using bosonization techniques and dimensional
arguments. In chapter 4, we focus on the square and the hexagonal lattice
with triangular tiling. Following the calculations in one dimension, we dis-
cuss different mean-field states and examine the transition from square to
hexagonal lattice. We conclude our work with a short summary and an out-
look sketching possible modifications of the setup and proposing a further
proceeding.



Chapter 2

Microscopic Derivation Of The
Hamiltonian

Our setup consists of polar molecules loaded on a two-dimensional optical
lattice with only one molecule per lattice site, see Figure 2.1. A static electri-
cal field Fy4. perpendicular to the lattice and a circular polarized microwave
field F,. with field vector parallel to the lattice is applied. The dc-field in-
duces electrical dipole moments that can be manipulated by the ac-field and
that lead to dipole-dipole-interaction. Changing the parameters of the fields
thus provides a way to control the molecules and the mutual dipole-dipole-
interaction.

We will now deduce the Hamiltonian of the system beginning with a single
molecule in the cold temperature limit and then include the electrical fields
and the dipole-dipole-interaction. Through all the following calculations, A
is set equal to one.

2.1 The Single Molecule Energy Spectrum

At very cold temperatures, electronic and vibrational excitations are strongly
suppressed. Only the lowest electronic and vibrational state is populated.
Thus only the rotational part of the spectrum is left over. We can express
the Hamiltonian of a molecule by the rigid rotor

H,or = BJ? (2.1)

with the angular momentum operator! J as well as the constant B, depend-
ing on the moment of inertia of the molecule. The spatial representation of
the eigenbasis of H,o is formed by the spherical harmonics? Yj,, with the

'See [10, 11] for discussions on the angular momentum in quantum mechanics.
2An overview of the spherical harmonics is given in Appendix B.
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Figure 2.1: Schematic setup consisting of molecules on an optical lattice in
the presence of a perpendicular dc-field and an ac-field rotating in the plane

quantum number J for the total angular momentum and the magnetic quan-
tum number m for its orientation. To every J there are 2J 4+ 1 degenerate
states with magnetic quantum number

m=—J—J+1,.,J—1,J (2.2)

and energy
Eiot = BJ(J+1). (2.3)

An important property of these states is that they do not possess a perma-
ment dipole moment, that is

<YJm|d|YJm> =0. (2.4)

This property is a direct consequence of the unambigious parity of the Yj,,.
The inevitably even parity of their product and the odd parity of the dipole
operator lead to an odd parity of the whole expression which is in contradic-
tion to the invariance with space inversion as long as it is not zero?.

However, in order to couple the molecules to the ac-field, a permanent dipole

3See Appendix B.2 for a more technical use of this symmetry argument.



Chapter 2. Microscopic Derivation Of The Hamiltonian 5

moment must be present.In the next step we will therefore introduce a static
electrical field mixing states with different quantum numbers and generating
new eigenstates with nonvanishing dipole moments.

2.2 The DC-Field

The correct quantum mechanical description of the interaction between elec-
trically neutral molecules and electrical fields is given by the Hamiltonian

Hdc =-d- Ed07 (25)

with the dipole operator d and the classical* de-field E4. = Egce€p.
Projected on the spherical basis® this yields

Hy. = —dEj.cosf, (2.6)

with the constant of proportionality d depending on the type of molecule.
The total Hamiltonian, describing both the inner rotational structure of the
molecule and its interaction with the electrical field, thus reads

H = H,oy + Hye = BI? — dE4, cos . (2.7)
To demonstrate the effect of the dc-field we apply nondegenerate perturba-

tion theory and obtain the perturbed states to first order in n = dEy./B
to

Ui

00 00 00 2\/3 10 ( )

n n
Y = ®19=Y90— —=Yo + Yoo, 2.9
10 10 = Y10 = 772 Y00 + 5==Ya0 (2.9)

n

Yi+1 = &1 =Y+ mYQ+17 (210)
Y11 = Y1 9=Y1_1+ LYQ,L (211)

45

The superposition of eigenstates with different magnetic quantum number
m now leads to nonvanishing dipole moments that in turn interact with the
dc-field. For example we have

7 n
doold| D = —— ((Yiold|Y( Yoold|Y; = d—eq. 2.12
(@oo|d|®Pgo) 2\/§(< 10/d[Yo0) + (Yoold|Y10)) 5€0 (2.12)

“In this semi-classical approach no quantization of the fields is applied.
5See Appendix A and E for the projection of d onto spherical coordinates.
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Figure 2.2: Energies of the lowest states with and without dc-field

The result of this interaction is a shift in the energy spectrum, the so called
Stark effect, that we calculate by perturbation theory to second order in 7

Ew=0 = Ey=-n°/6,
Ew=2 = Ej=2+17%/10,
Eig1=2 = FEy1=2-1%/20,
Ei1=2 = FE_1=2-71%/20.

Hence the degeneracy of the excited states is partially lifted by the presence
of the dc-field, see Figure 2.2.

Though perturbation theory is a good way to show the qualitative effects
of the dc-field, more accuracy is achieved by diagonalizing the Hamiltonian
(2.7) numerically, for a more detailed look, see Appendix D. The resulting
eigenstates are superpositions of, in principal, every quantum number J, but
due to the selection rules with only one quantum number m. Just like in
perturbation theory, there is always one J having the biggest contribution to
the superposition. Indicating the new states by this quantum number, the
energy spectrum can be separated into two parts, those states with J = 0 and
J =1, and those with J > 2. In the cold temperature limit, it is possible to
neglect the second part of the spectrum, because of the comparatively large
excitation energies leaving only four states; the ground state with J = 0 and
m = 0 and the three excited states with J =1 and m = 0, £1. We denote
them as |g), | — 1), |0) and |1). In this four-state basis, the Hamiltonian
takes the form

1
H=">"|i)(i|ED, (2.17)

i=—1
with ‘ ‘

being the energy of the state |i) and Er(fu)m, Eum the numerically calculated
energies of the Hamiltonian (2.7). Subtracting the overall energy offset Efjum,
we set E9) = 0. Hence the ground state does not appear here.
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2.3 The AC-Field

Once prepared in their state, the molecules remain unaffected to changing
external parameters due to the lacking possibility of energy exchange. How-
ever, in order to observe a dynamic reaction of the system including quantum
phase transitions, the molecules must be able to alter their state.

This is achieved by coupling them to the ac-field E,. which we include in
the same way as the dc-field. The Hamiltonian then reads

1
H =Y |i)(i|EY — d - Eq(r,1), (2.19)
i=—1

with the representation of E,. in spherical coordinates®

1
Boc(r,t) = 3 Ede ! (r)eg + (~1)"ELc™ (r)e_,. (2.20)
q=—1

Here, e, are the spherical coordinate vectors and Ed. denotes the corre-
sponding amplitude of the ac-field. Also expressing the dipole operator in
spherical coordinates, we get the complete projection of the Hamiltonian
onto the spherical basis

1 1
H=Y"[))i|EY - > Ble ™ (r)dy+ (—1)'EL e (r)d_q.  (2.21)
i=—1 qg=—1

A general discussion of this Hamiltonian is complicated by its time depen-
dence. The standard approach to this problem is the so called rotating wave
approximation|[12] (RWA) which implies a transformation to the rotating
frame of the ac-field. In this frame all the time-dependent terms can then be
neglected in good approximation. The transformation to the rotating frame
is described by the transformation rules

9 =lg), |-1)=e"™[=1), [0)=e""0), [I)=e""1), (222)

with the tilde denoting the rotating frame. Only in this chapter rigorous
use of the tilde sign is made. However, the operating frame should be clear
anywhere in this work. To tranform the Hamiltonian to the rotating basis,

5See Appendix A for spherical coordinates.



2.3. The AC-Field

we first present it in the old basis
H= BV =1)(-1] + ED0)(0] + EV[)(
— (( BS.d8%19)g] + Bodlg) (0] + Egld%1g) (1] + Eded] ™ g)(~1]
+ Egedg’|0)(0] + E.d?|0)(g] + Eged? M 0) (1] + gl d% 0)(1]
+ Boedy | = 1)(=1] + Bl d=1*| = 1){g| + Egd=1") — 1)(0)
+ B [1)(1] + Eadl?[1)(g] + Enedi®[1)(0] ) 7
— (( BSd81g) (9] + ESdflg)(0] — Edodd ™) (—1] — Egl gy (—1]
+ EQLd°10)(0] + EQ.d?|0){g] — EgltdY |0} (~1] - EL.d]0)1]
+ Boudy ™Y = 1)(=1] = Eged—1*| — 1){g| — EpdZ}°| = 1)(0]
+ B 01— Egldi? 1) (gl - Bl i1 0] ) e, (2.23)

ac

with the abbreviation d{™ = (I|d|m). Using the substitution rules (2.22) we
then obtain the Hamiltonian in the rotating frame to

H= BV 1)1 + B0 + BOJIKI

— ((ES.d813)(3) + ESdf1g) (0] + Egle™ % |g) (1]
+ Bee ] g) (1] 4+ Bldy ' = D(=1| + Bl et} — 1)(g)
+ Bl =} = 1) (0] + E0.d§?[0) (0] + Efee™dg?|0) 3l
o+ Bod)HON1] + Egd® |0)(1] + Eo.dg! 1)1
+Epee™d}’|1)(g] + Endi®[T) (0] ) e

— ((E2d§%19)() + Efe™"dd’15) 0] — Ejce"af'[3) ]
— B"e g g) (1] 4+ Bldy T - )(=1] - Ejre™d_y?| - 1) (gl
= Egod "] = 1)(0] + Egodg’|0) (0] + Egze™dy?10) (3]
— Eg S 0) (1| — Bl |0)(1] + B ' 1)(T
~Eg ety 1) (gl - B d 1)) ) e, (2.24)

ac

Now not only the Hamiltonian is affected by the transformation to a time-
dependent basis, but also the time-derivation in the corresponding Schrodinger
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equation

i0|¢) = H[). (2.25)

Take, for example, the ansatz

) = cglg) + c—1e”™!| = 1) + coe”™*|0) + cre”|1)
= ¢glg) +c-1| = 1) + c0/0) + c1]1) (2.26)

and insert it into equation (2.25). We calculate the time-derivate in the
non-rotating basis obtaining the left-hand side to

Oil) = (glg) + é—1e™™" = 1) + coe™™"|0) + ére™ (1)
—iwee™ | = 1) —iwege™ ™ |0) — iwere 1))

= (¢l9) + 1] = 1) + [0) + é1|1) —iw (c-1| = 1) + ¢0[0) + e1]1))) -
(2.27)

Returning back to the standard form of the Schrodinger equation with all
time-derivates on the left yields

i (649) + 1] = 1) + &[0) + é1[1)) = Hp) = w (e-1| = 1) + 0[0) + e [1)) .

(2.28)
Thus the change to the rotating frame leads to a subtraction of the diagonal
terms of the Hamiltonian (2.24) by w. Assuming w is approximately of the
same size as the diagonal terms, that is near resonance, this subtraction
leads to a cancellation of the fast dynamics of the states which are already
contained in the factor e ", Instead the characteristic time scale’ on which

the dynamic takes place is E,(% . With that in mind, we write out the
—Ww

"No distinction between the E is made in this qualitative argument.
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right-hand side of equation (2.28) in full

HY) —w (co1] = 1) + ¢0/0) + e1]1)) =
— ¢y (Bbe™™ag\g) + Egld”?| = 1) + ES.dY|0) + Bldl’| 1)+
EQ ™! df?|g) — Eg.e®'d” | — 1) + Eg.e*'dg?|0)—
E&l*eziwtd%gﬁ»
Ve ((E<—1> - w) 1)
— (Blee™21a{ 7 |g) + EQee™ g " = 1) + Bl e~} ™"(0) -
E(;C1*dg1;—1|§> i Egzeiwtdal—1| _ 1> _ E[;cl*ei“td(l]llf))))
+ co <<E(O) — w> |0)
— (B 21d|) + Byle™ ! d10) = 1) + Ef.e™!dfP[0) +
ELe™di0)1) + ELdf|g) — Ebe™d=1| — T)+
L di10) - B e aif|D)) )
+ oo ((E<1> - w) 1)
— (B2t} |5) + Ble ™ 1d% 0) + Eoce™ il | )~
Epod?|5) - Bae™'d™y[0) + Bl e dj!|1)) ) (2.29)

and neglect in good approximation all the rotating terms that are too fast
for the system to follow. This yields the final result in matrix notation

¢ 0 E;NdY —EYd’  ELd% ¢
c_q —E;ld")? ECY —w 0 0 cq
o co | | —E%dY 0 EO —w 0 <o
c1 —EL.d}? 0 0 ED—y |\ a
Ho
(2.30)

Choosing a certain polarization or relating the different dipole matrix ele-
ments dim with each other, this expression is further simplified quite easily.
For the moment we keep the general form and focus on the characteristics
of our setup, the dipole-dipole-interaction.
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2.4 The Dipole-Dipole-Interaction

The interaction energy of two electrical dipoles with separation
vector R;; = R; — Ry, see Figure 2.3, is given by

di : dj - 3(di . eR) (eR . dj)
R3. ’
%)

dd __
Vii' = (2.31)

where R;; = |R;j| is the distance between the two dipoles and ep = R;;/R;;
a vector of unit length pointing from dipole ¢ to dipole j. Again, we inter-
pret the dipole moments d; ; as operators. To take into account the special
geometry of our setup, we project the coordinate-free representation onto
spherical coordinates

1 1
Vdd = ——F { (3 COS2 0 — 1) diOdjO + 5 (3 COS2 0 — 1) (dildjfl + difldjl)
+ i sin 6 cos 0 (67@ (di_ld]’o + di()dj_l) — ¢ (d,‘1dj() + d,'()djl)>
V2
3 020 (2% dor + o2 d.
+ 2sm 0 (e“?di1dj1 +e di—1dj1 , (2.32)

and then set § = /2 for being in a two dimensional plane. This yields

1 1 3 9 —2i
Vi = {di@dﬂ) + 5 (dindjo1 +dicadjn) = 5 (*dindjy + e d’di—ldj—l)} '
3
(2.33)
To avoid from confusion we emphasize that d;; is the k-th spherical coor-

dinate of the dipole operator of the i-th particle and dim is the transition
matrix element from state m to [ of its k-th spherical coordinate.

d;

Figure 2.3: Two molecules interacting by their dipole moments

Since ng is a two particle interaction, we have to expand our former basis of
four states taking all the possible dyadic products of two one particle states,
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for example [§g) = |§) ®13), |§1) = |§) ®|1), so that the new basis then owns
16 states. The representation in this basis then takes the general form

VIS =N |l (Im| V3| k) (7|, (2.34)

Imnk

where the summation indices run over the ground state and the three excited
states yielding in total 4* = 256 summands. Before calculating the above
expression we try to reduce the number of terms. This is done by first going
back to the non-rotating single particle frame and using selection rules to
obtain those dipole matrix elements that do not vanish:

(gldolg) = dgg (0ldo|0) = dg’
(1]do|1) = (—1ldo| — 1) = dg "
{g]do|0) = (0ldolg) = dg’
(~1]d_1lg) = d X (gldi| — 1) =i~
(~1]d_1]0) = d—w (Old| — 1) = d9™*
(gld—1|1) = d%, (1ldi]g) = dy*
(Od—1]1) = d2} (1]d1]0) = di°. (2.35)

Then we translate these terms to the rotating frame

(gldolg) = dg’ (0]do|0) = dgo
(Tldol1) = dg’ (~1ldo| - T) = g
(1do]0) = e~*"dg" (Oldo|) = "' dg”
(~1|d1]g) = e™'d"y° (gldi| — 1) = e~ ™"af ™"
(=1|d_41]0) = d_1° (0]dy| — 1) = dO!
(Gld1[1) = e~'d?} (ldi[3) = ¢*"dy?
(0]d_q1|1) = d% (1|d1]0) = d'°, (2.36)

and build the two particle matrix elements by a simple product of two of
them. For example we have

(Tgldods T — 1) = (i[do[T) x (glda| — 1) = e=*af™".  (2.37)

In the rotating wave approximation all the oscillating terms are eliminated
and we finally get the spectral factorization of ng still holding 42 terms®.
However, by the choice of a certain polarization in the next chapter, many
of them cancel out.

8See Appendix E Table E.1 and E.2 .
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2.5 Choosing A Polarisation

Setting E,! = EY = 0 and E!, € C we choose a circular polarized ac-
field. By this step, the single molecule Hamiltonian H° of equation (2.30)
and the dipole-dipole-operator® V;?d become significantly less complicated.
The reason for this is that we can completely neglect the state |0) because
of the selection rule of the circular polarized field Am = +1 preventing a
population of that state. Since E.. only couples the ground state with |1)
the question arises why this does not also apply to | — 1). Here it has to be
reminded that neither |0) nor | — 1) are eigenstates of the system, but that
in contrast to |0), | —1) can exchange energy with |1) due to their degeneracy.

To express the Hamiltonian in a compact and understandable way, we use
the results of Appendix B and some preparatory definitions.

First, A = E®) — & is the detuning of the microwave field, and second, A, R
and L are single-particle operators with the following representation in the

basis {‘ - i>7 |§>, |i>}
1 00 0 00 0 0O
A=1{0 0 o], R=1|[0 0 1], L=110 0|, (238
0 01 0 0 0 0 0O
R and R describe transitions between |§) and |1) (the (R)ight state in Figure
2.4), L and LT between |§) and | — 1) (the (L)eft state in Figure 2.4), and A

is a unitary operator restricted to the excited states. The two parts of the
Hamiltonian then read

HO = AA; —dY (E;CRI +EL Ri> , (2.39)
Vi — Rl@ {((a8" - dg7) A+ dago1s) @ ((db' - ag?) A; + g1,

1 . .
—5d” (L@ (L; = 3¢7R, ) + Li@ (L] - 3¢** )
+Rl @ (R —3¢%L;) + Row (R) - 3e729L1)) |,
(2.40)

with the dipole matrix elements d%g ,dt, dit, the amplitude of the ac-field E,.
and the angle ¢ between the x-axis and the line segment from one molecule
to the other. Together they form the total Hamiltonian

H=> Hl+> Vi (2.41)
% %7

i#]
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Figure 2.4: Action of the operators A, R, L and their hermitian conjugates



Chapter 3

Polar Molecules In A 1D
Optical Lattice

As a first starting point, we replace the two-dimensional lattice by a one-
dimensional chain. The reduction of dimension not only simplifies the Hamil-
tonian, but also enables us to apply methods restricted to one dimension,
like the Jordan-Wigner-transformation or bosonization.

The chain is aligned along the x-axis, or in spherical coordinates at the
angle ¢ = 0. Equation (2.40) then takes the form!

v () Ao (a0 - ) v )

1 1 2
~5di? (Lj ® (Lj — 3R;) + L; ® (Lj - 3Rj.)

+RI @ (R — 3L;) + R; ® (R} - 3L}>) } . 3.1

We focus on the steady state with the response of the system to external
parameters completed. In this state the ac-field is already turned off adia-
batically and HY from equation (2.39) reduces to the special case

H?® = AA,. (3.2)
The Hamiltonian of the one-dimensional chain in the steady state then reads
ss 1 dd
H=> H, +§Zvij. (3.3)
i irj
itj

Though working in the rotating frame, we will drop the tilde-signs in this
chapter. Expressions in the non-rotating frame will be emphasized explicitly.

'See page 13 for the definition of the different quantities.
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3.1 Mean-Field-Approach

For the sake of simplicity we assume, that every molecule has the same
wave-function

1) = H [cos(e)]g% + \2 sin(e)e’ (] = 1); +e7[1)) ], (3.4)

7

with the variational parameters €, 4,y € Rg . Since all the molecules possess
the same wave-function, we can rescale the Hamiltonian (3.3) to

H/N = H* +) Vi, (3.5)
j=1

H/N now describes the energy per particle or energy density and N is the
total molecule number, with N — oco. Taking the expectation value of the
reduced Hamiltonian in the state |¢) yields

Ey, /N = Asin®(e) + % {(dgg cos®(€) + dy! sin2(e))2
a

2

—d19” cos?(e) sin?(e)(1 — 3cos(y))}, (3.6)

with the lattice spacing a and (3 = Z;ioj_?’. Minimizing this energy will
provide us with a relation between the parameters €, v, § of the wave function
and the experimentally adjustable quantities A, dkm.

In order to find a minimal energy, we have to set v = +x2. In contrast,
the choice of the second phase factor ¢ is arbitrary due to Ey, /N being in-
dependent of it. This U(1)-symmetry is broken inevitably at the transition
from € = 0 to € # 0. The question whether the symmetry breaking [13] is
spontaneous or not, will be dealt with at the end of this chapter. The re-
maining parameter € is computed by taking the derivate 9(Fy, /N)/de = 0.
This delievers as solutions

[A, — A
e =0, €1 = arcsin ( pq) , €2 = g (3.7)

While ¢y corresponds to all the molecules being in the ground state, €3 stands
for the totally excited state. The transition inbetween begins at the right
border

A, = 2(%’ |8 (ag? — di") + 241", (3.8)

and ends at the left border A, — ¢, with the transition width given by

2
g = g (@ — dg)* + 44| (3.9)

2A further discussion on this phase factor follows in chapter 3.2.
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Reinserting the values for e from equation (3.7) into equation (3.6) then
yields the dependence of the energy on the detuning of the microwave field

S q9o° A> A,
2 _ 2
Eﬂ)l /N = %dgg - (APQqA) AP —q< A< AP ' <3'1O)
Sdi” + A A<A,—q

The corresponding phase diagram is shown in Figure 3.1. It is continuous
and continuously differentiable. However, the order parameter sine is not
continuously differentiable at A = A, and A = A, — ¢q. Thus, the phase
transition is of second order.

E/N [4/a%

Ala.ul]

Figure 3.1: Phase diagram of the reduced Hamiltonian (3.5) with the mean-
field ansatz |11)

To obtain a physical interpretation of the state |1)1) we calculate the expec-
tation value of the dipole operator? in the non-rotating frame

(r]d|ipn) =  2d79 sin(y/2) sin(wt + /2 + 6) cos(e) sin(e)e,
— 2d}? cos(7y/2) sin(wt 4+ /2 + 8) cos(e) sin(e)e,
+ (cos?(€)dd? + sin®(e)dy') e.. (3.11)

First, we recognize that the ratio of dipole moment parallel and perpendic-
ular to the z-axis is determined by €. Second, the part of the dipole moment
in the xy-plain is oscillating and not rotating. Third, the angle between
oscillation and coordinate axis is determined by v with v = 4m describing
an oscillation parallel to the x-axis (in direction of the chain) and v = 0 an
oscillation parallel to the y-axis. And forth, the phase factor § acts as the
phase shift of the oscillation.

In addition to energy and dipole moment, another way to characterize the
system is given by the so called dipole-dipole correlation functions such as

(d1d%) = 4d19" sin?(v/2) sin2(wt + /2 + 8) cos(€) sin2(e) (3.12)

3See Appendix B.2 for the spatial representation of the dipole operator.
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which is again calculated in the non-rotating frame. The time average of
this expression

(k) = 207 sin®(y/2) cos?(€) sin(e) (3.13)

is equivalent to calculate everything in the rotating frame and applying the
rotating wave approximation. The reason that the energy is independent of
0 can be interpreted nicely by the above results. As long as all the dipoles
oscillate with the same phase, the phase itself does not matter for the en-
ergy, since time averaging cancels it out. Despite that, the system chooses a
certain phase and therefore breaks the U(1)-symmetry.

An illustrative representation of the symmetry breaking is given in Figure
3.2 and 3.3. Figure 3.2 is an extended version of the usual mexican hat po-

Figure 3.2: Mexican hat potential with rotational symmetry, A; > A;4q

tential known from Landau theory [14] of phase transitions. While the z-axis
of the spherical coordinate system describes the energy of the system, the
radius corresponds to a parameter which has all the molecules in the ground
state at zero radius and a fully excited lattice at infinity?. The azimuthal
angle is § from equation (3.4). The pictures differ by the chosen value of A,
with A; > A;11. To understand the phase transition we simply follow the
pictures number by number. At A; the minimum in energy is easily found,
the surface has its lowest point at the origin and all the molecules are in the

“Such a parameter is, for example, tan(c)
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ground state (¢ = 0). Then, with A decreasing, a small peak rises at the
centre. The minimum in energy is no longer a single point, but lies in the
circular valley around the origin. The peak becomes clearly visible the first
time at Ay4. The symmetry breaking can be imagined in the following way:
Place a little billiard ball on the energy surface at Aj. It will roll down the
hill and come to a stop at zero radius. The rotational symmetry is main-
tained. With A decreasing the circular valley will rise and the billiard ball
will roll down and come to a stop at some point in that valley, thus breaking
the rotational symmetry of the whole object. The question remains whether
the point in the valley is totally random (spontaneous symmetry breaking)
or imposed by something. Before finding an answer to that, we finish the
phase transition at around Ag, where the circular valley vanishes. The min-
imum of energy then lies at infinity and all the molecules are excited.

To settle the question of spontaneous or not spontaneous symmetry breaking
we have to leave the steady state and include the effect of the ac-field. This
is done with replacing (11 |H®|¢1) by®

(1 |Hnp1) = Asin®(e) + d%g\/ﬁsin(e) cos(€)|EL.| cos(Cy — 9), (3.14)

with El. = |EL.|e?“1. To minimize the additional second term, we see that
C1 and 0 must differ by £7. The mean-field ansatz (3.4) then takes the form

) =]] [COS(E)LCJ%’ - \}5 sin(e)e™ (| = 1); — [1)i) | - (3.15)

(2
In the picture of the billiard ball, the ac-field slightly tilts the energy surface
to one side. The billiard ball then comes to a stop at the bottom of the
blue region in Figure 3.3. Hence, the symmetry breaking is not spontaneous.
However, after adiabatically turning off the ac-field, the choice of ¢ is without
any effect.

Figure 3.3: Energy surface with ac-field turned on

SHere v is already set to .
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3.1.1 Alternative Ansatz 1

Previously we have seen, that a second order phase transition can be observed
for the mean-field state |11). To find an energetically more favourable state,
we propose as a second ansatz

o) = 1 [cos(e)|g>i + sin(e)e?|1); (3.16)
i
and compare it with [¢)1). Again, we calculate the expectation value of the
dipole operator in the non-rotating frame

(1|d|yn) = 2al1 sin(y/2) sin(wt + v/2 + ) cos(e) sin(€)e,

- 2d1g cos(v/2) sin(wt 4+ /2 + §) cos(€) sin(e)e,

+ (cos?(€)dd? + sin®(e)dy') e, (3.11)
(tho|d|the) = —/2d}9 cos(wt + &) cos(e) sin(e)e,

— V2d}9 sin(wt + 6) cos(e) sin(e)e,

+ (cos®(e)d§? + sin®(e)dy') e.. (3.17)

In contrast to the already known oscillating dipole moment of |¢1), the
ansatz [12) describes a rotating one. As a result the time averaged dipole
correlation functions of equal direction

|1h1) : <d]dk>¢ = 2d;" sin®(7/2) cos? () sin®(e), (3.13)
(djb), = 24" cos?(7/2) cos?(€) sin’(e), (3.18)
o) s (dhdb),, = di¥ cos(e)sin(e), (3.13)
(djdk)t = d'9" cos?(e) sin?(e) (3.19)

are y-dependent in the case of |¢1) and equal in the case of |1)2). This leads
to a difference in the corresponding energies

[¥1) 1 Ey, /N = Asin?(e) + G {(dggcos (e )+d0 sin? (e ))2
—d'” cos?(e) sin2(e)(1—3cos(7))}, (3.6)

[ia) i Ey,/N = Asin?(e) + & {(dgg cos?(e) + dj’t s.in2(e))2

—d}g cos®(€) Sin2<€)} : (3.20)
With v set to v = £7, we obtain the energy difference
Ey, /N = Ey,/N — 353 4. (3.21)

After comparing both ansétze, we see, that the first state [11) is energetically
preferred.
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3.1.2 Alternative Ansatz 2

Before presenting a third ansatz, we take a more detailed look at equation
(3.3). A remarkable property of the Hamiltonian (3.3) in the steady state
is, that it does not alter the total number of excitations. In terms of opera-
tors, this means that the commutator of the number operator of excitations
f =3, A; and the Hamiltonian [#, H] = 0 vanishes®.

As a result, the eigenspace of the system decomposes into a manifold of sub-
spaces, each corresponding to a certain number of excitations. The question
rises, whether this is a natural property of the dipole-dipole-interaction or if
it is born out of the rotating wave approximation. We thus take a look at
the matrix elements neglected in the rotating wave approximation

GoglV -1 -T) = et oL,
ij

(Gi, G; V|15, 1) = —%e_Qi“td%ng ® R,

(Gi, 351V — 1;,1;) = ng _27’“’tdlg L® R,

(9i- 951V, — 1) = %e*””td}ﬁ% ©L (322
ij

If we do not neglect these terms, Vi?d couples states with n and n £+ 2 ex-
citations. To appropriately describe these states, we introduce new nota-
tions. First, [r1A\1m2Ae...r, A, ) denotes a state with n excitations at the sites
r1,72,... and of type A1, Ag, ... respectively. For example, [3,1,5,—1,20,1)
has all the molecules in the ground state, except for site 3, 5 and 20, where
the molecules are in the state |1), | — 1) and |1) respectively. And second,
(™)) is an arbitrary linear combination of states with n excitations.

We estimate the error, which the rotating wave approximation presents, us-
ing stationary state perturbation theory in the non-rotating frame, with the
ac-field turned off. This yields the energy for the state [1)(?)7 in second order
perturbation

w(O ’ Z Vdd Z 0 | Zz#g Vdd’¢>|

Ey—-FE
i#j 0 ¢
°>\ Z i el
_ = - dgg 7]
=Y+ Y
z;éj | (2))
19
- Z oot 5Ly (3.23)
B R3 4B R6 ' '
1753 i#]
5To prove this statement, it is sufficient to show that [A,,, V3] = —[A,, V;%].

14 has all molecules in the ground state.
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In line 2 we have used the finding, that states with n excitations only couple
to states with n & 2 excitations. The summation over the |)()) is done by
inserting the states |r1A\172A2) and taking the sum over 71,79, A1 and Ag.
In the previous calculations we have seen that in the chosen range of A,

S i /RS ~ A, thus

~ 1 1 2 A
By~ 33" Zodd — AT 24
TR B (329

With A/B < 1, we recognize that the corrections by the Van-der-Waals
terms (Cg/R%) are small and the error of the rotating wave approximation
is negligible.

Due to the decomposition of the eigenspace of H, we expect, that for a given
A, there is exactly one number of excitations, or speaking of an infinite lat-
tice one density of excitations, which minimizes the energy. Expanding the
first ansatz |t¢1) in the ratio of excited and ground states, that is tan(e), to

1
li1) = cos™ H]g ﬁtan ’52\7"1,
1 o
+ — tan(e)e®e™ Z |r1, 1)
V2 -

1 216

+ 5tan D o —Lrg,—1) + .|, (3.25)
r1iT2

with N — oo being the total number of molecules, we find that it can be

interpreted as a mixture of states with different number of excitations. The

major part of these states has an inappropriate number of excitations and

costs extra energy. We thus present the third ansatz

N—n+1 N—n+2

_Norm > 2 - Z > Z [riAireAg... H/\Z,

ri=1 ra2>r Tn>Tn—1 A\1==+1
(3 26)

consisting of states with only one certain number of excitations. We have
chosen the factor [ [, A; to have a maximal negative energy contribution from

v5™)

the off-diagonal terms of Vi‘jd (those with d%g ). The normalization

27 N1
Norm = m7 (327)

is simply the square of the number of states, i.e., the number of possibilities
to occupy n of N sites, times the number of possibilities to choose n times
|1) or | —1).
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The energy of ]wén) ) can be calculated by first determining the matrix el-
ements of the Hamiltonian in the basis |riAj7raAe...) and then taking the
appropriate sums. We begin with the single excitation states

<T7 /\|H|5’€> = 57“55/\/1A

1
+ 57'36/\,‘1 Z Rnggd[l)l

m#r = T

L gg?
+ Z R%mdo

m,n
m<n

-

m¢7, mr

contribution of H ES

interaction of | £ 1) at r
with |g) at all other sites

interaction of all ground states

subtracting the ones that include
the ground state on site r

1 d%g ’ interaction between same kind of
+ (1 — (Srs)(S)\,ﬁ —§R73 excitation on different sites
TS
3 dig ’ interaction between different kind
+ (1 =09,5)(1 —0xg) SR of excitations on different sites
TS
(3.28)
and get the corresponding energy
W 1My = L r, A|H|sk) - Ak
) = o 3 S
2
1 1 dQQ dgg dll
=—— | 2NA+2N= 412 et
N 2 2 B, P2,
m#r
2 2 2
%’ 1d;? 3dy?
-9 0 _9 219 b B
22wy, Plom Plam,
m#r r#s T#S
(3.29)

with the last ocurring minus sign resulting from the factor [[; A;. Using the

translational symmetry of the lattice, we simplify this expression to

(s HS) =

m,n

m#n

8See equation (3.8) for the definition of A,.

2
1 d%f
RS,

8

+FA-A, (3.30)
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We compare this with the energy of \w§0)>

R
") = 0+ @ D Vi) = 3 3 e (33Y)
ij m,n mn
i) mzn

and find, that the transition from zero to one excitation is ocurring at A =
A, just like in the first ansatz [11). The reason for this is that the term of
first order in eq. (3.25) is? equal to |1/J§1)>.

Instead of repeating the above procedure with n and n + 1 excitations, we
look for a more elegant way to calculate the transition regime. We start
with the question of how the dipole correlation functions look like in the
new ansatz, for example

, 1 . ) , .
(B o = S (s + o + ddhy + ) (3:32)

v
For better comparison with previous results, we calculate these expressions
in the non-rotating frame. However, with \wén)) having only one number of
excitations, the oscillating terms of the bra- and ket-vector cancel each other.
Hence, the expressions are time independent and equal to the rotating frame.
Since |¢§n)> is a superposition of the states |riAi;ra2Ase...), we must first find
the combinations of two such states, that contribute to the dipole correlation
function. We begin with (d’df) from the right hand side of equation (3.32),

<1“1>\1’l“2)\2...|d{dlf|81/{182/{2...> 750 if
o (i ljg.|dldE]. . gio =1k ) £0

o (gj g |dldE] =15 g ) £0

Due to orthogonality, the dots must describe the same configuration on the
left and the right side. These are the only possibilities for the sites j and
k, since otherwise the total number of excitations would differ on both sites.
Thus every state, that has exactly one excitation and one ground state on the
sites j and k contributes with d;%dJ " = —diQQ. The number of states that
fulfill this condition, i.e., the possibilities to distribute n — 1 excitations on
N — 2 sites, times the possibilities to choose 27! times the type of excitation
|1) or | — 1), is given by

2= (N — 2)!
(n—1DI(N-=2—(n—-1)

(3.33)

Cp —

9Setting v = .
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Repeating this calculation for the rest of eq. (3.32), we obtain the dipole-
dipole-correlation function

, 2n~H(N —2)! n!(N —n)!
B o = 4d
(dada) LU (n—1I(N=2—(n—1)) 27N
12 M N (1 — ﬂ)
In the limit N — oo, this yields
j 7k :2192£<1_£>

with the fraction or density of excitation n/N. There is a similarity between
equation (3.35) and the time averaged correlation function of the first ansatz
(3.4) with v = %,

—

(k) =2d} cos®(€) sin(e) = 2} sin®(e) (1 —sin®(c)),  (3.36)

that is somehow interesting. However, n/N is not necessarily sin(€)!°. From
Figure 3.4 we see that the alignement of the dipoles is the strongest at
n= N/2.

oo oo
N Wb~ O

(3.8, [d1¢°]

oo
o -

02 04 06 08 10
n/N or sin(g)

Or
o

Figure 3.4: Dipole correlation function in the mean-field ansatz v; and 1/)§")
We now use these results to calculate the energy of wén). For this, we express

<ng> in terms of dipole-correlation functions and do the same combinatorial
considerations as above. This yields

N 2
Buy =+ S {7 (007 = a8 +4d)”)

a3N—-1|N
(@ — i) +on (agrat - dg?” — 2ai”))
N dgg2} ) (3.37)

10We could have written cos®(€)(1 — cos?(e)) just as well.
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with the Riemann zeta (3 = Z;io j 3. Calculating the point of intersection
of energies with n and n + 1 excitations, we find the optimal number of
excitations

A, —A

q

We recognize, that in the limit N — oo, the fraction of excitations n/N
really seems to be equivalent to sin(e) of our first ansatz and that the range
of the transition from no excitation to a totally excited lattice goes from
A, — g to Ay, just as in the first ansatz. Reinserting equation (3.38) into
equation (3.37), we obtain the energy

Ey, = _M(N_ 1) + A -4 <<3 (dggQ —d(1)12) _ Ap>

n (N —1). (3.38)

’ 2q q a3
(3 N? 2
= a3’ . 3.39
+ a3N—179 ( )
Taking the limit N — oo, we get an energy per particle
C3 gg2 (Ap — A)2
By, /N = gdo - 27(]7 (3.40)

which is valid for A,—¢ < A < A,. The ansatz |¢3) is obviously energetically
equivalent to |¢1)!!. The reason for this may lie in the thermodynamic limit
(N — o0). Although [¢1) is a mixture of states with different number of
excitations, the effect of those, that are inappropriate to the chosen A, is
negligible due to the infinite number of molecules!?.

3.1.3 Mean-Field And Variational Calculus

The approach of the previous calculations, that is, assuming a wave function
with different parameters and appropriately adjusting them, is also known
as variational calculus. In the narrower sense, this is not equal to the mean-
field-method. However, we will show that both techniques lead to the same
result, excusing the rather sloppy language.

In mean-field, we focus on an arbitrary, single molecule. An external field
replaces the individual interactions with all the other molecules. It presents
an average of the fields, that actually would be induced by them. The many-
particle problem thus reduces to a one-particle problem. Still an assumption
has to be made for the external field. Here, we describe the average field by
our first ansatz

1) = H [cos(e)]g% + \2 sin(e)e’ (] = 1); +€7[1);)] - (3.4)

"For A > A, and A < A, — ¢ the wavefunctions are not only energetically equivalent,
but the same.
121 ike the volume of a sphere is in high dimensions mainly at its surface.

7
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We have seen, that this state corresponds to an oscillating dipole moment
with orientation and phase determined by ~ and § respectively. The ratio
of molecules in ground and excited states is described by e. With this, the
many-particle Hamiltonian (3.3) reduces to

2G3 :
H—AA—}—a?){(d(l)l—dgg) (do' sin? € + df? cos® €) A
Lpgr (L i I 4 @R — 367LT _ 3R!
_§d1 ﬁe smecose(L +e R —3e"L —3R)—|—h.c. ,

(3.41)

As before, df F are dipole matrix elements and a is the lattice spacing. The
definition of the operators A, L, R can be found on page 13. Diagonalizing
this Hamiltonian, we obtain three eigenstates. The energies of these states
are positive, zero and negative. The second step in the mean-field approach
is to provide self-consistency. This means, that the state of the randomly
chosen molecule must match the assumed average field. We thus identify the
eigenstates with [¢1). In the case of the zero-energy eigenstate, this leads
directly to a contradiction. It does not present a solution to the problem!3.
The first resctriction, that we impose on the remaining eigenstates is, that a
phase difference of ¢ between | — 1) and |1) exists, just like in |1). This is
only possible if v = 7. Then we compare the first components, that is the
prefactor of | — 1), of the eigenstates and |¢1). Here, a polynomial equation
of rank six in sin? € must be solved. We find as solutions sin?e = 0 (twice)
and sin e = 1 (twice), as well as

s B (@) G A A, - A

sin“ e = 5 > (3-42)
%o (d? — d§h)” + Bpdyf q

and
23 799 (499 _ g1 4¢3 dlg2 A
S (- ) - Gl
- 2
T

The familiar solution (3.42) corresponds to the negative eigenenergy and
thus solves the mean-field ansatz. Again, the energy is independent of 4.
Nevertheless, § must be taken into account to maintain self-consistency. This
is not possible with the last solution (3.43). It corresponds to the positive
eigenenergy and describes a state which is equal to |¢1), but with a phase
shift of &' = § & 7. Speaking in terms of dipole moments, this solution
oscillates in the same direction as [¢1), but always with opposite phase.
This is also reflected in the sign of the d192 in equation (3.43).

To sum up, the parameters J, v, and € must obey the same relations as in the
previous chapters. The variational and the mean-field approach thus lead to
the same results.

(3.43)

13The zero-energy eigenstate is of the type |¢) = a|1) + 8| — 1) with «, 8 € C.
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3.2 The Optimal Excitation

The existence of two excited states makes it hard to map the system onto
more accessible ones like the Bose-Hubbard model [9], or Spin-Hamiltonians,
like the Heisenberg model [15]. The reduction to a dual system with only one
optimal excited state would thus present a helpful simplification. However,
care must be taken not to exclude the overall ground state by this step.
Consider, as a starting point, the completely general state

)i = ZC?\Q>+C§ (aill) + Bil = 1)) (3.44)

(2

For the moment, we are not interested in finding the optimal number of
excitations, but the optimal excitation itself. We thus fix the coefficients
¢, c¢ € RY and set |ag)? + |Bi]? = 1'% With this restriction, ¢/ and c§
describe the ratio of ground and excited states for the molecule at site 7.
The «; and B; determine the amplitude and phase of the corresponding
excitations. Calculating the energy of this state, we recognize, that the

choice of the «; and B; is only affecting the off-diagonal terms of Vzgld with

the prefactor d%g. Their contribution to the energy is

1
1 dy?
Bofidingonal = — = Y —=a-cle§clef (o oy + ofa; + BfBj + B Bi)

3
4 i Rz‘j
i#]
3 d¥’
12 qacieiciei (aiBy + ajBi + oy + Bei) . (345)
@ 1]

1 d e g e
Eoft-diagonal = — ) Z éTC?CiC?Ci (Jevi] |aj| cos (arg(a;) — arg(aj))
+1Bil|8;] cos (arg(Bi) — arg(53)))
3 d’
+5 D pacicicd (|oillB;] cos (arg(ai) — arg(8;))
2 ij Rij !
i#]

+[Billej| cos (arg(B;) — arg(ay))) . (3.46)
To minimize this expression, we have to set

arg(a;) — arg(ay) = arg(B;) —arg(8;) =0 and arg(a;) — arg(8;) =,
(3.47)

4 Any other constant, that is not equal to zero, could have been chosen here.
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with ¢ # j. This determines the complex parts up to a phase between ground
state and excitations. Reinserting into eq. (3.46) and using the normalization
of the excitations (|a;|? 4 |3;]> = 1) then yields

2
1 dy’
Eueaimona =~ 3 3 i eicdet (Joullogl 4 /1= oty /1= o P
g
salaly/L— sl + a1~ o).
(3.48)
The maximum of the expression in brackets is at |a;| = |oyj| = 1/v2. To

minimize the whole expression, we thus set |ax| = 1/v/2 for every k and find
as the optimal excitation!®

1
le) = 7 () =1-1) (3.49)

Replacing the two excitations | — 1) and [1) by |e) does not eliminate the
overall ground state.

15|’l/)1> of chapter 3.1 thus presents the energetically most favourable mean-field-ansatz.
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3.3 Mapping To The Bose-Hubbard Model

In order to get more insight to the physics involved, we now want to map
the Hamiltonian onto the more familiar form of the extended Bose-Hubbard
model. The Bose-Hubbard model is constructed by the boson creation and
annihilation operators b;r and b; respectively, and the boson number opera-
tor n; = bjbi. We use the following correspondance between excitations of
molecules and bosons:

particle < excitation |e),

no particle < ground state |g). (3.50)
The whole Bose-Hubbard-Hamiltonian then reads

H= % Z nUijn;—p Z nﬁ—% Z tij (b:-rbj + h.c.) +V Z n;(n;—1)4offset.
i ’ it ‘

(3.51)

The main task, to get the right prefactors of this expression, is the calculation

of matrix elements, such as, for example, (eﬂ/;gld\g> or (e|H|e). Instead of

presenting the whole calculation, we explain the origin of the different terms:

The two-particle-interaction U;; follows from the terms of ng, that go
with 4; ® Aj
2 2
(@) @)

The chemical potential y comes from HY, and the terms of ng with 4; ® 1
and 1, ® Aj

_ 2

a3

d¥? (df? —dy') — A (3.53)

The hopping term ¢;; results from the terms of ng which go with Lt @ R,
L'® L, Rf ® L, Rf ® R, and their hermitian conjugates

—2d!  —2di 1

to. — — . 3.54
The offset follows from the terms of ng with 1; ® 1;
1 J99°
offset = — 0 (3.55)
22 RS,
m#n

V' — o0 is the on-site repulsion, which has to be added by hand. The reason
for this term is, that it supresses the multiple occupation of lattice sites.
This is not possible in the two state molecule system. Bosons in this limit
are also referred as hard-core bosons.
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3.4 Mapping To Spin Operators

The Hamiltonian (3.51) is a correct description of our system only in the
hard-cose boson limit V' — co. However, the inclusion of the on-site inter-
action makes it harder to solve the problem. We thus eliminate the term,
using spin instead of boson operators.

The definition of the spin—% operators is

. 1[0 1 g 1(0 —i . 1(1 0
So3ON, 92l wa soi() ). s

The matrices are known as Pauli matrices. With these matrices, we introduce
the raising and lowering operators

0 1
0 0

) and S~ = 5% —iSY — (? 8) . (357)

ST (S7) flips a spin-down (spin-up) particle and annihilates a spin-up (spin-
down) particle. Assuming the following correspondance between the states

S+_Sx+isy_<

0 1
o = =) wawoe =) 6w
we obtain the transformation rules

_ L1
bj < S5, b}L- = S;-r and n; & Sj+§. (3.59)

With ST|+) = 0, the artificial hard-core boson condition V' — oo is fulfilled
by itself. The Spin-Hamiltonian then reads

1 : 1 .
H =5 2 SiUsS] = ™" 3287+ 53t (S757 + 5757 ) + offset™,
ij %

ij

i#j i#j
(3.60)
with the chemical potential of spin-particles
i €
PP = = 25 (df7 — ') (3.61)
and the new offset
. 1 M
spin _ - Y
offset®™" = offset + 3 Z Uij 5 ; 1. (3.62)

1]
i
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3.5 Mapping To Fermion Operators

The commutator relations of the raising and lowering operators behave like a
mixture of boson and fermion operators. They anticommute on same lattice
sites,

(S, Sy =1{8.,8.,}1=0, {S,,S;}=1, (3.63)
but commute on different lattice sites
(St St =1S,,5,]=1S,,S =0 for n#m. (3.64)

We will now correct the latter relation applying the Jordan-Wigner-transformation.
This maps spin to fermion operators. We present the unitary!'6, so called
soliton operator

n—1 n
Ky =exp|ir) SIS | =i"lexp |in» S (3.65)
j=1 '

It rotates all the spins left to the n-th site and multiplies by a phase, so that
Kol 4142 +n1tntnti- ) =" —1—2--—n1+ntnt1...). (3.66)

With this, the transformation is given by
cn = K,S,,, S_:Kfcn: —in Y= 1163%
o =SrKT, St=c K, =cle im 3501 e (3.67)
Using these relations, we find the fermionic commutator relations
{enyem} ={cl,cl} =0 and {c, c,} = dum. (3.68)

The Hamiltonian then reads

7—1
Z nUijnj — 1 Z n; + Z tij H (1 —2ny) <cjcj + c;r-ci> + offset
1#]

ij I=i+1
1<J

(3.69)
¢;'7. Two things are different to the Bose-Hubbard Hamiltonian
(3.51). First, the on-site-interaction has vanished and second, a new factor
has been added in the hopping term. This factor Hl —; Jrl( — 2n;) gives a
minus sign for every particle between ¢ and j. It has no effect for neighbouring
particles.

with n; = cz

YKIK = KK'=1.

1"The multiple usage of n; as the number operator of bosons and fermions should not
lead to any confusion since there is no simultaneous appearance of fermion and boson
operators in this work.
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The proof of relation (3.68) is done in two steps. First, we show that

S, Km =—KpS, for m>n and S, K, =K,S, for m<n.
(3.70)
Since the spin operators on different sites commute, the latter part of the
above equation is clear. To prove the first part, we apply the Baker-Campbell-

Hausdorff formula [16]
eAtB = eAeBeABl/2 (3.71)

and the commutators of equation (3.64), to obtain

n—1 n—1
. - imStTS
K, = exp ZWZS;_SJ- = H e %5 (3.72)
Jj=1 J=1
and with that
m—1 N m—1 e
S™K,, =S emrSJ S;o_ ewrSj S; S—ezwsn Sn <373)
j=1 j=1
j#n

Then we simplify the last exponential

oIS S _ Eim(SiH1/2) _ AT EinSE _ 4t Ton _ 4y 3 w
m:
=0
0o (iM)Qm—‘,—l O_ZQ’erl (:I:Zl)2m 0_22m m
L 2 n 2 e
=+ mZ::O 2m + 1)! (2m)! ]
00 qm () 2mH1 0 (_1ym (m\2m
jjz (=)™ (%) (1" (3) ]ln]

and calculate the commutator

L (00N (1 0N (1 0Y (0 0\ o

Inserting all this into expression (3.73), we get

m—1 m—1
Sy Km= [ ™% 8y (~257) = — [[ ™% (~253) S,
j=1 Jj=1
j#n j#n
m—1 m—1
_ oIS ST Ein ST Sy S-=— H oSS S= = — K85
i
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With this relation, the different parts of equation (3.68) are shown easily.
Take, for example, m > n and consider

{en,em} = {K,S,, , KnS,,}
= K, S, KnS,, + Kp,S,,K,S,,
= —-K, K5, S, + KnK,S,,S,
=-K,K»S, S, + K,KnS,,S,
= _KmKn[&;’ S;z]
=0, (3.77)

with [K,,, K;,] = 0 being evident from eq. (3.64) and eq. (3.73).

For the proof of the Hamiltonian (3.69), two things must be clarified. The
easy one is the transformation of the fermionic number operator

1
ni=clei=STKK,ST =SS = 87 + 5 (3.78)

The more complicated question is how to express S;r Sj_ with 7 # j in the

operators ¢; and EZ. To show, how this is done, we start with the case i > j
and use the transformation rules to express the spin operators by fermionic
ones:

D DR
S;FS; = ije”r Zl:1 Cllg—tm > =1 Cmcij

~d )
I=j \m=0 ’
i—1 00 . \m

i

. <1 Ly c;cl> :
I=j m=1
i—1

= c;r <1 — 26;61) C;
I=j

i—1
=TT -2n)cle; (3.79)

Here, we have made usage of the Baker-Campbell-Hausdorff formula and
the commutator relation of number operators on different sites in line two,
and in line four we used nf = ny, which holds for every natural k& > 0'%.

8This is simply a consequence of the fermionic character, that n; is either zero or one.
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The product runs from j to ¢ — 1 and is equal to one for j = ¢ — 1. This
means, that in a nearest-neighbour model, such a term does not appear, and
the Jordan-Wigner transformation is more or less a substitution of all the
boson operators by fermion operators. Repeating the analogous calculation
for ¢ < j then yields the fermionic Hamiltonian (3.69).

3.6 The Crystal Phase

In view of the different terms of the Hamiltonians (3.51) and (3.69), there
are two very contrary approaches to the energetically most favourable state.
On the one hand, there is the crystal phase, which corresponds to a high
two-particle-interaction U;; and low hopping #;;. On the other hand, there
is the so called superfluid [17, 18], that minimizes the kinetic energy and is
suitable to the case where U;; is small compared to ¢;;. We will start assum-
ing a crystal phase, make a rough estimation, up to which ratio of ¢;;/U;;
this would be stable, and if such a ratio is reachable in our setup.

In the case of zero hopping t;; = 0 and a convex interaction with infinite
range U;j, the minimum energy state of equation (3.69) is a crystal with
periodicity ¢ and filling p/q'®, both depending on p. Since the rational num-
bers are everywhere dense, two values p/q and p’/q¢’, corresponding to p and
i, are always separated by an infinity of steps with rational filling inbe-
tween. The whole function of filling versus chemical potential then builds
the so called devil’s staircase [19-21]. It is continuous everywhere and has
zero derivative almost everywhere. However, with the chemical potential in-
creasing, it goes from zero to one. The range of the chemical potential Ay,
over which a commensurate state with filling p/q is stable, that is, the range
where adding or subtracting a particle raises the overall energy, is given by

Ap = Z nqU(ng + 1) + nqU (ng — 1) — 2nqU (ng), (3.80)

n=1

with U(i — j) = Uj;. In our estimation, it is sufficient to consider states
with p = 1. Despite using this shortcut, equation (3.80) holds for every
filling p/q € Q. To understand the procedure, first take a look at Figure 3.5.
In the first line, a sector of the infinite lattice with a commensurate phase
of periodicity ¢ = 5 is shown. Every dot stands for a particle and every
circle for an empty lattice site, that is, a hole. Thus, the number of particles
in a lattice with N sites is N/q. The second line corresponds to adding a
particle, i.e., a hole defect and the last line to subtracting a particle, i.e., a
particle defect. The existence of a hole/particle defect alters the energy in
the following way: First, the interaction between particles on the same side

195 is the number of particles per period.



36 3.6. The Crystal Phase

of the dashed line is not effected. Second, the interaction between particles
in A with those in B is

> Y Ulng)=> nlU(ng) (3.81)
m=1n=m n=1
in the case of no defect,
> Y Ulng-1)=> nlU(ng—1) (3.82)
m=1n=m n=1
for the hole defect, and
Z Z Ung+1) = Z nU(ng + 1) (3.83)

m=1n=m n=1

for the particle defect. The range of u, over which the commensurate phase
with filling 1/q is stable, is determined by the points, where adding or sub-

tracting a particle does not change the energy. Thus we receive

Ap = ZnU(nq+ 1) — ZnU(nq)
n=1 n=1

= Z nqU(ng + 1) + nqU (ng —

n=1

— (Z nU(nq) — Z nU(ng — 1))

1) — 2nqU (ngq). (3.84)

@000000000@0000080O0

O0@00000@0000e0000e
N/q

0000000000000 00@OC

PO®@O0000e0000e0000e

+1

0000000000000 @0O0C

DO00@0000e0000e0000

-1

Figure 3.5: Adding a particle/hole defect to a commensurate phase

Using the abbreviation
U= (dgg

—dih)?, (3.85)
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we obtain as a closed expression in the limit of large ¢

Ap = Z nqU(ng + 1) + nqU (ng — 1) — 2nqU (nq)

n=1

U > nq ng 2ngq
~F 2 g+ 1 a1 ()
120 1 120¢

— — = . 3.86)
3 4 4 3,4 (
a>qt fn a’q

%

The center of this range is found by minimizing the energy at filling p/q

N 4
E=-N (p> ot L;Q” <p> . (3.87)
q a q
This yields
UG (p\°
o=~ <q> . (3.88)

Since we assumed equal-spaced particles, this result is only exact for p = 1.
However, it is still a good approximation for an arbitrary p. In total, we
have stable ranges at u = po £ Ap/2. In these regimes, u can be altered
without effecting the commensurate ground state (CGS) due to the energy
gap between the CGS and the state with +1 additional particle. If we now
include the hopping term, the energies of the degenerate states®® with +1
particles split up and the stable range shrinks, depending on the ratio of
interaction and hopping term. We use degenerate, time independent pertur-
bation theory?! to calculate this effect. Beginning with the hole defects, we
introduce the notation |h;), for a state with, in comparison to the CGS, one
missing hole between particle i — 1 and 7. Due to orthogonality, the hopping
term only couples hole defects with ¢ — j = +1. In the subspace of one hole
defect, the perturbation operator thus takes the form

t
Tij = = Qijr + 0ij-1) 3, (3.89)
with ,
t=2d7 . (3.90)

Choosing the energy offset in such a way, that the energy of the CGS is zero,
we find, that the lower border of the stable range must satisfy the eigenvalue
equation

A t
det 5Z](7ﬂ — /\) — (dijJrl + (51'];1) g =0. (3.91)

20The degeneracy of the states with one particle (hole) defect follows from the transla-
tional invariance of the lattice, i.e., it does not matter where to put the particle.
218ee Appendix C.
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The minimal/maximal solution of this equation describes the half-width of
the emerging CGS-lobe, at a certain value of . Applying some substitions
and considerations about the maximal and minimal eigenvalues of the infinite
matrix (]\4)ZJ = dij+1 + 5@']’—17 we find

Ap t
min = — — 2—. .92
A 5 3 (3.92)
Analogously, we get
Ap t
)\max = _7 + 2@ (393)

for the highest energy of a particle defect. At Apin = Amax the perturbative
approach breaks down and we obtain the condition

3 t
for a stable CGS lobe. In Figure 3.6, we have plotted this result for ¢ > 4.
At t/U = 0, we find the part of the devil’s staircase with p = 1. The yellow
regions present the CGS lobes. Inside of them, the commensurate state is
stable. The full diagram, without the restriction p = 1, differs only little to
Figure 3.6 due to the comparatively small lobes with p £ 1. At the borders
of the lobes, a so called floating solid may be expected [19]. However, we
have not examined this region.

(3.94)

u[u/a’]

"0.00 0.01 0.02 0.03 0.04 0.05
t/u

Figure 3.6: Phase diagram of the crystal phase. The CGS are stable inside
the yellow lobes.

The question remains, whether the region of the CGS lobes is reachable
within our setup. We thus take a look at the critical ratio

249"

t
U @) Y

Using the numerical calculations of Appendix D, we plot?? the fraction t/U
versus the external parameter 7, corresponding to the strength of the dc-field

228ee Figure 3.7.
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in units of B/d. We recognize, that the hopping term is much stronger than
the interaction term, and that the smallest fraction is at around ¢/U ~ 10.
However, the biggest lobe with 1/¢g = 1/2 is only stable for ¢t/U < 0.2. This
value changes by a factor of two, if we calculate Apu numerically, i.e., without
the assumption that g should be a very large number. Hence, the crystal
phase is not a good approach to the ground state of the system.

30

20

-
= 10

0

0 2 4 6 8 10
n=dE,./B

Figure 3.7: The fraction t/U of hopping to interaction term versus the
strength of the dc-field.

3.7 The Superfluid

After examining the crystal phase in the previous section, we now pass on
to the contrary approach of the superfluid. The superfluid is an appropriate
ansatz in the case of a dominant hopping term. We thus neglect for the mo-
ment the interaction U;;, and also the complicated product H{;}H (1 —2ny),
which was a result of the Jordan-Wigner transformation. The Hamiltonian
(3.69) then reduces to

1
H=—pu E n; + 3 E Lij <cjcj + c;r-cl) + offset. (3.96)
(2 ¥
ij

We apply a Fourier transformation 22|, using the transformation rules

;=Y e M, (3.97)
k

P 1 ik
= zk:ckeZ 7, (3.98)
with k = 275, n = —%, e %, and N the number of lattice sites. The

Fourier transformation of the |R|~3-potential reads

—ikj

f(k) = Z ejj (3.99)
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Hence, the hopping factor can be written as

= a3NZf ek(t=m) (3.100)

We insert equations (3.97-3.100) into equation (3.96) and neglect the offset,
to obtain

H=—yu Z Z %é};ékleii(yik)j

7 kK
1 1 .y o
+ § Z Z Wt(Q) zq(l m) [Ckck/e kle—zkm _|_E;r€/6ke—zklezkm )
lm q?k?k/
l#m
(3.101)

By using % Zj e iK' =k)j — §,,/, this can be further simplified to
H=> e, (3.102)

.|.

with the fermionic number operator 7y = ¢;¢ and the dispersion relation
e, = t(k) — p. The ground state of the system is now found filling up the
Fermi sea to the quasi Fermi momentum kp satisfying ey, = t(kr) — p = 0.
Using creation operators, this reads

kr

IF) =] ¢ilo). (3.103)

|k[=0

Based on |F), we now include the lacking terms of the Hamiltonian (3.69)
in first order perturbation theory. Taking a look at the, in this sense unper-
turbed, Hamiltonian

Ho=—p Y mi+ Yty (cle; +elei) | (3.104)
1<j

and the perturbation

j—1

ananJ + Zt” ( H (1—2ny) — 1> (c;rcj + c;r-ci> , (3.105)
I=i+1

wf] ’L<J

we point out, that, while at small values of kp the terms of Hy should be
linear, those of Hq are quadratic in the Fermi momentum. Hence, at least
close to krp = 0, we should find a good approximation to the lowest energy
of the system. Due to the complicated form of the additional hopping terms,
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we will not transform the potentials, but only the operators. For a better
comparison, we will not only calculate the different parts of (F|H;|F'), but
also those of Hy once more. This is done on the following pages, one after
another.

e the chemical potential

1ot i
(Flp> ng|F) = <F\uzzﬁc;ck,e (k=17 | )
J

J kK

L

J k|, |K |<krp

0 <N> e (3.106)

e the hopping term

(FS tin (cfem + cfem ) IF)
lm

l<m
1 21,/ /
F‘ Z tim Z C;r.cék’ ( zkle—zkm +e zkm —ik ) |F>

k,k'
<m

!
_ Z to Z ~ <eik(lfm) 4 eik(mfl)>

lm |k|<kr

kr
— I ik(l—m) ik(m—1)
Em tlmN (271-) /_dek: (e +e )
=4 E tim— < >Tlm(kp) (3.107)

with N
sin(k(l—m)) 1 / o(l—
k)= ——— = — dk eRt=m), 3.108
7—lm( ) I—m 2/ . € ( )
The substitution of the summation by an integral is exact in the limit
N — oo. While the summation counts up the n, the integration is over

k. Thus, the prefactor (%) must be added.
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e the interaction term

1 1 I R VN B P,
5 Z U = 5 Z Ui, Z mc}ick,cgcq/ez(k K)lgila—q')m (3.109)
lm lm /
I#m I#m 1;:1;,
A clean method to handle products of creation and annihilation operators is
provided by Wick’s theorem, See Appendix F. From this, the useful relation

(0JABCDI0) = (AB)o(CD)o — (AC)o(BD)o + (AD)o(BC)o  (3.110)

follows. Here, |0) is the vacuum state. The proof of the theorem requires,
among other things, that a;|0) = 0. To apply relation (3.110), we thus have
to transform our operators in such a way, that every annihilation operator
destroys the Fermi ground state, that is ¢, |F) = 0. This is achieved by a
particle-hole transformation:

é}; — ay, and ¢ — dL for |k| < kp
E}; — EL}; and ¢ — ay, for k| > kp. (3.111)

Since the total number of annihilation and creation operators must be equal
for any nonvanishing expectation value, the number of transformed operators
must be even. Additionally, no annihilation (creation) operator is allowed
to stand at the last (first) position. With this, we have only two possible
situations: All the operators are transformed, i.e., all the indices lie inside
the Fermi sphere??, or only the first and the last operator is transformed,
that is |k, |¢'| < kp and |k|,|¢’| > kp. With these considerations, we obtain
the expectation value of the interaction term to be

1
& F U F)
im

l#m
1 ZU Z 1 n Z L ik=m) ik (m—1)
im [kl la| <k IF<kp
l#m [k |>kp
1 1 /(N\?
=Y Up— | — ) (4k% — 472 (kp)) . 3.112
5 %: sz2 <27T) ( F Tim( F)) ( )
l#m

Following the calculation backwards, we see that the constant 4k% corre-
sponds to a classical density-density-interaction and the second term 4Tﬁn(k F)
describes an exchange-interaction.

23In 1d the Fermi sphere is not really a sphere, but a sector on the number line.
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e the hopping term correction of first order in n;

m—1

— Z tim Z 2n; (c;rcm + c;fncl) (3.113)

j=l+1
<m

A complete calculation of the hopping term corrections is analytically not
possible. We thus expand the product in sums, with different powers of the
number operator. The term (3.113) presents the first order of this series. We
calculate its expectation value with the same techniques as above:

_ Z tim Z (F|2n; (c;cm + c;rncl> |F)
l<m

j=l+1

m—1 2
= > tm Y. % @:) (4751 (kp)Tjm(kF) — 4kpmim(kp))  (3.114)

e the hopping term correction of second order in n;

m—1 m-—1

E tim E g Anjng (c}chrcIncl) (3.115)
Im
I<m

J=l+1k=j+1

Again, the expectation value can be calculated with familiar techniques. Due
to the rising possibilities of particle-hole transformations, and the growing
number of terms in the Wick theorem, already at this order the expression
becomes lengthy.

Ztlm Z Z F|4n]nk (clcm—i-c Cl> ‘F>

j=l+1k=j5+1

3
- S5
j=l+1k= j—i—l
X ( 16kFTlm<kF) — 16kFTkm(k'F)Tml(kF)
+ 1675 (kr) (Tj1(kp) Tkm (kF) + Tjm (kF) i (kF))
—16kpTjm (kp)Tji(kr) — 16757, (kp) Tim (kr) ) (3.116)

The terms in the last bracket of the equation above are illustrated in Figure
3.8. Every arrow corresponds to a hopping particle, and every dot without
an arrow to a particle, which stays on its site.

For example, the last combination describes a mixture of density-density-
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Figure 3.8: The possibilities of hopping in zeroth, first and second order

and exchange-interaction. The arrows contribute with a factor 7(kr) and
the dots with kr. From this illustration, we can deduce a recipe to find
the different correction terms in random order, with the right prefactors
and signs, by graphical considerations. It correctly delievers the already
calculated terms, but we have not proved it and will not present it here.
Nevertheless, it predicts 23 new terms in third order, which is at least of the
right dimension. We therefore relinquish to calculate any higher orders.

The energy of the Fermi sea in first order perturbation theory, including
the hopping term corrections to second order, is then given by

1
Ep(kp)/N = — u—kp

) ki — 15;(kr))

3| =

+ ZUOJ (
+ Zt()] <> T0j(kF)

92 2
+ Z to Z <7T> (ri0(kp)m;(kp) — kroj(kr))

ENEN

oo j—1 9
> > (W) (K2 (ki) — ko (ki) o (k)
=1 m=I+1
+ Tim (kp) (Ti0(kF) T (kF) + 715 (kF) Timo(kF))
—kp7j(kp)Tio(kp) — T (kp) 705 (kF))
ol (3.117)

We have used the translational invariance of the system to simplify the sums.
The last term is the overall offset (3.55), divided by N. We try to expand
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the energy in orders of kr using the expansion of eq. (3.108)

W . %/{30 —m)? 4 ékf’(l = (3.118)
As expected, the linear terms are parts of the ordinary hopping and the
chemical potential. The next higher order vanishes, because all the quadratic
terms cancel out. The effects of the interaction term and the hopping correc-
tions are even smaller than expected. At the third order in kr, the expansion
in a polynomial breaks down, due to the divergence of Z;; 571, which ap-
pears after inserting the next order of kr in the hopping term. The several
sums cannot be further expanded by expansion of their summands?*. How-
ever, the expansion in first order

Tlm(k) =

1g° 99°
Eg)(kp)/N = —u%kp — %%kz«ﬂ + C3%> (3.119)
gives us the point of transition from zero to one excitation
4’
= —4ggﬁ. (3.120)

Using the mapping rule (3.53), we find, that A(u,) = A, from the mean-field
discussion. Due to the difficulties in expanding the energy to higher orders,
it is impossible to find an analytic relation of the form kp = kp(u). The
only option, to compare the energy of the Fermi sea with the one, that we
found in the mean-field approach, is of numerical nature.

Before doing so, we want to recall, that equation (3.117) is only sufficiently
accurate at small values of kr, i.e., in the proximity of y, = pp, or A = A, If
we want to transfer the results to the other end of the transition range®’, we
must modify the mapping to the Bose-Hubbard-Hamiltonian (3.51). Instead
of taking an empty lattice as starting point, we assume a fully filled lattice
and construct the Hamiltonian with hole operators. While the hopping term
and the on-site interaction remain invariant under this transformation, the
offset changes to

1 3 112
offset” = offset + 3 Z Uij — Np = N%dél + NA. (3.121)
i%i
Now, for adding a hole at site j, we must subtract the energy due to the
chemical potential

—(=p ) mi), (3.122)

oo sin(kj)

=1 _

shows logarithmic parts, for example 3772, smj(ifj) =Gk+ (-5 + lnék) Yk + O(K®) [23].
Z5We will see, that this corresponds to A = A, —g.

24 Functions like are so called polylogarithms and their expansion in k
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and the former interaction between particles at ¢ # j and the one at site j

= Uynl. (3.123)

To avoid double counting, we include the correction term

+> nlUnl. (3.124)
il?’gj

In total, this yields the Bose-Hubbard-Hamiltonian expressed in hole opera-
tors

+ VZ nf(nh — 1) + offset,  (3.125)

]

with the modified chemical potential

Z 2¢3
h
i#j

The representations of the Bose-Hubbard-Hamiltonian by particle and hole
operators differ only by the definition of their offset and chemical potential.
Hence, all the calculations made in the former regime can be transfered
directly to the other end of the transition. For example, inserting pu" = p
into equation (3.126) yields the point, at which a fully excited lattice is
energetically equal to one with a single missing excitation

e

ad

A= v — %dél(dél —d99) = A, —q. (3.127)
In Figure 3.9, we compare the energy of the perturbed Fermi sea with the one
of the mean-field ansatz |¢1). Since the perturbative approach is only valid
at small values of kp, the graphs of the Fermi sea of particles and holes are
only drawn up to a half filled band. We find, that in the vicinity of the right
and left borders, A = A, and A = A, — ¢, the mean-field state is a good
approximation to the the perturbed Fermi sea, which itself is close?® to the
real ground state in these regions. The picture does not change qualitatively
taking other values for n = dEy./B, i.e., the strength of the ac-field in units
of B/d.

To compare the physical behaviour of the states, we again take a look at the
dipole-dipole-correlation functions. We translate them to the particle-hole

26The perturbative calculation is exact in first order of kp.
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E/N[d!%72%]

A[d197a%]

Figure 3.9: Comparison of the energies of the mean field ansatz |¢;) (mf)
and the perturbed Fermi sea (F) with n = 2. For A > A,,, all molecules
are in the ground state, and for A < A, — g, every molecule is excited.
EZ’} is computed with the alternative mapping, i.e., a hole corresponds to an
excitation.

picture analogously to the Bose-Hubbard-Hamiltonian (3.51). We calculate
the matrix elements of the dipole operator in the non-rotating basis {|g), |e) }
and assign the appropriate creation or annihilation operators. Using the ap-
propriate transformation rules, we advance from the bosonic representation

didm’ = dv’ (b}bm + bjnbl> , (3.128)
to the representation by spin operators
ddn' = di9 (S7S) + S35 | (3.129)

and finally to the fermionic one

m—1
ap' =dio T[ (1-2ny) (cjcm + cincl) . (3.130)
I=l+1

Again, the Jordan-Wigner product term is equal to one for neighbouring
particles. The correlation functions, that include the y-component of the
dipole operator, vanish due to the chosen excitation |e). We recognize, that
the time averaged correlation function of the x-components is, up to some
prefactor, the summand of the already calculated hopping terms. In second
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order of nj, this is given by

<dldm F— lg |:( >Tlm kF

Z < ) (Tj1(kp)Tjm(kp) — kpTim (kr)) (3.131)

+

Z Z ( > kFTlm(kF) kpTkm (kp) T (kr)

—1+1k=j+1
+ Tik(kr) (Tj1(kF) Tkm (KF) + Tjm(kr)Thi (kF))

—kpTjm(kp)Ti(kp) — 75 (kp)Tim (kr))
(3.132)

This expression is exact only within |{—m| < 4. The dipole-dipole-correlations
of lattice sites, which are farther away from each other, are only well de-
scribed at small values of kp. The reason is the rising contribution of the
corrections of third and higher order in n;. This can also be observed in
Figure 3.10. The behaviour of the correlation functions of the nearest neigh-
bour (+1), next-nearest neighbour (+2), and so on, are very much the same
at small Fermi momenta. However, with kr increasing, there is a noticeable
difference between the different graphs. Especially the function of the sites
i and 7 + 4 behaves strangely at kp > /2, due to the missing third order
terms in n;.

Figure 3.10: The dipole-dipole-correlation of site ¢ with site i +1, i1 4+2, i+ 3,
and 744. The ordinate describes the time averaged dipole-dipole-correlation
function and the abscissa is the quasi Fermi momentum going grom 0 (empty
lattice) to 7 (full lattice).

To compare these results with the mean-field approach, we must use as ab-
scissa A instead of kr. This is done in Figure 3.11. Since the filled Fermi
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sea is only a good approximation at small kg, we focus on the vicinity of
A = A,?". Several things can be obtained from these graphs. First, since
the correlation function of the mean-field state is independent of the number
of sites between the particles, there is only one graph corresponding to it.
Second, while the graph of the mean-field state grows slowly and analytically
(quadratic) at A = A, the ones of the Fermi sea do not. This is due to the
relation A = A(kp), which itself is not analytic at this point. Third, the
Fermi sea seems to enhance the dipole correlation of neighbouring particles,
which is energetically advantageous due to the prefactor 1/a3. We point out,
that, although the mean-field approach is a good approximation in terms of
energy, the state itself, or its physical behaviour, might differ significantly
from the real ground state. Take, for example, the big difference in the
dipole-dipole-correlation functions of the mean-field state and the Fermi sea,
which are energetically very close to each other. Instead of searching for a
state with minimal energy, we thus directly ask for the correlation functions
of the real ground state. This will be done in the, by now rather unattended,
vicinity of kp = 7/2, i.e., at half-filling.

07 T H 7

0.6} B0 i+1 B

25 0.5} T

= 04f / ~_

303} 1

S 02} |/t
0.1 l'/ R
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0.0k
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N

19

d
-
N)

4 2 0 2 4 6
A[d!¢72°]

Figure 3.11: The dipole correlation of the mean-field state |¢);) and the
Fermi sea with first (i 4+ 1), second (i 4 2) and third (i + 3) neighbour. The
ordinate describes the time averaged dipole-dipole-correlation function and
the abscissa corresponds to the detuning of the microwave field A. A, and
A, — q describe the right and left borders of the transition from having all
molecules in the ground state to a fully excited lattice.

2"The other end of the transition range is well described after the transformation to
hole operators.
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3.8 Bosonization

Up to now, major focus of our studies lay in the regime of very small or large
number of excitations. In the picture of particles and holes, this corresponds
to a low or high filling. Here, we take a deeper look on the region inbetween,
i.e., a half filled lattice. For this purpose, we apply bosonization methods.
Bosonization is a technique to map fermionic fields onto bosonic ones. It
provides the possibility to calculate correlation functions of interacting par-
ticles by transforming them to free ones. To apply this method, we must
express the system in terms of continuum fields instead of discrete lattice
sites. Here, we present two different ways to perform this transition.

3.8.1 Continuum Limit 1

We take as a starting point the Hamiltonian of the superfluid discussion

H= Z €Tk (3.102)

For the moment we neglect the interaction term and the hopping corrections
[24]. We now focus on a half-filled lattice, i.e., with |kp| = 7/2. At cold
temperatures, the major part of the excitations is at the Fermi points, and
we can split the sum into

kp—A kp+A —kp+A —kp—
H = Z €xNE+ Z €LNE+ 2 Eknk—l— Z €LNE+ Z €L,
k=—kp+A k=kp— k=—kp— k=—00 k=kp+A

(3.133)
with A being a Fermi momentum cut-off. While the first sum only con-
tributes with a constant, the last two sums vanish in the low energy limit.
The Hamiltonian thus simplifies to

krp+A —krp+A
H = Z €Lng + Z €TV (3.134)
k=kp—A k=—kp—A

Replacing the sums by integrals and expanding the dispersion relation to
first order yields

N k:F-i-A N —k:F-i-A
H=-" dk e(k)a(k) + /

- = dk e(k)A(k)e(k)

—A

N A De _
Mo _Adk‘ < (kr) —G—k%'k kF> n(kr + k)

N (A e _
+ % dk < (—kp) + kak|kkF> n(—kp + k)

N N [A i
=— dkvpkn(kp+k) - — dkvpkn(—kp+k). (3.135)
2 J_ 27
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In the last line we have used the definition of the Fermi velocity vp = % ot
=kp

and €(+kr) = 0. We simplify this expression using operators that act in the
vicinity of the Fermi points:

a(k) =¢(kr + k), a(—k) =e(—kp — k),

Bk) =& (kr — k), B(—k) = &' (=kp + k), (3.136)
with « () anhililating (creating) fermions at the right Fermi point k = kg if
k > 0, and at the left Fermi point k = —kp if £ < 0. Splitting the integrals of

equation (3.135) into positive and negative values and inserting the relation
(3.136), we obtain

A A
H:;V/ dkvpkaT(k)a(k)—;V/ dkvp k BT (k)B(k)

™ Jo ™ Jo
N [0 N [0
+— | dkvpkBY(K)B(K)— = | dkvpkal(k)a(k).  (3.137)
27 —_A 27 —A

After some rearrangement this reduces to

A
HIN = % /_ ko i (af (R)a(h) + 5 (R)5(H)) (3.138)

This Hamiltonian is, up to an offset, the linearized form of the Hamiltonian
(3.102). The idea of the procedure is illustrated in Figure 3.12. Choosing a
momentum cut-off A, we set an energy cut-off, which is approximately vpA.
We thus concentrate on excitations that are within the dark grey squares. In
this region, the dispersion relation is well approximated by a linear one (red
lines). The summation over all number operators is reduced to an integration
over the ones near the Fermi points and the dispersion relation is replaced
by vr|k|. From the linearized momentum space, we go back to real space

g [a.u]

M 2/\

= - 0 /2 -
K

Figure 3.12: Dispersion relation versus Fermi momentum showing momen-
tum and energy cut-off and the linear dispersion at the Fermi points.

and define the correspoding continuous creation and annihilation operators



52 3.8. Bosonization

by a slightly modified Fourier transformation to

o) = 5o [ dk[ealh) + e g ).
i (z) = % /k b [ea(k) + e gt ()| (3.139)

The indices R and L refer to right (k > 0) and left (k < 0) moving particles.
This separation becomes clear by writing out the time-dependence of the
creation and anhililation operators

1 ) )
I N ——)
™ Jk>0

1 . )
br(z,t) = — / dk [el’f(mﬂ)a(k)+e—zk<x+wt>5*(k)]. (3.140)
27 Jik<o

To express the Hamiltonian (3.138) in these operators, we need to get a
factor k from the exponential functions. For this, we calculate

1 o o
VhOsty = @2 / / dkdk’ [me“k—k ol (K )a(k) — ike"*=F)*8(K") BT (k)
k,k'>0
—ike ™ FTRIT QT (KN BT (k) + ikei<k+k’>fc5(1f')a(k)} .

(3.141)
After integrating over space, this computes
1
/ Az phosthy = o— [ dkik [oﬁ(k)a(k) + 81 (k) B(K) — 1} L (3.142)
27 Jr>o0
Together with the analogous left-moving term, we obtain the Hamiltonian
. OYr 1 OYL
H/N = — do (@l =8 — !l =L 14
/ ZUF/ 33(1!1R o (3 oz ) (3.143)

which is the continuum approximation to the Hamiltonian (3.69), without
interaction and hopping correction.
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3.8.2 Continuum Limit 2

The transition to continuum fields can also be performed directly in real
space. For this, we start with the roughest approximation to the Hamiltonian
(3.69), i.e., a nearest-neighbour model without interaction term [25]

N

N
Hy= 2 > (et + 1) +hes) + DI (3.144)

In the case of a fixed filling, the last term is simply an offset. We neglect
this constant?® and rearrange to

J N
Hy="3> cl(§) el +1) + (i~ 1) (3.145)
j=1

As most of the excitations in a half-filled lattice are around the Fermi points
(kp = £7/2), we expect the characteristic functions of the system to be

rapidly oscillating with e?*FJ = ¢i™7/2 = 7. We separate this fast oscillation
with the transformation®’
a(j) =i c(j). (3.146)
The Hamiltonian then reads
g
_ Y0 v . .
Ho = — Zlm () la(G +1) —a(j = 1), (3.147)
]:

and after splitting the sum into odd and even sites

Ho =257 (al (24) [a(2j + 1) — a(2j 1)

2 L
J
+al (25 + 1) [a(2) +2) - a(2j)]> . (3.148)

We define the continuous operators as

vele) = —g=al2),
Uo(z) = ——a(2j + 1), (3.149)

ﬁ
=
S

with the indices e and o denoting even and odd sites, and ag being the
lattice spacing. With these rules, we replace the brackets of eq. (3.148) by

28In momentum space, this term only shifts ex. It would not have any effect on the
resulting continuum Hamiltonian of the first approach.
29The expansion of operators in gradients becomes more accurate by this step.
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an expansion in gradients

a(2j +1) = a(2j — 1) =v2a0 (Yo(x) — (o(x) = 200Vo(2) + O(V?)))

=(2a0)**Vpo(z), (3.150)
a(2j +2) — a(2j) =v2aq (Ye(x) + 2a0Vie(x) + O(V?) = e ()
=(2a0)*/*Vipe (). (3.151)

In the continuum limit, not only the operators, but also the sum must be
replaced consistently. This is achieved by the substitution

aloigozj:%of(j) = /d:ﬁf(:c) (3.152)

Inserting equations (3.149)-(3.152) into eq. (3.148) then yields the contin-
uum approximation to the nearest-neighbour model

Ho = Joaoi [ do (619, + [V ) (3.153)

This expression is equivalent to the Hamiltonian of a massless Dirac Spinor
field in one dimension [26]

Hy = Jayi / dzUTave (3.154)

with spinor ¥ = (¢, 1,)" and Pauli matrix o« = o,. The velocity of the
Dirac-particle is Jag. Rotating the basis with the transformation

e = 12(—¢R +r),

Yo = \2(1#3 +91), (3.155)

we arrive at the familiar form of the continuum Hamiltonian

Hy = —Joaoi/dx <¢Laaw; - w}%) : (3.156)
which is equal to eq. (3.143), if we set Jopag = Nvp. The reason for doing
both of the calculations, are the prefactors in the calculated Hamiltonians
(3.143) and (3.156). On the one hand, the first approach is more accurate
with respect to the energy scale. While Nvg is a well-defined number and
completely compatible to our previous results, Jyag vanishes for ag — 0 un-
less Jp doesn’t go to infinity. On the other hand, the second approach is
advantageous concerning interactions. It allows to compare the prefactors
of the interaction terms with the ones of the Hamiltonian Hy (3.156). This
will be relevant later on.
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We expand our model by the next-important terms of the Fermion-Hubbard
model (3.69).These are the nearest-neighbour interaction

N
Z n(j+1), (3.157)

and the next-nearest-neighbour hopping correction

= J2 > (Gl +1)ej +2) + '+ 2n(j + De(j).  (3.158)

Using the fermionic property n(j) = n?(j) and the assumption of half-filling,
we rewrite Hj to

5
= ?1 —n(j +1))* + constant. (3.159)
j=1
We substitute the slowly varying operators of relation (3.146) and neglect
the offset to obtain
! i i ?
H, = ) <a (2s)a(2s) —a'(2s + 1)a(2s + 1))

s

+ (aT(QS ~1)a(2s — 1) — aT(QS)a(25)>2] . (3.160)

Analogous to equations (3.150) and (3.151), this yields the continuum ex-
pression

1&=2A%/®@w6¢mf. (3.161)

In terms of left- and right moving particles this reads

2 2

m:—m%/wﬂﬁm)+wwﬂ—wwwwrwwwwﬂw

(3.162)
where left and right moving particles are meant in the same spirit as in
the previous section. The last two terms of this expression describe the
scattering of left- and right moving particles, better known as dispersion
scattering. The first two terms include mutiple annihilation or creation
operators, and have to be understood in the sense of an operator expan-
sion®’, like in equations (3.150) and (3.151). In lowest order, we thus have
(1/12%)2 x ¢E¢LV¢EV¢L' These terms refer to umklapp processes, which
are only possible at kp = +7/2. Two left moving particles with momentum

300therwise, these terms would completely vanish.
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—2kp are annihilated (created) and two right moving particles with momen-
tum 2kp are created (annihilated). Seemingly, momentum conservation is
violated by 4kr. However, at half-filling, the residual momentum is a lattice
vector (4kp = 2m) and the process fulfills momentum conservation in the
lattice.

An analogous calculation for the hopping correction yields

1 2 1 2
Hy = Joaq [ da [2 (vhoe) + 5 (¥lvn) — vhwnvios - w}wLwLwR} .
(3.163)

3.8.3 Translation Rules

So far, we showed how to express the system in terms of fermionic contin-
uum fields. The transformation to bosonic fields is now described by the
bosonization procedure. This will be done on the following pages by deriv-
ing translation rules between the fermionic and bosonic fields. Therefore,
we place the system on a finite length L and assume anti-periodic boundary

conditions?!

Vrr(z+ L) = —¢rr(2), (3.164)
the indices again denoting right and left moving particles. In the limit L —
00, this choice has no effect. Due to the periodicity, we can expand the
operator ¥ g, and likewise 17, in Fourier components

¢R($):\% > pgpe’Crm Tl (3.165)

n=—oo

with the ¥ g, obeying the usual fermionic commutator relations. The part
of the right moving fermions of the Hamiltonian (3.143) then reads®?

HR:—z'vF/dmp;awa
& —i(2n—1)7x . i(2n' =17z
== 5 [ S e IS ien’ — e Ve

[e.e]
TR

L

n=—0oo

(2n — 1)}, ¥ra — Eo, (3.166)

where we have added the constant by hand, thus Hpg is zero in the ground
state. Analogously for the Hamiltonian of the left moving particles, we find

H, = —% (2n — )¢} hr, + Eo. (3.167)

n=—oo

31Here, we follow for the most part the procedure of S.Sachdev in [27].
32For the moment we let go of the factor N, the Hamiltonian then represents the energy
per particle.
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In the ground state of Hg, all the states with n > 0 are empty, and those with
n < 0 are filled, vice versa for Hy. The basic step towards a representation
in boson operators is leaving the picture of particles, holes, and occupation
numbers of single fermion states. Instead, we consider the particle-hole-
excitations as a whole. To make this point clearer, we define the fermion
number operator, or fermion charge, of right and left moving particles

Qr=Y  ¥h,nn
Qr=> ¥} Vin:. (3.168)

Due to the normal ordering, denoted by the dots : :, we have zero fermion
charge in the ground state (Qr = @1 = 0). Now take a random state |Fr) of
right moving fermions with charge (g, and compare it to the energetically
lowest one with the same charge |Qr),see Figure 3.13. The two states can
be mapped onto each other unambiguously by counting the particle-hole-
excitations and their energy, beginning at the most energetic particle of both
states. In our example, we have the sequence 5—-5-3—-3-3—-1—-1—-1-1,
i.e., two bosons in "5", three in "3" and four in "1".

Qe © o o o o o o o o o 0 0o 0 0o o0 o

[FkYe @ o o e e e 0 0 e e o o o0'e"e o

Figure 3.13: Mapping to bosonic operators adressing the fermionic particle-
hole-excitations. |Qpr) represents the energetically lowest state with charge
Qr and |FR) is a random state with the same charge.

With these scheme, we express the Hamiltonian (3.166) in terms of particle-
hole-excitations

L L

TrQ% 2MUp —
Hpp = —28 4 8N bl b, (3.169)
n=1

We have shown that a bosonic representation of the initially fermionic Hamil-
tonian (3.138) is possible. However, more physical insight can be obtained
using continuous bosonic fields?3. We therefore go on and define the fermion
density and its Fourier expansion to

pr(z) =: T (2)Y(z) : = % + % Z prne 2/ (3.170)
n#0

33Nevertheless, Hamiltonian (3.169) is a helpful step in the bosonization procedure. It
makes it easier to show the equivalence of the energy spetra of Hr and Hp.
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Inserting eq. (3.165), we find, that due to the vanishing ground state expec-
tation value of the ¢;rzm¢R”1+nv we receive

PRn = Z : ¢Ln1an1+n = Zw;r{nlen1+n for n #0. (3.171)
ni ni

With this relation, we can calculate the commutator

[prns prw] = D [ By ¥R s Gy Uity |

ni,mn2

= Z w;r%nQ_anng—n’ - w;rgywang—‘rn—n’; (3172)
no

where we have used {¢gp,, 1/1;[%”,} = Opy. Since both terms diverge separately,
we cannot simply change the indices of summation. Instead, we replace the
operator products by normal ordered ones, see Appendix F, and add the
corresponding ground state expectation values:

[pRny pR—n’] = Z : 1/}12”2_”1/}}2712—71’ : +<¢;{n2_n¢Rn2—n’>0
ng

— Y VRngtnen t — (Ol CRnptnn)o-  (3.173)

At low energies, excitations to high modes are practically zero, and the nor-
mal ordered terms converge separately. This allows a change of indices of the
normal ordered operators, which then cancel each other. The commutator
thus reduces to

[pRna prn’] = Z 6nn’ <w}-{n27ann2—n>0 - 6nn’ <w}gn2an2>0- (3174)
n2

In the ground state of Hpg, all the states with negative or zero index, or
quantum number, are filled. For the first summand, we thus have as nonva-

nishing indices no = n,n — 1,n — 2,...,—00, and for the second summand
ng =0,—1,—2,...,—00. Subtracting the summands, we receive
[pRna prn’] = 5nn’n- (3175)

After the appropriate rescaling, this commutator takes the familiar bosonic
form. However, we drop the rescaling and express the Hamiltonian (3.166)
in the quasi-bosonic operators

" m)pQ% 2TuE >
Hp = L + L Z PR—nPRn- (3176)
n=1

To prove this assertion, we first show that the above Hamiltonian has the
same spectrum as Hp, which was obviously equivalent to Hr. Second, we
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demonstrate that the Hamiltonians Hp and HY, and its operators obey the
same commutation relation, i.e.

|Hp, pr—n] = [HRva—n(w}rgn/,l/JRn”) : (3.177)

The spectrum of H}, is obtained similar to the algebraic treatment of the
quantum mechanic harmonic oscillator[11]. We assume |«) is an eigenvector
of pr_nprn With eigenvalue «, and calculate the eigenvalues of pg,|a) and
PR—n|a) to
(PR—nPRn)PRA|C) = (PRRPR—m — N)PRn|) = (0t — n)pRa|c) (3.178)
(PR—nPR1)PR-n|C) = PR—n(PR—nPRA + n)|a) = (@ +n)pr—n|a). (3.179)

The pry, are, by definition, positive semi-definit. Thus, the right hand sides
of these equations must not be zero. This is only achievable if o € INp.
The resulting spectrum of pr_,pr, has the same shape as nbilbn from Hi,
i.e., a ladder with spacing n, which starts at zero. With both Hamiltonians
(3.166) and (3.176) possessing the same offset, the equivalence of the spectra
is shown.

To prove relation (3.177), we write out both sites seperately. Using equation
(3.175), we obtain the left side to

00
- Z PR—n/PRn', PR—n

[HER, pr—n| = [FUFQ% 4 2mur

L L ’
n/=1
2mup 2TuEn
= |: I pRnpRn;pRn:| = T PR—n- (3180)

Applying fermionic commutator relations and doing some rearrangements,
we find, that this is equal to the right side

TUER
[HR’ IOR*”(QIZ);[%W’ an”)] = [L Z(QTL, - 1)¢;{n/an’, Z ¢an1¢Rn1n]
n’ nl
_ 2mvpn 2TUEN

L Zw;r%nﬂbRnl—n = TpR_n. (3.181)
nl

We have shown that the quasi-bosonic Hamiltonian HJ, (3.176) is equiva-
lent to the fermionic one Hp (3.166). Together with equations (3.175) and
(3.171), this presents a major step in the bosonization process. However,
the work in Fourier modes gives only small physical insight. We thus switch
back to a local space representation. This last transformation is given by
the definition of the bosonic fields

TQux i ei2nmz/L
¢(:C) = —¢o + T - 5 [pRn + an] s
n#0
aJx i et2nmz/L
O(x) = b0+~ —5 ) —— lpan — prnl. (3.182)

n#0
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Some new definitions have been made here. First, Q = Qr + Qr is the
total charge, and J = Qr — @, is the current, or difference between left
and right moving charge. The ¢g and 6y are canonically conjugate to J
and @ respectively, i.e., [¢pg,J] = [0y, Q] = i are their only non-vanishing
commutators. Under this transformation, the Hamiltonian H}, takes the
form

L
= g+ iy = 3 [ ae (o) + (voy?]. (3.183)

Of nearly equal importance is the commutator relation

[Vo(x),0(y)] = [VO(z), o(y)] = imd(z — y). (3.184)

Both, relation (3.183) and (3.184) can be proved by straight forward calcula-
tion. Before dedicating our attention to finding the translation rules between
the fermion fields +(x) and +f(z) and the bosonic ones ¢(z) and 6(x), we
further examine the new fields. We take the gradient of the ¢-field

Q@

Vola) =

.
n#0

and compare it with the definition of the fermion density (3.170), to obtain

Vo(z) = mp(x) = 7 (pr() + pr(2)) - (3.186)

We recognize, that the derivate of ¢ is proportional to the particle density,
and ¢ itself increases by m each time the coordinate x passes a particle.
Analogously, we get

Vo(x) = 7 (pr(z) - pr(x)). (3.187)

The derivate of 6 is proportional to the current or difference of left and
right moving particle density. Aside from that, V6 is proportional to the
canonically conjugate momentum of ¢, and vice versa:

1, — —~ve, (3.188)
™
1

= —~Vé. (3.189)
i

This can be seen by comparison of relation (3.184) with the ordinary commu-
tator relation assumed in the quantum mechanical transition from particles

to fields

[¢(2), g (y)] = id(z —y), (3.190)
[0(2), g (y)] = id(x —y). (3.191)
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Due to these properties, ¢ and 6 are so called dual fields. A characteristic
of such fields is that the corresponding Lagrangian density takes the same
form, no matter which field is used to express it. For example, if we write
the Hamiltonian density in terms of the ¢-field

IE (V)2 + (n11y)?| (3.192)

H:27r

and make the Legendre transformation [28] with 0y¢ = %, we obtain

£ =T1,0,6 — H
Z% L}F (00)? — vr (v¢)2] . (3.193)

Doing the steps with the 6-field, we receive

L=2 [1 (6t0)2—vF(V9)2]. (3.194)

21 (al

The Lagrangian provides a way to calculate correlation functions in the for-
malism of path integrals. We do not know yet which correlation functions
of the fields § and ¢ are necessary to express, for example, familiar ones like
(d%d*). We thus look for a direct connection between the fermion operators
¢ and 1" and the boson fields # and ¢.

Going back to eq. (3.186) and integrating over space, we find

o(xr) =—7 /00 da’p(z') + constant. (3.195)

Now if we annihilate a particle at 2’ > x, the integral reduces by one and
¢(x) is shifted by 4. This action can be achieved by the operator

/

exp (—z’w /w dy H¢(y)> = exp (i0(z")) . (3.196)

—00

We prove this statement with the aid of

/

) o' ) T T >z
o) —im [ aymla| =i [ ay (o). Vo =<7 170 o)
PN —_— 0 2<zx
—o0 —imd(z—y)
For 2/ < z, this yields
[qb(a:),exp <z7r/ dyH¢> =0, (3.198)
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and for ' > x, we have

o(x), exp (—iﬂ'/_ dyH¢>

/ /

2
[T 1 "
= ¢(x),1—zw/oodyﬂ¢+2! (—Zﬂ/oodyﬂ¢> +...

=mexp <—i7r/ dyH¢> : (3.199)

If we assume |«a) is an arbitrary normalized state, with expectation value
(a]d(z)|a) = a(x), the action of the above introduced operator (3.196) is

(avexp (—if(z")) |p(z)] exp (i0(z")) o) = a(z) + O(z' — ). (3.200)

The Heaviside function
0 =<0
O(x) = 3.201
<>{M20 (3:201)
results from changing the position of ¢(x) using the commutator (3.199).
Hence, exp (i6(z")) fulfills the function of a particle annhililator. With the
particle being a fermion, we must take account of the antisymmetric nature
of the wave-function. Like in the Jordan-Wigner transformation of chapter
3.5, we thus have to pick up a minus sign for every particle to the left of x’.
This is done by a continuous version of the soliton operator

ZMm@meWWQ

m odd

= Z Ay, exp imw/

m odd -

(L’/

dy 0T (e () + W () () dy

-~

p(y) rkpm

= Z A, exp <imkF:L" +z'm/ dy V¢(y)dy>
m odd -

= Z Ay, exp (imkpz’ + imp(2')) (3.202)
m odd

with the A, being unknown constants. The summation over m takes account
of the initially discrete nature of our system, which is lost in the smooth
density operator p(x) [29]. The fermion annihilation operator then takes the
form
Y(x) = Y Al exp (imkpx + imé(x) + if(x)) . (3.203)
m odd
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In both approaches to the continuum limit, the annihilation operators of
right and left moving were seperated from the fast oscillation e***#%  The
total fermion density thus reads

Y(x) = e*rPpp(x) + e PP (2). (3.204)

In good approximation, we take only the first term of eq. (3.203) and obtain
the translation rules to
b o : @O@HOE)

Y o : e P@HO@) (3.205)

with the normal ordering to avoid terms leading to infinities. In terms of
spin operators 34, this yields

S; = S7(zj) o 05
St =8%(x;) x: e~ 0@ . (3.206)

With this relation, we can express arbitrary combinations of raising and low-
ering operators in terms of the continuous bosonic fields. This enables us to
calculate expectation values, for example dipole-dipole-correlation functions,
in the formalism of path integrals.

3.8.4 Correlation Functions

Most of the previous states have been characterized by the time averaged
dipole-dipole-correlation function

dLdn’ = di9 (S7S) + S35 . (3.129)

Using the translation rules (3.206), we are now able to compute the expecta-
tion value of this expression in the case of a half-filled lattice, or respectively,
at equal number of molecules in the ground and excited states. To this end,
we translate (3.129) to a representation in bosonic fields

déd;”t oc 1 @0@) o gmi0(mm) o 4 pi(zm) . mib(m) (3.207)

where the dots again represent the normal order. To calculate expectation
values of products of normal ordered exponential operators, we present the
relation [24]

et eB = eATB 4Bl (3.208)

We sketch the prove of this equation using operators of a single harmonic
oscillator, i.e., A = aa + o/al and B = Ba + f'al. Following the steps,

31Here, the Jordan-Wigner factors cancel each other in lowest order.
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it should be clear, that this also applies to other types of operators. In
particular, to the boson fields ¢ and 6.
We rewrite the first exponential to

:eaa+a/af L i (oza+o/aT)” ' i n (n> (O/aT)n—k (oza)k
k=0

n n

n=0 n=0 n=0
> (o/aT)n > (aa)”/ 't

—_ — o a aa

=y - > = e, (3.209)
n=0 n'=0

We have explicitly normal ordered the terms in the first line, and in the
second line, the first summands with £ = 0,1 and 2 are written out and the
index n is changed appropriately. Using twice the Baker-Campbell-Hausdorff
formula (3.71), the left side of eq. (3.208) then reads

et s eB = el graghlal B _ golal Bal gaafagal’ (3.210)
Now, af’ is exactly the expectation value of AB in the ground state of the

harmonic oscillator. Applying relation (3.209) in the opposite direction and
once more the expression (3.71), we thus arrive at

ea/aTeﬁ/aTeaaeﬂaeaﬁ’ _ e(a/+5/)aTe(a+ﬁ)ae<AB>o = €A+B . €<AB>O, (3211)
which is equal to the right-hand side of equation (3.208). Bearing in mind,
that the ground state expectation value of normal ordered states vanishes,

we find
ddm' « 0@, (3.212)

The remaining task is the calculation of (8(z’,t')0(z,t))o. In the formalism
of path integrals [30] this is

O, t)0(z, 1)) = / DI0)S 92! )0 (x, )/ / Digle’S?,  (3.213)

with the action

S = / dzdt L. (3.214)

To avoid time ordering operators, we resctrict ¢ to ¢ < t'. Changing from
Minkowski to Euclidian space time

T = —it, (3.215)

we replace the oscillatory damping of contributions with high action by an
exponential one. The path integral is modified by this transformation to

/ DIBle=SEWg(a )6 (x, 1)/ / Digle~5e10), (3.216)
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with
iSp =S80t — —it)), (3.217)
and

Ly =—LO(t — —ir)). (3.218)

The calculation of expression (3.216) is performed more elegantly and gen-
erally with the aid of the so called generating functional

Zlj] = /’D[Q]GSE[Q]fdxdT@%ij’Te(x/,t/)e(ﬁ,t). (3.219)

The auxiliary quantity j(z,7) is also called current or source field j(z, 7).

The advantage of this approach is, that it yields arbitrary high correlation

functions, i.e., products of two, four and more fields, by simple functional

derivates. For example, the exponential of expession (3.212) is given by

0j 8/ / ‘(9 Z[j]|j:0.
(@', 7) 0j(x,7)

We transform the Lagrangian density (3.194) to Euclidian space time

1
- 27mup

(0=, )0, )0 = Z[0] "

(3.220)

L ((879)2 + o (va)Q) (3.221)

and obtain the corresponding action

/d:ch ((879)2 + ok (V@)Q) . (3.222)

Sy =
E 27TUF

After integrating by parts in 7 and 2 and with neglection of the boundary
terms, this yields

1 1
Sp == / dzdr § — (02 + vEV?) 6. (3.223)
2 TUR

=G-1!

Thus, Z[j] can be written as a generalized form of a Gaussian integral
Z[j] = /D[e]e—;fddeGG10+fd1:d7—¢9j. (3.224)

Comparing with the familiar solution of ordinary Gaussian integrals [31]
1 1
/d”x exp <—2xtA:c + b%) = Z(0) exp <2btA_1b> , (3.225)

we recognize, that calculating Z[j] reduces to finding the inverse function G
of G71, so that G™'G = GG~—!' = 1. This is accomplished by the Green’s
function®® of the (rescaled) Laplace operator

(02 +vEV?) G2/ 2,7, 7) = 8(2" — 2)d(vp(r' — 7)), (3.226)

1
™

35The derivation of the Green’s function of the Laplace operator can be found in every
standard electrodynamics book, for example [32].
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and the following integration over z’ and 7/. The generating functional thus
takes the form

Z[ﬂ _ Z[O] /D[H]eé fdxdex’d‘r’j(z,T)G(x’,x,f’,r)j(x’,r’). (3.227)

The correlation function (3.220) then reads

1
O, 7)0(x, 7))o = G2, 2,7, 7) = 1 In ((x/ — $)2 + U%(T’ — 7)2) .
(3.228)
Using equation (3.212), we obtain the equal-time dipole-dipole-correlation
function .
(dLdm Yo o g — x| V2, (3.229)

More correlation functions can be calculated from these results. For example,
the equal-time correlation of particle density is given by

(p(20) p(2m) )0 X Dy Doy (D(1) (i)Yo o |21 — 2|7/, (3.230)

3.8.5 Including Interactions

Two types of interaction terms appeared in the continuum limit. Adding
equations (3.162) and (3.163), we have on the one hand the terms from
dispersion scattering%

Hy= (2 = Tao [ do [wlrolon+ vlvnthon] . (3231)
and on the other hand, those which arise from umklapp processes
J 2 2
Hy = —(2J; — ;)ao/dx [(w}zm) + (vhvn) ] . (3.232)

Again, ag is the lattice spacing of the discrete system and J; and Jo are
prefactors that can be received by comparison to the full Hamiltonian (3.69).
We first focus on Hy and redraft it to

Hy = (201 — Jo)ag / dz (pr + p1)? (3.233)

With equation (3.185), including this type of interaction simply leads to a
modification of prefactors in the Hamiltonian density of free particles

H= ;—f; [KQ (Vo)? + (ve)ﬂ , (3.234)

36In the case of spinless fermions, these terms can also be identified with backward
scattering due to the impossibility of distinguishing the particles.



Chapter 3. Polar Molecules In A 1D Optical Lattice 67

with the constant
2(2J1 - JQ)OLO

K?=1+ (3.235)
VpT
This alters the Lagrangian density to
L 02— o (v (3.236)
2rK | v) k F ’ '

with v}, = vpK. The dipole-dipole-correlation function of interacting parti-
cles then reads .
(dLdm o o |zp — x| K72, (3.237)

A rough approximation to the value of K can be made by replacing vp by
Joag. Inserting the appropriate values from the full Hamiltonian (3.69)37,
this yields K ~ 1+ 7%

The second interaction term H, is bosonized using the translation rules
(3.205) and the relation (3.208) for normal-ordered exponential operators.
In lowest order, we obtain

. . . . 2 . . . . 2
H, x /dx [( im0 . ioHi0 :) + (: P10 . pi¢tid :) ]
x /dx cos(4¢). (3.238)

The whole Hamiltonian, or Lagrangian density, describes the so called Quan-
tum Sine-Gordon model [27, 33]. To find out, whether the new term has a
significant influence on the system, in the sense of altering the long-range
behaviour of the correlation functions®®, we calculate its scaling dimension>?
[34, 35]. Expressing the cosine-function by complex exponential functions,

we have
(: e 10@) .. 100 ) o g — | 7YE = g — 2|2, (3.239)

with d = 4/K. The calculation of this expression is analogous to the one
of equation (3.237). However, representing the Lagrangian density in terms
of the ¢-field changes K to K~'. The question of H, being relevant or not,
can be solved by a simple dimensional analysis. If

d> D, (3.240)

with D = 1 being the number of spatial dimensions, the perturbation that
arose from umklapp processes is irrelevant and the long-range behaviour of

S Jo = —2d9°, Jy = (d2° — diY)? and Jp = 0.5d19".
38Such an operator is called relevant.
39The scaling dimension d of an operator Aq(x) is given by (A4(x)Al(x)) o< [x—x/| 724



68 3.8. Bosonization

the system remains uneffected. Sketching the Wilson-Kadanoff renormaliza-
tion scheme [30], we will make this statement plausible in the following.

In section3.8.1, we introduced a momentum cut-off A, hence we could neglect
excitations with higher energy and linearize the dispersion relation. Focus-
ing on the long-range properties, i.e., the slow modes in momentum space,
we integrate out the high Fourier modes. The new action then reads

exp(—5'[3, ui]) = / DIG(k)] exp(—S[d, ui]), (3.241)
A/s<]k|<A

with 6 being the Fourier transformation of 6 and S the corresponding action.
The u; are prefactors of the various terms in the Lagrangian density, for
example, u1 could be the mass in a massive free boson model. The new
slow-mode action can be compared with the old one after applying a scale
transformation, so that the cut-off A is the same for both actions. This
transformation is given by

k — k' = sk or respectively z — 2’ = z/s. (3.242)
It affects the fields by
0'(sk) = s*PA(k) or respectively 0'(z/s) = s%0(x). (3.243)

Both steps, the integration of fast modes and the rescaling, form together a
so-called renormalization-group transformation. Since only fast modes have
been integrated out, the two actions are, with respect to the slow modes,
equivalent. Nevertheless, the parameters u; might have changed. If the
u; stay invariant under the procedure, we have found a fixed point of the
renormalization group. It can be shown by straight forward calculation, that
the massless free boson model, i.e., the part of our system (3.236) without H,,
is such a point. The total action of the system, with any kind of interaction,
may thus be expressed in the vicinity of this fixed point by

S[6] = Sol6] + Z u; / dz Oy(x). (3.244)

The O;(x) are operators expressed in terms of the #-field. The full procedure,
i.e., both Fourier transformation back and forth and renormalization-group
transformation, then yields

S'10] = Sol6] + Zu;(s) /dx O;(x). (3.245)

We assume, that the integration of the fast modes has only negligible effect
on the u}(s), we hence have

uh = ugsP %, (3.246)

7
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The factor s”~% results from the scale transformation of the operators O;(x),
with the d; being the corresponding scaling dimensions and D the spatial
dimension. For d; > D, the contributions of the O; become smaller by inte-
gration of the high modes. Thus, an operator with scaling dimension higher
than the spatial dimension doesn’t effect the long-range. It is referred as
irrelevant.

In our case, we have d = 4/K ~ 4/(1 + 7 ') ~ 3 > 1. Hence, H, will
not significantly alter the behaviour of the system at long distances. This
could present a motivation to modify the experimental setup, and with it
the relevant parameters in such a way, that we are able to choose K > 1.
With that, a wider range of phenomena and phase transitions would open up.
Possible new phases would for example be the so called Tomonaga-Luttinger
liquid and Spin-Peierls or Néel order [27].






Chapter 4

Polar Molecules In A 2D
Optical Lattice

The reduction to a one-dimensional chain presented a significant simplifica-
tion to the Hamiltonian. With all the molecules aligned in a row, the angle-
dependence of the dipole-dipole-interaction was strongly restricted and equal
for every pair of interacting particles'. However, in a two-dimensional lat-
tice, the azimuth angle ¢ = ¢;; is not the same for every pair of molecules.
We emphasize this point writing out the indices explicitly. The
dipole-dipole-interaction then reads

v — Rl‘”’] {((ab — ag7) A+ agons) o ((dbt - ag?) Ay + ag1)

1 1 2 _95h. . 1D
—5di? (Ll (L; =379 R;) + Li@ (L} - 3¢ R))

+Rl @ (R —3¢%95 L;) + Ry (R} — 370 L])) |,
(4.1)

with the dipole matrix elements dg k, the distance between two molecules R;;
and the operators A, R, L described in Figure 2.4. We focus on two lattices
with rotational symmetry?, i.e., the square lattice (Cy) and the hexagonal
lattice (Cg) with triangular tiling, see Figure 4.1. In these lattices, the angles
between nearest neighbours are 0, 7/2, 7,37 /2 and 0, 7/3, 27 /3, 7,47 /3, 57/3
respectively. Again, we work in the steady state, with the single molecule
Hamiltonian given by

HE® = AA;. (3.2)

'This point was crucial for the existence of an optimal excitation |e).
2See, for example, [36] for the notation of symmetry operations.
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The Hamiltonian of the full system then takes the same form as equation
(3.3), but with a different dipole-dipole-interaction

1
H=Y H*+5) Vi (4.2)
i i.J

)
i#]

Figure 4.1: Square (left) and hexagonal lattice with triangular tiling (right)

4.1 Mean-Field-Approach

As in one dimension, we want to receive a first insight into the system by
assuming, that all molecules possess the same wave function. Under this
restriction, the most general ansatz is given by

09 = [T o [al9hs + 81 = 13+ 10 (1.3

with the normalization

Norm = v/[a? + |82 + |72, (4.4)

and the complex amplitudes «, 3,7 for the ground state and the excited
states respectively. Analogous to chapter 3.1, we rescale the Hamiltonian
and take its expectation value in the state |)#”). Using the notation a =
laje?e, B = |Bles, and v = |y|e*, with the phases of the complex numbers
{0a, 08,0} € R, this yields the energy per particle

2 2
+ |7 1 1 1 2
E NQ:W A ,E: {dgg 2 4 g1 (182 2
ﬁD/ Norm? i Norm* 2 R?o ( 0'lal” +dg (|5| +1 ))
)

Jj#0
—d7 (|af? (1812 + 1112)) = 6laf? (18]17] cos(2d50 + 65 — 6,))
(4.5)
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The index j = nia; + noas describes the positions of the lattice sites, with
a; and ag being the primitive vectors of the lattice. The summation goes
over all combinations of n1 and ne, except for 0. In the case of a square or
hexagonal lattice, the cosine-term vanishes due to the rotational symmetry.
With this, Ed}%D/NQ depends only on |a|? and |3|2 + |v|?, i.e., the ratio
of ground and excited states. To simplify the calculation we present the
alternative ansatz

[95°) = [ [ [cos(e)]g); + sin(e)[1);] . (4.6)
J
In chapter 3.1.1, we found that this state corresponds to a rotating dipole
moment3. However, any state |[¢?P) with |3|? + |y|?> = sin®(e) is energet-
ically equivalent. This includes states with, projected onto the xy-plane,
arbitrarily orientated oscillating dipole moments. The system thus obeys a
U(1) ® SU(2) -symmetry.

To minimize the energy in of the state |¢)2), we have as solutions

AL — A

€g =0, €1 = arcsin 7 ,

™
€9 — 5 (47)

The order parameter € describes a second order phase transition, similar to
the one in one dimension, but with different characteristic quantities

1 1 4.2
A= n [dgg (df? —dg') + id}f’ } , (4.8)
j#0 "0
1 2 2
=) ook [(dgg —dy')” +dy? ] : (4.9)
j#0 ~ 30

Again, A is the right border of the transition from having all molecules in
the ground state to a fully excited lattice and g is the width of the transition.
The numerical prefactors are ZJ- £0 Rj_03 ~ 11.03 a~3 for the hexagonal lattice
and =~ 9.03 a3 for the square lattice, with a being the lattice spacing. The
energy per particle is given by

1 399° /
Z#OR—?OdO 2 A> A
Bip/N' =\ Sy gt - S5l Ay —g<a<a, @0
J

1 2
Zj;éORij?JO(l)l + A A<A;—q’

Thus, the phase diagram of the mean-field ansatz of both square and hexag-
onal lattice are qualitatively the same as in the case of a one-dimensional
chain. The shape of the curve describing the energy versus detuning looks
similar to the one in Figure 3.1.

3To be precise, only the projection on the xy-plane is rotating.
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4.2 Mapping To The Bose-Hubbard Model

We again want to gain more understanding of the system by mapping it to
a particle-Hamiltonian. In contrast to the one-dimensional chain, it is not
possible to find an optimal excitation in two dimensions without eliminating
the overall ground state. To express the Hamiltonian in a Bose-Hubbard
model, we thus have to address the two types of excitations separately. This
is achieved by using the correspondance

spin-f-particle < excitation | —1),
spin-/-particle < excitation |[1),
no particle < ground state |g). (4.11)

We build the Bose-Hubbard model by creation and annihilation operators of
spin—%—particles to obtain

:1 Z Z Ny Uijnger — 1 Z Z Njs + % Z Z tij (CIUCjU + h.c.)
P =

0'0’ i.J
i#j i#j

—5 Z ti (c;chNe_%‘i’ij + h.c. + CLCJTQ%S“ + h.c.)
i

i#j
+ VZ (niT(niT — 1) + nu(nu - 1) + nnnu) + offset. (4.12)
i

The prefactors of the different terms are presented in the following. Again,
Ri; = a3|i — j|? is the distance between two lattice sites and a is the lattice
spacing.

e the two-particle-interaction U;;

(@~ ) _ (=)’

U — = , 4.13
1 Rf] a3 |i . j‘3 ( )
e the chemical potential
dgg dgg Cl
p=>y 007 a7 (4 — ') A, (4.14)
j#0 JO
e the hopping term ¢;;
192 192
L (4.15)
Y R3 ad  |i—j®’

1
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e the offset

1 499°
offset = 3 E #. (4.16)
g T
i#j

Again, the hard-core boson limit V' — oo has to be added by hand.

4.3 Discussion At Small Filling

The discussion in one dimension showed, that at small filling, the dominant
parts of the Hamiltonian are the chemical potential and the hopping terms.
We thus neglect the interaction terms and the offset to get

1
H=— Mzznig + B Zztij (CLCJ'J + h.c.)
o i o i
i#j
3 % ibes
— 5 Z Lij (c}}cjie 2ics; + h.c. + CL,CjT€2Z¢U + h.c.> . (4.17)
i)

Comparing to the one dimensional case, the on-site interaction V has not
been eliminated by mapping to fermion or spin operators. With this, the

Hamiltonian is correct only in the special case of one single particle. However,
it presents a way to improve the mean-field states of the previous chapter.

We apply a Fourier transformation, using the transformation rules

Co = _ Eo(k)e ™, (4.18)

Kk
1 B _
c}a =2 Z &l (k)e'kd, (4.19)
Kk

with k = k1by + kabo? and {k1, ko} € Z. Introducing the dispersion relation
of equal-spin particles

erp(k) =Y tjoe ™ — p, (4.20)
i#0
and the Fourier transformation of the hopping terms including a spin-flip
er(k) = =3 tjoe eI ey (k) = =3 tjoe* W0 I, (4.21)
i#0 i#0
the Hamiltonian (4.17) takes the form
err(k) en(k)\ [ér(k)
H=Y" (4(1{) EI(k)) ) . (4.22)
k en(k) en(k)/ \éy(k)

“The reciprocal primitive vectors b, and by are determined by b; - a; = 27d;;.
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We diagonalize the matrix to obtain the dispersion relations

e1(k) = err(k) — /er (K)eyr(k) and ex(k) = ep(k) +/er, (k)epr(k),

with the corresponding creation operators given by 2
& (k) = \}5 (1) — o3 (ms(err09) (e 09)) e 1)
&) = \}5 (51(1{) n e%(arg<ElT(k))—arg(5N(k)))61(1{)) 7 (4.24)
With this, the Hamiltonian (4.17) reduces to
H =" a1 (k)& () (k) + e (k)d W)e k) (4.25)
k

Special attention must be paid to the so called I'-point (k = 0). At this
point, we have €1 (0) = €;4(0) = 0, thus the matrix in equation (4.22) is, up
to some prefactor, equal to the identity matrix. In this case, the eigenstates
are completely arbitrary and the operators (4.24) create the same type of
excitation at all lattice sites. The I'-point thus corresponds to the states of
the mean-field discussion. Conversely, the mean-field ansatz is only a good
approach, if the minimum of the lowest band lies at the I'-point. We settle
this question taking a look at the band structure in Figure 4.2 and 4.3.

__10H=0 b=0 10
W 5 5
©_ 0 0
UEJ -5 -5
-10 -10

L r o« X L r « X

Figure 4.2: Band structure of the square (left) and hexagonal (right) lattice

In Figure 4.2, the first Brillouin zone is drawn along two characteristic direc-
tions, from L = (1 1) to I' and from I to X = (10). The brackets stand for
all symmetrically equivalent reciprocal lattice points. For example, in the
square lattice, X describes the points k = by, —by, by, —by®.

We recognize, that in the case of the hexagonal lattice, the minimum of the
two energy bands is in fact located at the I'-point. In contrast, the minimum
of the lower energy band of the square lattice lies at the X-point. At this

S5For the directions of the reciprocal primitive vectors, see Figure 4.3.
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Figure 4.3: First Brillouin zone of square (left) and hexagonal (right) lattice

point, the corresponding creation operators take the form

1
EI(:l:bl) =3 ( (+by) +C¢ (+by) ) ZejF”ml (c —+—cT ) ,

- 1/ 1 .
el (£b2) = 5 (c}(ibg) - ci(j:bz)> =3 Zem’w (c}T - cL) . (4.26)
j
The above operators create a state with parallel orientated dipole moments
along one coordinate axis, and antiparallel orientation along the other axis.
All the dipole moments oscillate in the direction of the parallel orientation,
see Figure 4.4.

Vot - e — «

Figure 4.4: Dipole moments for k = +b; (left) and k = +by (right)

4.3.1 Improving The Mean-Field State

In the previous chapter, we examined a Hamiltonian without interaction
terms (4.17). For the square lattice we found, that certain states, with par-
tially parallel and antiparallel orientation of dipole moments, presented an
improvement in terms of the energy. The creation of these states was de-
scribed by equation (4.26). Here, we include the interaction terms and check,
whether in this case the states from equation (4.26) are still energetically pre-
ferred to the ansatz (4.6). For this purpose, we translate one of them to the
notation of the mean-field discussion

[43°) = l:[ {COS( )|g); + sin(e )6_””270 =15 =103 (4.27)
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and insert it into the full Hamiltonian (4.2). The results of the calculation
are similar to the ones of chapter 4.1, but with slightly different quantities

1 1 2
A=Y [dgg (A = dg") + 5 (=1)" (1 + 3cos(2¢50))dy” ] , (4.28)

j#0 30 ’
1
¢ =X g | (- s seosoed” | @29)
j#0 "0

Comparing the numerical prefactors

n2
> Ri? ~9.03a" and ) (_};3) (1+ 3cos(2¢50)) ~ 10.12a72,
j#0 0 j#o 0
we recognize, that A > Al and AJ — ¢” < A} —¢'. The range of the
phase transition is larger and, for a given A, the energy of |)2P) is always
lower than that of [1)3P). Replacing [¢2P) by |)2P) thus always improves
the energy contributions from the in-plane dipole-dipole-interaction. Hence,

|9)2P) is not only an improvement in the case of zero interactions (4.17), but
also for the full Hamiltonian (4.12).

4.3.2 Deforming The Lattice

In this chapter, we examine the transition from square to hexagonal lattice.
The minima of the energy bands was found at k = by, —bi,bo, —bgy for
the square lattice and k = 0 for the hexagonal lattice. We saw, that the
minimum energy states of these two cases differed significantly. However, the
two lattices can be converted into each other continuously by shearing them.
In the following, we investigate how the structure of the dipole moments
change under this deformation.

e 75 T8 m

90°
r k X T k X T k X

Figure 4.5: Lower energy band between I' and X for different shear angles

We therefore plot the lower energy band along the direction I' to X for
different angles, beginning with 60° for the hexagonal lattice, and ending
with 90° for the square lattice, see Figure 4.5. We recognize, that around
78.4°, the energy at I' and X is the same. However, the two points are always
seperated by an energy maximum inbetween. Thus, shearing the lattice, the
two state do not continuously transform into each other. The resulting phase
transition is of first order.



Chapter 5

Summary And Outlook

In this work, we have investigated quantum phase transitions in a system of
cold polar molecules placed on an optical lattice. It has been shown, how to
manipulate the rotational excitation spectrum of the molecules and the mu-
tual dipole-dipole-interaction by external electrical fields. In one dimension,
the classical intuitiv expectation, of all dipole moments aligned in a row,
was confirmed by the discovery of an optimal excitation. This allowed us to
map the system onto Hamiltonians of different types of particles. We have
found, that in one dimension, a superfluid is present at least for the case of
a small number of excitations. In this regime, the proposed state from the
mean-field discussion is a good approximation to the overall ground state. A
crystal phase could not be observed due to the restrictions in the prefactors
of the Hamiltonian, that were imposed by the given setup. We were able
to transfer the results, valid for few excitations, to the domain of a nearly
completely excited lattice. At half filling, bosonization was applied to map
the system onto free massless bosons. We found, that including interactions
and higher neighbours did not have a significant impact on the long-range
behaviour of the system. Following the results in one dimension, a dominant
hopping term was assumed in the two-dimensional case. For small filling,
ferroeletric ordering in one direction and antiferroelectric ordering, perpen-
dicular to it, was observed for the square lattice. In contrast, the mean-field
discussion of the hexagonal lattice presented a full U(1) ® SU(2)-symmetry
of the ground state.

Taking these calculations as a starting point, a deeper analysis of the two-
dimensional lattice could be rewarding. In the case of one dimension, a
wider range of intriguing phenomena could be accessed through modifying
the setup in a way, that enhances the interaction and weakens the hopping
terms. With this, a phase transition to the crystal phase could become
possible and the quantum sine-Gordon model of the bosonized Hamiltonian
should show more variety. A future task could be, to weaken the lattice to
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zero strength, observing a possible self-ordered crystal or liquid structure.
Here, Van der Waals interaction should probably be included to provide an
attractive term. Particularly interesting could be the dependence of the at-
traction between molecules on the choice of ground or excited state and its
consequence on a crystal structure.



Appendix A

Spherical Coordinates And
Basis

A.1 Spherical Coordinates

We use the following convention for the spherical coordinates to describe the
position of a point P, see Figure A.1.

e The radius r with 7 > 0 is the Euclidean distance from P to the origin.

e The polar angle § with 0 < 8 < 7 is the angle between the z-direction
and the line segment from the origin to P.

e The azimuth angle ¢ with 0 < ¢ < 27 is the angle measured from the
z-direction to the orthogonal projection of the line segment from origin
to P on the zy-plane.

The spherical unit vector is eg = (cos ¢ sin 6, sin ¢ sin 6, cos 0)t.

Figure A.1: Comparison of cartesian and spherical coordinates
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A.2 Spherical Basis

Working with circular polarized fields and angular momentum operators is
more comfortable in a spherical basis'. The three vectors which form the

spherical basis are defined as

1 . 1 .
€e_1 = —F (ex - ley) ) €y = €z, € =——F (em + Zey) ) (Al)

V2 V2

and conversely

\}5 (e.1 —e1), e, = e, e, = \;Q (e1 +e_q). (A.2)

Hence,, the transformation from a cartesian to a spherical basis is achieved
by the matrix multiplication with T'

e, =

e_ 1/vV2 0 —1/v2\ (es
e p=|—i/vV2 0 —i/V2 ey o . (A.3)
el 0 1 0 e,

T

For an arbitrary vector to be constant under such a transformation, we must
rotate its coordinates with 7!, Consider, for example, the behaviour of the
dipole moment under the transition from a cartesian to a spherical basis

do | = 0 0 1] (dy]- (A.4)
dq ~1/v2 i/vV2 0] \d.
T-1=Tt

The components of the vector describing the dipole moment thus are

1 1
-7 (dy +id,), do=ds, di=-———(dy—id,), (A.5)

d_y 7
and conversely

1 1

do=———(di —d_1), d.=do, dy= 7

\/5 (d1 +d_1). (AG)

1See, for example, Appendix E and the scalar products of the spherical unit vector
with the spherical basis vectors.



Appendix B

Selection Rules

B.1 Sphericals Harmonics

Here, we give a small overview of the spherical harmonics Yy, (0,
which are defined by

2J4+1(J —m)! :
Yim(0,9) = \/ 4: EJ+ Z;!P}"(cose)emqb.

P7'(z) stands for the associated Legendre polynomial

dm
PP(z) = (-1 (1—22)" QdZ—mPJ() fiir m >0,
(J —m)!
m)!

Py () = (*1)m(
and Pj(z) is the (ordinary) Legendre polynomial

1 Pr(2),

1 d/

PJ(Z) 2JJ'dZJ( —1)J.

¢) 137],

(B.1)

(B.2)

(B.3)

(B.4)

Examples of the spherical harmonics are given in the following, see Figure

B.1.
1
J=0 Yoo = —
00 i
3 3 g id
J=1 Yio = 1/ —cosf Y141 = F4/ —sinfe
™ 8w

/ 1 ,
J=2: Y= 1§7r (3cos 9—1) Yor1=F gsinﬁcoseej”‘Zj

15 ;
Ygig = ——sin 96i22¢.
s

(B.5)
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Figure B.1: Polar plot of spherical harmonics. The distance to origin de-
scribes the value of the spherical harmonic at the corresponding azimuthal
and polar angle. The brackets denote the quantum numbers (J,m).

B.2 Selection Rules

To calculate the dipole matrix elements, we need the space representation of
the dipole operator. In spherical coordinates we have

d=d _1e_1 +dyey + dieq, (BG)
1 .
d_1/d = —=e sinb, B.7
dp/d = cos b, (B.8)
1 .
dy/d = ———¢"?sin#, (B.9)

V2

with d being a simple scalar with units of a dipole moment. The matrix
element

<Jm’d_170,1‘J/m/> (B.lO)

is calculated by integration over the whole sphere

/ ijd,170’1YJ/m/d(COS Q)dd), (Bll)

with the boundaries 0 < ¢ < 27 and —1 < cosf < 1. Using symmetry
arguments, we can show that most combinations of J,m,J’,m’' lead to a
vanishing integral. The corresponding transition is called forbidden. For
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example, having linear polarized light (E - d o dp), the only ¢-dependent
term in the integrand is e~#(™=")¢  The integration from 0 to 27 is zero,
except for the case that m = m/, that means Am = 0. Similar arguments
lead to the remaining selection rules

AJ = +1, (B.12)
Am =0 for linear polarisation, (B.13)
Am = +1 for circular polarisation. (B.14)

B.3 Reducing The Number Of Matrix Elements

Although the selection rules lead to a reduction in the number of possible
dipole matrix elements, there are still many left. However, it is possible
to express all the different elements by only three of them. These are df’
and d(l)l, for the expectation value in the ground or a excited state, and d}g ,
for the transistion between ground and excited state. The following simple
relations have to be used for this simplifaction

o dl=(-1)d, (B.15)
follows directly from equation (B.7-B.9)

o dl=(-1)d, (B.16)
in (B.11) either the complex parts cancel out or the integral vanishes

o di=(-1)1d", (B.17)

taking the above relations it follows that
d = diJ" = (ildg|3)* = (jld}]é) = (jld}li) = (=1)7(jld—g|i) = (~1)%d”,
(B.18)

o dytt=dp! (B.19)
from the definition of the spherical harmonics follows
Yj_m = (—1)™Y7,, — thus replacing both functions in (B.11)
does not change the integral
o &'=-df (B.20)
we again use Yj_,, = (—1)™Y7,, and get
-1 1
di™ = (gldi| = 1) = —(llda|g) = —d,’
~1 1
d_%=—-d; (B.21)
by doing the same as in (B.20)

All these relations have been derived using spherical harmonics, i.e., the
eigenfunctions of the rigid rotor. Every eigenstate of the Hamiltonian includ-
ing the dc-field is a linear combination of spherical harmonics with the same
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magnetic quantum number m. Since equations (B.15-B.21) hold for every
summand of such a linear combination, they also hold for the whole state!.
The relations therefore also apply to the eigenstates of the Hamiltonian(2.7).

!The unique quantum number m of a linear combination is crucial for this point.



Appendix C

Time Independent
Perturbation Theory

C.1 Nondegenerate Case

Discussion on time independent or stationary state perturbation theory can
be found in every standard quantum mechanics book, such as [10, 11]. Here,
we present the expressions for the energy, calculated to second order, and for
the wavefunction, calculated to first order in the perturbation. Characteristic
of the perturbative approach is a Hamiltonian of the form

H:H0+T]H1. (Cl)

H1 describes the perturbation and Hy is the unperturbed Hamiltonian, with
eigenstates |ng) and corresponding energies EO. The perturbed energies and
states are given by

k‘o H1 no 2
B~ B ettty 42 D LUIE
k#n n k
k0H1n0
) |no+nz o i + (©3)

In chapter 2.2, we have Hy = J?, and an eigenbasis formed by spherical
harmonics, with corresponding eigenergies EY = .J(J +1). The perturbation
is Hy = —2. Thus, the major task is to calculate the matrix elements
(Yym|2|Ygm), see Appendix B, and insert them in the equations above.
The index k then runs over all pairs (J',m’) # (J,m). Using selection rules,
this reduces to k = (J + 1,m) and k = (J — 1,m).
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C.2 Degenerate Case

In the case of degeneracies, like in the crystal phase discussion of chapter 3.6,
the energy denominators in the equations (C.2) and (C.3) become zero, and
the expressions are no longer well-defined. This problem can be overcome by
degenerate perturbation theory. The main difference to the nondegenerate
case is, that we treat those states, that are in the degenerate subspace of
the eigenbasis, seperately from those which are not. The calculation of the
perturbed eigensystem is then achieved by diagonalization of Hy + Heg in
the degenerate subspace D. The new eigenenergies E,, are solutions of

det [EN6no1, + (lo|Her|no) — Endngty] =0, {|no),[lo)} € D.  (C.4)

To first order in 7, we have Hog = nH1, and the new eigensystem is obtained
by simply diagonalizing the full Hamiltonian H in the degenerate subspace.
If the degeneracies are not lifted by this, the next order must be included.
Heg then has the following form:

lo|H1|ko)(ko|H1|no)

(lo| Hestlro) = n (lo| Hilno) +1° ) < 0 _ RO ’
n 1t

ko¢D

’lo> eD.

(C.5)



Appendix D

Numerical Calculations

The numerical calculations and plots of this work have been done using
MATHEMATICA 7.0. On the following pages we present parts of the listings.

D.1 Energies And Dipole Moments In The DC-Field

We obtain the eigenenergies of the Hamiltonian (2.7) by diagonalization,
using the built-in function Eigensystem[]. After expressing the dipole op-
erator in the appropriate basis, the calculation of the dipole moments then
comes down to a simple matrix multiplication. To reduce calculation time
and paperwork we have used the results of Appendix B. Thus, it was suffi-
cient to include only terms with m = 0 and m = 1.

Setting a maximum angular momentum quantum number J, we determine
the number of states that contribute to the calculation. The chosen value
presents a good balance between accuracy and calculation time.

1 Jmax = 15;

nmax = 2*Jmax+1;

We number the eigenbasis of J? in such a way that a single index maps
unambigiously onto a pair of quantum numbers J and m. For example we
have 0 - J=0m=0;1—-J=1,m=0;2—>J=1,m=1;...

al0, \[Thetal_, \[Phi]_] = SphericalHarmonicY [0, 0, \[«+
Thetal, \[Phi]l;

4 k = 1;
For[j = 1, j <= Jmax, j++,
6 For[i = 0, i <= 1, i++,

{alk, \[Thetal_, \[Phi]_] =
8 SphericalHarmonicY[j, i, \[Thetal, \[Phil];
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k =k + 1;} 11

In this basis we express J2 and the operator part of d - Eg4,, i.e., in spherical
coordinates cos 6.

h[0] = 0; k = 1;
For[j = 1, j <= Jmax, j++,
For[i = 0, 1 <= 1, i++,

{hlk]l = j (7 + 1;

k =k + 1;} 1 1]
hlist = Table[h[jl, {j, O, nmax - 1}];
Hrot = DiagonalMatrix[hlist];

Hdc = Tablel
Integratel[
Conjugatel[ali, \[Thetal, \[Phi]l]l*Cos[\[Theta«
]1*Sin[\[Thetallx
alj, \[Thetal, \[Phil]
, {\[Thetal, 0, \[Pil}, {\[Phil, 0, 2 \[Pil}]
, {i, 0, nmax - 1}, {j, 0, nmax - 13}];

Hdc is up to a prefactor equal to the matrix representation of dy. To avoid
confusion we therefore copy the matrix here.

DOMatrix = Hdc;

The same calculation is done for dj.

DiMatrix = Tablel
Integrate[
-1/Sqrt [2] Exp[I*\[Phi]]l*Conjugatelali, ¢
\[Thetal, \[Philll#*Sin[\[Thetall*Sin«
[N\[Thetall*alj, \[Thetal, \[Phil]
, {\[Thetal, 0, \[Pil}, {\[Phil, 0, 2 \[Pi¢
131
, {i, 0, nmax - 1}, {j, O, nmax - 1}];

The calculation of the eigenenergies of Hrot - \[Eta]*Hdc is done with the
command Eigensystem[], sorting the resulting list and picking the wanted
value at the appropriate position.

Eg[\N[Nul_] := Last[{\[Etal] = N[\[Null;,
HO = (Hrot - \[Etalx*Hdc);,
Last [Sort [Eigensystem [HO] [[1]], <«
Greater] ] } 1]
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E1[\[Nul_] := Last[{\[Etal = N[\[Null;,
HO = (Hrot - \[Etal*Hdc);,
Last [Take [Sort [Eigensystem [HO+
J[[1]1], Greater], nmax - 1] 1 <«
+ 1

Depending on \ [Etal, the eigenvectors \ [Psi]g[\ [Nu]_] and

\[Psilp1 [\ [Nul_] are calculated. Therefore \ [Eta] is taken over by \ [nu],
HO is definied from scratch, the list of eigenenergies gained by the com-
mand Eigensystem is sorted according to the value, and the two last po-
sitions are read out. Afterwards, it is checked, at which position in the
not sorted eigenwert list these values are. These positions correspond to
the positions of the eigenvectors, which are then read out by the command
Eigensystem[HO] [[2, pos]]. The Sign command adds a consistent sign
convention, so that always the dominant part of a wavefunction is positive,
just as in perturbation theory. For example, g has a positive value at the
first position and m1 and the second one.

\[Psilg[\[Nul_1 := Take[{\[Etal = N[\[Null;,
HO = (Hrot - \[EtalxHdc);,
pos = Position[Eigensystem[HO]J[[1]],
Last [Sort[Eigensystem [HO]I[[1]], Greater]]]([[1, ¢

111;
Sign[Eigensystem [HO][[2, pos, 1]]]*Eigensystem[HO«+
10[2, posl]
}, -11[[1]11]

\[Psilpi [\[Nul_1 := {\[Etal = N[\[Null;,
HO = (Hrot - \[Etal*Hdc);,
pos = Position[Eigensystem[HO][[1]],
Take [Sort [Eigensystem [HO] [[1]], Greater]
, {nmax - 13}I1[[01111C(0[1, 1113,
Sign[Eigensystem[HO][[2, pos, 3]]]*Eigensystem[HO+
1002, posl]}[[4]]

The result is a vector consisting of prefactors to the corresponding spherical
harmonics. For example

\[Psilp1[0.1]= {0.999584, 0.0288379, 2.22 x10°-16, ...}
corresponds to

Ypl = 0.999584Y0 + 0.0288379Y71¢ + 2.22 * 107107y + ...,

where the last term is a numerical error. Calculating the dipole moments
now reduces to a simple matrix multiplication,

for example (g|d1|1) = " (1)g)!. D1Matrix. ¢p1”.

di1g [\ [Nul_] =
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Hold[Last [{g = \[Psilg[\[Null; p1 = \[Psilp1[\[Null;
Sum[p1 [[i]]*D1Matrix [[i, jll*gl[jI1], {i, 1, nmax}
, {j, 1, nmax}]1}]1];
dogg [\[Nul_] =
Hold[Last [{g = \[Psilg[\[Null;
Sum[g[[i]]*DOMatrix [[i, jll*gl[[jl], {i, 1, nmax}
, {j, 1, nmax}]1}]1];
d011 [\ [Nul_]l =
Hold [Last [{p1l = \[Psilpi1[\[Null;
Sum[p1 [[i]]*DOMatrix [[i, j1l*p1([[j]1], {i, 1, nmax}
, {j, 1, nmax}]1}]1];

Due to the considerations of Appendix B, these are the only dipole moments
necessary to describe the system. Taking a look at Figure D.1, we recognize,
that they show the expected behaviour. Only d%g is non-zero at n = 0.
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Figure D.1: Dipole moments of the eigenstates in the dc-field



Appendix E

Dipole-Dipole-Interaction

The interaction between two polar molecules is described by the so called
dipole-dipole-interaction. In the classical model, it is usually derived by
a multipole expansion of the electrostatic potential of one molecule. The
energy of the second molecule in this potential is then given by [32]

di-dj —3(di-eR) (eR-dj)

dd
ij

E.1 Representation In Spherical Coordinates

The representation of the dipole-dipole-interaction ng in spherical coor-
dinates is obtained by projecting the products d; - d; and eg - d; onto the
complex basis {e_1, eg, e; }. We calculate the required (complex) scalar prod-
ucts! to

1
er-e_1 = ﬁe_zd’ sin @ = C(_ll), (E.2)
eRr - e = cosf = C’él), (E.3)
eRr- ey = —Lei‘z’ sin 0 = Cfl), (E.4)

V2

with egr = (cos ¢ sin 6§, sin ¢ sin 6, cos ) being the spherical unit vector and
Cgl) a so called unnormalized? spherical harmonic of rank one, i.e., J = 1.
Due to the transformation to a complex basis, some emphasis must be put

!The complex scalar product is defined as x -y = >y
2The difference to the ordinary spherical harmonics is the normalization ,/M.
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on the order of the vectors in the scalar products. For example, we have

1 .
er-d; = -—djrer = 7 (dje —idjy) = dj,  (E5)
€eo - dj = dj - € = djO = dea (EG)
1 .
e_1- dj = —dj - e1 = ﬁ (djx + Zdjy) = dj_l, (E7)

where dj4 is the g-th spherical coordinate of the dipole moment of the j-th
molecule. With this, we obtain the projection of the scalar products to

1 1

d; -d; = Z d;- (eq & eq)dj = Z (—l)qdiqd]‘_q, (E8)
q=-—1 q=-—1
1 1
er-d; = Z er-(eg®eg)d; = Z djqcél), (E.9)
q=-— q=-1

hence the dipole-dipole-interaction reads

2
1

1
1
Vit =g | 2 (FD)Migdjg =3 { D digCfY (E.10)
ij | g=—1 —1

— le’J {dz’OdjO (1 — 3051)2) — (djndj—1 +di—1dj1) (1 + 3C’§1)C(_11)>

—3(diod;_1 + di_1d;0) CSPCY) — 3 (diodj1 + dird,o) Vet
(1)2 (1)2
~3dud; O — 3diadj Y} (B.11)

Writing out the unnormalized spherical harmonics and using trigonometric
identities, this yields

1 1
ng = —R—3 { (3 COS2 0 — 1) diodjo + 5 (3 COS2 0 — 1) (dildj_1 + di_ldjl)

ij

3 . .
+ —sinfcosf <€_Z¢ (di_ldjo + diodj_l) — e (dildj() + diodj1)>

V2
3 A ,
+ 5 sin2 0 (621¢d11dj1 + 6_2Z¢di,1d]~,1> } . (E.12)

E.2 Representation In The Rotating 16-State Basis

The results of the calculations on page 12 are given in the following two
tables. Every element of a table belongs to a projection operator, which is
built by the tensor product of the bra- and ket-vectors that correspond to
the appropriate column and row. To obtain the full representation of ng in



Appendiz E. Dipole-Dipole-Interaction

95

the rotating 16-state-basis, all the terms additionally have to be multiplied
by 1/ Rfj. To reduce the size of the tables, we have used the abbreviation

_ 3.2
g = —§€ .
‘ (ggl (=1-1] (00| (11 (g-1] (50| (g1 (-1g|
2
13g) ag?" o 0 0 0 0 0 0
T —1-12 —102
|—1-1) | o dg ¢*d”1 0 0 0 0 0
o 12 2 2
|00) 0 —¢d9~t dge —¢*d%" o 0 0 0
~ 2 2
111y 0 0 —¢*dio dgt 0 0 0 0
= 7 gg ;—1—1 149—1,—1g
g —1) 0 0 0 0 dg?dg 0 0 la¢~ta—]
150) 0 0 0 0 0 dgfds® o 00
151) 0 0 0 0 0 0 dg9dst ¢d9=tare
| - 1g) o o0 0 0 1a=19497 " o ¢*d"194%% dgtTtdge
| — 10) 0 0 0 0 0 0 0 0
17 1 43—10 ;10
| —11) 0 0 1a=1%i1% o 0 0 0 0
10g) 0o o0 0 0 0 a%948° o 0
10 — 1) 0 0 0 0 0 0 0 0
|01) 0 0 0 0 0 0 0 0
113) 0 0 0 0 ¢dy?d{=t o 1d;9q%" o
7 k1 1410 ,—10
i-1) 0 0 1a1%a=1% o 0 0 0 0
|10) 0 0 0 0 0 0 0 0

| 10 (~1i| (®3 (01| (01 (1g] (=l ol
133) 0 0 o o0 0 0 ’ ’
—io | o 0 o 0 0 0 0 0
) 0 149=1a% o 0 0 0 14944971 o
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Table E.2: Matrix elements of ng in the 16-state product basis, 2nd part.



Appendix F

Wick’s Theorem

Wick’s theorem is very useful, when working with multiple products of cre-
ation and annihilation operators and provides a clean way to calculate expec-
tation values in the Fock space. Before stating the theorem, two preliminary
definitions have to be made.

The normal product or normal ordered product of a set of creation and
annihilation operators is a product of the same kind of operators with all
the creation operators to the left and the annihilation operators to the right.
In the case of fermions this product additionally has to be multiplied by a
factor of (—1) for every pair interchange of fermions. For example we have

: bib; D= b;bi (bosons) (F.1)
: cic; P= —c;ci (fermions)
: CiCjCZTCLan D= C;CInCiCj
= —cl.cleic;. (F.3)

The contraction of a product of two operators A and B is its expectation
value in the ground state

(AB)o = (0|AB|0). (F.4)

With this we can now state Wick’s theorem:

An ordinary product of creation and annihilation operators is equal to the
sum of normal ordered products to which 0,1,2,... contractions have been
applied in all possible ways.

This statement should become more comprehensible taking a look at the
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case of two and four operators:

AB =: AB: +(AB)y (bosons and fermions) (F.5)

ABCD =: ABCD : (fermions)

+:AB: (CD)o— : AC : (BD)o+ : BC : (AD)y

+:AD : (BC)o— : BD : (AC)o+ : CD : (AB)g

£ (AB)(CD)o — {AC)(BD)o + (AD)(BCYy  (F.6)
ABCD =: ABCD : (bosons)

+:AB: (CD)o+ : AC : (BD)o+ : BC : (AD)g

+:AD : (BC)o+ : BD : (AC)o+ : CD : (AB)g

£ (AB)(CD)o + (AC)o(BD)o + (ADY(BCYy.  (F.1)

A general proof of the theorem is given in [11| and uses only two properties.
First, any annihilation operator acting on the ground state must yield zero.
And second, the commutator (anticommutator) of two bosons (fermions)
must be a multiple of the identity.

In this work, Wick’s theorem is mainly used in the context of the Fermi
ground state. Here, a particle-hole transformation is necessary for the first
property to be fulfilled.
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