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Abstract

In this thesis we explore the physics of bosonic atoms in the first excited band of an
optical lattice - the p band. As is discussed here, due to the additional orbital degree
of freedom, the physics in the p band is qualitatively different from the physics of the
well characterised systems in the ground band. We first define the orbital states and
discuss properties at the single particle level, from where we construct the framework
for studying the many-body system. This serves as the basis for the mean-field analy-
sis that is carried out in the sequence. The main body of this work covers the studies
developed in Papers I and II. In Paper I we discuss properties of confined p-orbital
bosons, that include condensation of the ideal gas of bosons in the p band, the ideal
gas at finite temperatures and zero temperature studies of the interacting system for
both the symmetric and asymmetric lattices. We continue with the studies of Paper I,
in which p-orbital bosons are considered in the strongly correlated regime. In particu-
lar, we show that the effective Hamiltonian describing p-orbital bosons in the the Mott
phase with a unit filling of the lattice sites can be mapped into the spin-1/2 quantum
XYZ Heisenberg model in external field. Here the system is considered in the context
of quantum simulators and we complement the study by proposing detection and manip-
ulation schemes for experimentally probing the physics discussed. Finally, we present
some work in progress that suggests the possibility of using systems of bosons in the p
band for experimentally exploring the physics of spin chains beyond spin-1/2.

iii



1. Introduction

After the experimental realization of the optical lattices in the lab and the subsequent ob-
servation in 2003 [1, 2] of the previously predicted Mott-insulator to superfluid transition,
cold atom systems became a primary candidate for understanding many-body quantum
phenomena [3, 4]. The degree of control and manipulation in these systems is so great,
that nowadays it is possible to engineer lattices with all sorts of different configura-
tions that allow for the study of many-body quantum physics in the strongly correlated
regime [3, 4]. Put in other words, cold atoms in optical lattices provide highly controllable
laboratories for testing models of solid state and condensed matter physics.

This is because similar to the behavior of electrons that is described by the celebrated
Hubbard model [5], the many-body dynamics in the optical lattice is dominated by the
two basic ingredients consisting of hopping and atom-atom repulsive interactions [6].
This is usually described in most simple terms by the Bose-Hubbard Hamiltonian in
the tight-binding limit,

. U
Ay = —tY (ala; +aa) + 5 Y ala —1), t,U>0, (1.1)
(i) i

where ZU’D runs over the nearest neighbors and 4; and dlf are the bosonic operators
that annihilate and create an atom in a site-localized state in the i-th site. The first term
describes nearest neighbors hopping, which happens with amplitude f, and the second
term describes the onsite two-body interactions, characterized by a matrix element with
magnitude proportional to U. The reason why nothing is said about the band struc-
ture — which results from the periodic structure superimposed on the system - is the
truncation scheme adopted in the expansion of the many-body Hamiltonian. In fact, the
majority of studies consider a single-band description of such systems, in terms of a
basis constructed with the use of site-localized states of the first band only. This is not
the case in this thesis. Instead, we would like to understand what happens, for example,
if we also allow for the atoms to occupy states of higher bands of the optical lattice?
How would this affect the properties of the Mott-insulator to superfluid transition? And
what happens if the atoms are restricted to occupy only these higher-bands?

These issues are already interesting as they involve generalization of the Bose-Hubbard
Hamiltonian [7, 8, 9]; and even though they might seem, at a first glance, nothing more
than mere academic problems, recent studies and experimental work [10, 11] warrant
answering these and other questions related to many-body quantum phenomena in ex-
cited bands of optical lattices. It has been argued, for example, that under the presence
of (strong) repulsive interactions, the atomic population can migrate from the ground
to the excited bands [12], thereby affecting the properties of the ground-state expected
for the system. The interaction-induced broadening of the onsite wave-functions was
also observed experimentally via microwave spectroscopy [13]. Furthermore, through
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the mapping of collapse-revival structures in the atomic density of non-equilibrium con-
figurations, it was possible to verify signatures of higher bands physics [14, 15]. As a
result following this initial motivation, a large body of experimental research is nowa-
days focusing directly on the physics of cold atoms in the first excited (the p) and higher
bands.

The physics of bosons in the p band is qualitatively different from the physics of the
usual Bose-Hubbard model (Eq. (1.1)) where the atoms are restricted to the lowest (the
s) band. The reason for this can be most easily understood from analysing the square
and cubic lattices. In these cases, due to the lattice symmetry, the p band becomes
doubly (square lattice) and triply (cubic lattice) degenerate [7, 16]. This degeneracy
introduces the concept of orbitals that are associated to the site-localized states in the
lattice, and that are characterized by a node in each of the spatial directions. These
are called the p orbitals and are usually described in terms of the lattice Wannier
functions. The Wannier functions, in turn, are broader in the direction of the node, and
since their shapes determine the ease of tunneling between sites, this directly influences
the dynamical properties of the system. Now, because the tunneling properties of p-
orbital bosons considerably differ from the tunneling properties of bosons in the s
band, various types of novel quantum phases [17, 18, 19, 20, 21] can appear. In fact,
due to the anomalous dispersions, mean-field analysis of the system reveals that the
condensed state of bosons in the p band is characterized by macroscopic occupation of
nonzero momentum states [22].

The manner in which p-orbital atoms interact also differs significantly from interactions
in the s-band. Again, this is a consequence of the orbital degeneracy. For the case
of bosons, for example, in addition to the density-density interactions (as described by
Eq. (1.1)), the system also contains multi-species (different orbital states) density-density
interactions and interactions that move the atoms between the different orbital states.
This gives rise to novel phenomena which include the formation of structures in the
order parameter of the condensed phase [7, 16, 19].

The purpose of this thesis is to provide an introduction to the physics of cold atoms in the
first excited bands of optical lattices, the p band, and to report a number of studies that
we have performed on this subject in the past years. We focus on the case of separable
lattices! and mainly in the two-dimensional case. We start by defining and characterizing
the orbital states in Chapter 2, where we also discuss the construction of the many-body
Hamiltonian. In Chapter 3, properties of p-orbital bosons in isotropic square and cubic
lattices are considered from the viewpoint of mean-field analysis. We then investigate
how inclusion of the harmonic trap affects the physics of the two dimensional case
in Chapter 4. This chapter is based on the study of Paper I and presents details of
calculations that were omitted in the original work.

Moving away from the mean-field territory, we present properties of the p-orbital bosons
in the strongly correlated regime in Chapter 5. The system is discussed here in the
context of quantum simulators [23, 24] for studying critical properties of spin models
relevant for the study of quantum magnetism. This chapter is based in the study of
Paper II and also includes more details than what is presented in the original work.
It also contains additional discussions on extensions of this work that are still work

1See definition in Sec. 2.1
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in progress. Nevertheless it displays a different aspect of the physics of multi-orbital
Hubbard systems that hints at an interesting direction for future research. We reserve
final remarks to the Conclusion section.



2. p-orbital bosons: nice to meet you!

“To P or not to P? (bands!)”
William Shakespeare!

In this chapter we characterize the system of p-orbital bosons. We start with a quick
note in Sec. 2.1 on the energy and length scales adopted here to define dimensionless
variables, and follow with discussions on the general properties of single particle physics
in periodic potentials in Sec. 2.2. In Sec. 2.3.1 we define the orbital states and discuss their
properties. The many-body Hamiltonian for p-orbital bosons is derived in Sec. 2.4 and
in Sec. 2.4.1 we briefly discuss symmetry properties of the many-body Hamiltonian.

2.1. Disclaimer notice

All the problems discussed in this thesis are concerned with the physics of cold atoms
in optical lattices. Optical lattices are spatially periodic potentials, created from the
superposition of counter-propagating laser beams, that can be used to trap atoms via
Stark effect [2, 6]. Unless stated otherwise, we assume here that the lattices are sinusoidal
and separable?, as e.g.

Viatt(x,y) = Vi sir12(kxx) + Vy sinQ(ky;y) (2.1)

in 2D, where V, is the amplitude of the laser light with wavelength A, in the direction
a = {x,y} and k, is the corresponding wave vector. In this context, any of the inverse
wave vectors, l, = 271/Ay provides a natural choice for parametrizing the length scale,
and any of the recoil energies EX = ik, /2m (for an atom of mass m), provides a natural
choice for fixing the energy scale.

Here whenever we use the word 'dimensionless’ referring to any position, this means
that the positions are scaled in terms of one of the l,, and whenever we use it referring
to any energy, it means that the energies are scaled in terms of one of the EY. The
direction a will be explicitly determined.

! Adapted from the tragedy of Hamlet.
2More explicitly, by separable lattice we mean that the eigenvalue problem for the given lattice potential
admits solutions that can be factorized in the different directions.
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2.2. General properties of one particle subjected to periodic potentials

Two main properties characterize the problem of a quantum particle interacting with a
periodic potential [25]: (a) that the energy spectrum displays structure of bands where
regions with allowed energies are separated from each other, and (b) that the solutions
of the eigenvalue equation are given by Bloch functions. This is formulated in one

dimension?® as

. ~ —htd
HV¥(x) = E¥(x), where H = om dx + V(x) (2.2)

with m the mass of the particle and V(x) = V(x +d) the periodic potential with periodicity
d. The expression for the Bloch functions can be obtained from the Bloch theorem [26]
and follows as

Voq(x) = e uy(x), (2.3)

where u,q is a periodic function satisfying u,q(x) = u.,q(x + d) and q and v are the
good quantum numbers labeling, respectively, quasi-momentum and band index. The
fact that we are using the band index v implicitly assumes the reduced scheme, where
quasi-momentum varies along the first Brillouin zone [26]. To each of the values of
v and g there is an associated energy, and in general the relation between the free
particle momentum of E = A?p?/2m and the quasi-momentum q appears in the form of
a complicated (transcendental) equation. The eigenstates of Eq. (2.2) correspond thus to
plane waves delocalized in the lattice and that experience a modulation due to the lattice
periodicity.

An alternative basis for describing particles subjected to periodic potentials is given
by the so called Wannier functions [25]. They are constructed in terms of the Bloch
functions according to the prescription

ij(x) = Ze_iqulpvq(x)' (2.4)
q

where R; labels the coordinates of the j'th site and we sum over the quasi-momenta in
the first Brillouin zone. The Wannier basis differs from the Bloch basis in two main
aspects: First, at each site each of the energy bands is endowed only one Wannier
function. Second, this is a site localized basis labeled by the position in the lattice. The
Wannier functions at different sites satisfy the following orthonormality condition

/dxww-(x)wvri(x) = 6, 6ij-. (2.5)

Let us now briefly illustrate this discussion by starting with Fig. 2.1, where the band
structure for a system with periodic potential given by V(x) = Vy sinQ(kxx) is shown for
different values of the lattice amplitude Vj, and as a function of the quasi-momentum q.
The general picture following is that for increasing values of the lattice amplitude, Vj,
the widths of the bands experience a narrowing at the same time that the energy gaps
between the bands become larger.

5Extensions for 2D and 3D systems are straightforward. We use the 1D case here just for illustrative
purposes.



2. p-orbital bosons: nice to meet you!

10

Energy

1 05 0 05 1 1 05 0 0.5 1
gk, q/k

Figure 2.1.: Band structure of a system with Vy = 0.5E, (blue), Vy = 5E, (red) and V, = 17E,

(green). As discussed in the text, the widths of the bands are larger for smaller

values of the lattice amplitude. In addition, the energy gaps between the different

bands increase for increasing values of Vj.
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Figure 2.2.: Real part of the Bloch functions of the first (in (a)) and second (in (b)) bands for
different values of quasi-momentum q and for V = 5E,. Notice here that the Bloch
function of the 2nd band is strictly imaginary if g = 0.

We continue by showing samples of the real and imaginary parts of the Bloch functions
in Figs. 2.2 and 2.3, where we particularly raise attention to the delocalized character of
the Bloch functions. This is clearly not the case for the Wannier functions, as illustrated
in Fig. 2.4, which shows the Wannier functions of the first and second bands, and for
different values of the lattice amplitude. In this picture, larger values of V have corre-
sponding Wannier functions that are more and more localized around the minimum of
the potential well. For completeness, we show the probability density associated to each
of these Wannier functions in Fig. 2.5 (a) and (b).
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Figure 2.3.: Imaginary part of the Bloch functions of the first (in (a)) and second (in (b)) bands
for different values of quasi-momentum q and for V;, = 5E,. In contrast to the result
of Fig. 2.2, here we notice that the 1st band Bloch function with g = 0 is strictly
real. We point out that there is an arbitrary phase to be fixed in the definition of the
Bloch functions. Once this phase is fixed, however, and say the Bloch function of
the first band with q = 0 is purely real, then the Bloch function in the second band
with g = 0 will be purely imaginary.
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Figure 2.4.: Wannier functions of the first and second bands for systems with Vy = 0.5E,. (green),
Vo = BE, (red) and V; = 17E, (blue).
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Figure 2.5.: Probability density of the first and second bands Wannier functions for systems with
Vo = 0.5E, (green), Vy = 5E, (red) and Vy = 17E, (blue).
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2.3. What are the p-orbitals?

p-orbitals are the site-localized states of the first excited energy band, the p band [7].
For isotropic square/cubic optical lattices in two or three dimensions, the first excited
band is respectively two- and three-fold degenerate. This, in turn, renders a corre-
sponding degeneracy for the site-localized states or p-orbitals. In particular, p orbitals
are anisotropic in magnitude and odd in parity [16], features of which are discussed in
this section.

2.3.1. p-orbital bosons in the harmonic approximation

In order to get familiar with the physics in the p band, we consider the system in the har-
monic approximation, where analytical solutions are easily obtained and simple enough
to expose properties of the physics in analytical terms. This consists in approximating
each well of the sinusoidal potential with a harmonic potential, i.e., V(x) = sinQ(kxx) ~
k2x?. Although the use of the harmonic approximation is limited [9, 27] and justified
only in very particular cases, it is still a good starting point for building an intuitive
picture about the objects used in the representation of the orbital states.

Let us then consider a two dimensional separable lattice with decoupled x- and y-
directions, for which the expression of the lattice potential is given by V(x,y) = V, sinQ(kxx)
+Vy sinQ(kyy), where V, and k,, a ={x,y} correspond to the potential amplitude and
wave number, respectively, in the direction a. The Schrédinger equation for a particle
under action of this potential assumes the form of the Mathieu equation:

R h? d? h? d?

H‘I’=<2md2+V5m(kxx) 2mdQ+Vsm(k )>‘I’=E‘I’. (2.6)
We now use dimensionless variables as kyy — y’ and kyx — x’ such that kg, ! sets the
length scale at the lattice, and expand the potential around its minimum keeping only

first order contributions, i.e.

r REZ 42 . / h2ky 2
HY = (— meﬁ + Vi st(i—;x) s dy,Q + V, sin?(y’ )) v
(2.7)
N WPEZ 42 B2 h2E2 42
v = ( ey + Veppx? - L 4 vyy@) v,
which implies
By (_d oamyy ke o omyy o) g
BT 12 72k2 ! VX B2 dy”? H2k? $24
. ) . (2.8)
AR ( &P, ka -t vyy'2> 12
In the last step we introduced V, = V,/EY, where E; = h2k§/2m is the recoil energy in

the y-direction. This step sets the energy scale.

“The limit of very deep potential wells is required.
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When dealing with a separable lattice like in the example above, it is possible to find
the solutions in the x- and y-directions by solving the corresponding equations indepen-
dently. We solve first for y’ (dimensionless y-direction):

d2 0 2 ’ ’

W Voy™ | Y(y') = ey ¥ (¥) (2.9)
where €y is the energy scaled in recoil energies of the lattice in the y-direction. We
identify the characteristic length of the oscillator as y; 4 = V, and therefore the ground
and first excited states, with energies eg, and 651,,, are given by

, 1 2002 i NG
¢0(y) = 47[1/43/6/26 ¥ 295 <7T‘S£/4 e Vyy'=/2 (210)
and /3
, \/Q ;2002 2V, ST
$1(y') = <n1/4y3,2 eI = | — i |y e VIR (2.11)
0

Equations for x’ (dimensionless x-direction) are solved in the same way

d” -, k2 2

R V(x') = ex¥(x) (2.12)

and €, is again the energy scaled in units of E;. The characteristic length of the
oscillator is identified here as x;* = kaj%/k?,, and the ground and first excited states,

with corresponding energies 62, and 6315,, are given by

(2.13)

~ 1/8 _
1 —x”[2x? 1 Ve k?c e~ Lgk" x?/2
il

olx’) = e = | e
7 il | k2

and

5 3/8
2 . 2 [ V.k? _VVky o
d1(x’) = <\f > x/ e x*2xg _ 7\/> < xkx> e h X2 (2.14)

7r1/4x8/2 rll4 k?,

With the expressions of the eigenfunctions in hand, we can now describe the energy
levels and eigenstates of the 2 dimensional system in the harmonic approximation. For
simplicity we consider here an isotropic lattice for which V, = V, and ky = ky. The true
ground state within this approximation has energy Eg = (62, + 63,) and its eigenfunction
has a Gaussian profile in both x- and y-directions:

1 21042 121002
\PO(x,ry,) = me_x [2x5 -y /2y0. (215)
1 2x5"%y,

The first excited state is doubly degenerate. It has energy given by E; = (e}c, + 62,) =
(62, + 651//) and the corresponding eigenfunctions are given, respectively, by

2 , 1 ,
¥, (x',y') = <f3/2> Fen <1/2> il (2.16)
0

sellay iyl
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|— Harmonic Approximatio (a) | —Harmonic Approximation (b)
—Numerical Solution —Numerical Solution

Figure 2.6.. Comparison between the numerically obtained Wannier functions and the Wannier
functions in the harmonic approximation, Egs. (2.10) and (2.11) for a 1D system with
Vo = 17E, (see discussion in the text).

and

’ ’ 1 R, 2 \/Q ;' 2
Py(x',y') = <1/2> o <3/2> ye I, (2.47)
0

lléx 7T1/4,V0

that are precisely the p,- and py-orbital states in the harmonic approximation. As can
be verified, the spatial profile of the two orbitals have different parities in the different
directions, i.e., it is odd in the direction which introduces the node in the wave-function
and even otherwise. In particular, the name of the orbital state is coined after the
direction in which the wave-function is odd.

We compare in Fig. 2.6 the ground and first excited Wannier functions obtained from
numerical diagonalization of the Mathieu equation with the ground and first excited
states obtained in the harmonic approximation. It illustrates the situation where Vy =
17 E,, of deep wells, where the harmonic approximation is expected to give a good
qualitative picture of the system. While the harmonic oscillator eigenfunctions will
never assume negative values, the negativity of the Wannier functions is an important
property for the orthonormality condition (2.5). In addition, it is important to keep in
mind that as opposed the picture provided by the harmonic limit, the energy difference
between different bands in the sinusoidal potential is not constant. In fact, due to the
anharmonicity of the sinusoidal potential, the bands are usually not equally spaced in
the optical lattices.

2.4. From the one-body to the many-body problem

The dynamics of a gas of N atoms of mass m under action of an external potential can
be represented, in general terms, by a Hamiltonian of the type

N 2
H =3 (P54 Veud)) + Vintsi 1), (248)
i=1

where the first two terms account for single-particle effects, while the last term describes
interactions between the atoms, and therefore accounts for effects of collective nature.

10
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In the ideal scenario Vi,¢ should include all interactions in the system, i.e., the result
of two-body collisions, three-body collisions and so on®. In real life, however, exact
solutions for problems involving interacting many-body quantum particles are known
only in very few or particular cases. The way out, of course, starts with the use of
approximations that are capable of describing not all, but all the relevant interactions

that warrant a good picture of the experimental reality.

We mentioned before that the interest here is in the physics of (many and also a few)
interacting p-orbital bosons. We aim, therefore, at describing systems of very cold and
dilute bosonic gases, where the atoms occupy the orbital states discussed in Sec. 2.2, of
the p band of an optical lattice. By 'very cold’ we mean that the temperatures considered
are close to the absolute zero®. In the same way, by 'very dilute’ we mean that the distance
between any two atoms fixed by n = N/V - where N is the total number of particles and
V the volume of the system - is very large. In the lab, for example, these systems are
produced with densities of the order of 10~° atoms per cm?® (~ 10~%"g/cm3)’, and under
these circumstances, it is reasonable to truncate the interaction term in the two-body
part [28, 29].

As a consequence from the characteristic low densities, the distances between the par-
ticles are always large enough to justify the use of the asymptotic expression of the
wave function of the relative motion [28]. In addition, as a consequence from the low
temperatures T, the relative momentum corresponding to kinetic energies kT, where
kg is the Boltzmann constant, justifies that the collisions are effectively described by
s-wave scattering processes, that are completely characterized by the corresponding
phase shift [30]. At very low temperatures, however, the phase shift is not the best
parameter for characterizing the cross section of the scattering processes.

This can be illustrated®, for example, by c0n51der’1ng the cross section of two
particles in a state with relative momentum k and energy h’k?/2j1, where p is the
reduced mass

do  sin®(6o(k)) k-0
— 2 PO R0
dQ |2
where a has dimensions of length. At very low temperatures, i.e., in the limk — 0,
the presence of k? in the denominator of Eq. (2.19) would require that sin(So(k))
vanishes linearly for any value of the cross section [30].

(2.19)

The trick here is to use instead the scattering length a defined as
lim ——— = 1 (2.20)
k-0 sin(Sp(k)) ~  a’ '

that is, up to the choice of a sign, exactly the same length parameter of Eq. (2.19). Now
this is a good quantity for parametrizing the low energy scattering cross section, for it
can also be further interpreted as the first term of the expansion in powers of k of the

SAmbition is the last refugee of failure. - Oscar Wilde

60r much less than the bandwidth. The temperature is typically of the order of ~ 1 nK.

"For comparison, the density of the air at room temperature (notice however that the definition of room
temperature might vary in countries like Sweden or Finland) is ~ 1.25 x 10~3g/cm?, the density of the
water is 1g/cm?® and the density of a white dwarf can be estimated as 1.3 x 10%g/cm®.

8This discussion is based on the discussion presented in Ref. [30].

11
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effective range expansion [30],

kcot(Solk)) = —= + %kQ +o (2.21)

Q|+~

where rg is the so called effective range of the potential. In these terms, low energy
scattering processes can be characterized by only two parameters, a and ry, and regard-
less of their underlying forms or expressions, any two potentials that are characterized
by the same s-wave scattering length a and effective range rg, will give rise to the same
effective interaction [30].

The values of a are determined with the use of the standard scattering theory. Now
assuming that a is a known quantity, our goal is to implement in the Hamiltonian (2.18)
an effective interaction that captures the physics seen in the lab. The usual process
consists in considering the real interaction potential Vin¢(F;, Fj) as a contact interaction
Vint = AS(F; — Fj) with coupling constant given by A = 27th?a/p, where p is the reduced
mass of the two particles [31]. Accordingly, the effective potential for two identical
particles of mass m follows as

Lha
Vint(Fi, 7)) =

S(F; — ). (2.22)

In the language of second quantization, this can be further re-written with the use of
the bosonic field operators ¥(#') and W/(#'), that annihilate and create a bosonic particle
of mass m at position ' as

. hmhPa 4rth?a

Vint

/ AP drYT(R)YT(R)S(7 — 7))V (R)Y(F) = / AP\ )W (7 ) ().

(2.23)
These operators satisfy the bosonic commutation relations [V (#”), ¥(#')] = §(7” —#'). The
full expression of the Hamiltonian describing a weakly interacting Bose gas is given,
therefore, by

f - / ar [ ¥1(r) {—h;f + V)| Wi + Z(’\iff(fﬂ)\iff )i, (2.24)

where V() accounts for effects of external potentials superimposed to the system and
Uy = 4mh?a/m is the coupling constant in units of the recoil energies, as defined in
Sec. 2.1.

In the usual procedure the field operators are then expanded with the use of a convenient
basis, which in our case will be constructed in terms of the orbital states of the p band of
the optical lattice®. But before proceeding with the expansion, let us restrict the external
potentials acting in this system V(#) (in Eq. (2.18)) to account only for the optical potential.
In the cubic lattice this follows as

V(F) = Vigge(?) = Vy sin®(kx’) + V, sin(ky’) + V, sin?(kz’), (2.25)

where again the lattice amplitudes and wave vectors are given, respectively by V,,
a ={x,y,z} and k = 271/A, with A being the wavelength of the applied lasers. As before

9Since in this step we restrict the atoms to live in the p band of the optical lattice, this also means that we
are considering what is called the single band approximation.
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2. p-orbital bosons: nice to meet you!

we define dimensionless parameters by taking the recoil energy E, = h*k?*/2m as the
energy scale and the inverse wave vector as the typical length scale [ = A/27r!. In these
terms, the expression for the field operators then follows as

LUUBEED WA
(2.26)
‘Ij(f’) = Zaj Waj (F)docj (F)
where dl. and d,j create and annihilate an atom in the a ={x, y, z} orbital state and in

the j-th site of the lattice (j = (jx, jy, jz), Juc, Jy. jz € N).

Notice here that the orbital states in the p band are not eigenstates of the single-
particle Hamiltonian. They are constructed in terms of the site-localized Wannier
functions!! wy;(F), v = 1,2!2 with the prescription'®

wyj(F) = wy (x)wy;, (y)wj, (2)
wyi(F) = wyj (x)wo;, (y)wyj, () (2.27)
Wzj (F) = Wij, (x) Wij, (Y)szz (z),

which according to Eq. (2.4), relate with the Bloch functions (the eigenstates of the
single-particle Hamiltonian) as

Wi = D e g (),
q

where we use R; = (xj,¥j,2j) = (), 7Tjy, 71j,) and q = (qx, qy, q;) is the index which
labels the quasi-momentum.

Now before arriving to the final expression of the second quantized version of the
Hamiltonian describing bosonic atoms in the p band, we assume, in addition, the tight-
binding regime. In this approximation, the range of the tunneling is restricted to the
first nearest neighbors, and the interactions to happen only onsite. The final result then
follows as

H = HO + Hnn + HFD- (2.28)

The first term here corresponds to the kinetic part of the Hamiltonian and is given by
A= =3 taplilylas (2.29)
aB (ij)p

with Z<ij>5 the nearest neighbor sum in the direction B. The second and third terms
account for different types of interactions:

PInn = ZZﬁaj(flaj — 1) + Z Z Uagfla-jflgj, (2.30)
J

a apatB j

10These units are used in all derivations from here on, which also makes the resulting equations dimen-
sionless.

"Which themselves are also not eigenstates of the single particle-Hamiltonian.

12Remember here that v is the index which labels the energy band of the corresponding Wannier function.

5 Remember that we are considering the case where the equations describing the lattice are separable in
the different directions.
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2. p-orbital bosons: nice to meet you!

describes various types of density-density interactions, where f,; is the atom number
operator for particles in the pq-orbital, and

A= 3 ), aB( al;k;a0g +d,§jd,§jdajdaj>, (2.31)
aBatp

describes interactions which move atomic population between the different orbital states.

To complement we write the expressions for the various coupling parameters. They
are given in terms of the orbital states as

Usg = Uo | dilwes() w7 (2:39)
where Uy = Upl®/E, is the dimensionless interparticle strength, and
top = = [ APV + VEwag 1, 2.53
with V() is the external potential of Eq. (2.25).

Substitution of Eq. (2.27) in the above Eq. (2.33) shows that the tunneling coefficients
in the directions perpendicular to the node depend uniquely on the properties of the
Wannier functions in the ground band (i.e., v = 1), while in the direction parallel to
the node, it depends solely on the Wannier functions of the second band of the lattice
(v = 2)'. This is the basis of the tunneling anisotropy in the p band, and explicitly
shows why an atom in the the py-orbital state has larger probability of tunneling in the
a direction than in the transverse ones'.

2.4.1. Brief discussion on the symmetries of the model

Because each term in Eq. (2.28) has the same number of operators and Hermitian con-
jugates, the Hamiltonian describing bosonic particles in the p band is clearly invariant
under global U(1) transformations. This reflects the overall conservation of particle
number in the system, and therefore

A, Z (Af + A + A7) = 0. (2.34)

In addition to the overall number conservation, the number of particles modulo 2 in
each of the orbital states is also conserved. This follows from the properties of the
terms describing transfer of population between the different orbitals, Eq. (2.31), which
introduce a set of Zy symmetries under which the full Hamiltonian is invariant. In fact,
in isotropic lattices!%, any permutations of the type

dxj — idyj, dyj — idzj, dzj — idxj (2.35)

1“Notice here that these bands refer to the band in the 1D lattice from where one considers the quasi-
momentum of the Bloch functions used in the construction of the localized states.

SRemember that the p, orbital state has a broader spatial profile in the a direction

16\Where all the t,, for different orbitals are equal, as well as all the tog, and Uy = Uy, = U, with again
all the Uyp equal for different a and B.

14



2. p-orbital bosons: nice to meet you!

leave the Hamiltonian invariant.

Let us take a closer look on the symmetries of the two-dimensional case. We start with
the isotropic square lattice, where Uyy = Uyy, Ury = Uyx, trx = tyy and tyy = ty,. In this
case, transformations of the type

d;j cosf —sinf Ay

— (2.36)

Ay, sinf cos® Qyj
leave the Hamiltonian invariant for different values of 6 = (0, 7t/2, ;t) + kot, where k € Z.
This is not the case for an asymmetric lattice. Here, even though the lattice can be
tuned in such a way to preserve the degeneracy between the orbitals, the coupling
constants Uyy # Uyy and tqq # tgg, tag # tga, Wwhich means that transformations of the
type Gyj — Qyj, Qyj — Grj Will not leave the Hamiltonian invariant. There is a particular
case, however, for which even in asymmetric lattices the system is characterized by an
additional SO(2) symmetry [32]. This corresponds to the harmonic approximation in the
limit of vanishing tunneling!’, where U, = 3Uqg = U. As pointed out in Ref. [32], this
special case is better studied with the use of the angular-momentum like annihilation
operators d.j = (Ayj + idy;)/ V2, in terms of which the local part of the Hamiltonian can
be written as [32]

:’
Il
s
=
T~
=
|
ST
|
(SNl

]+Um—n@ﬂ+ﬁﬁ}
(2.37)
e [31 ~ 5l — 127 - )

where U = (Ury + Uyy)/2, 6 = (Uxx — Uyy)/2 and A = Uyy — U/3. The density operator
can be expressed as A; = dzjdﬂ + dijd_j, and the angular momentum operators are

A

L; = dzjdﬂ- - dzjd_j and L. = dijdﬂ-/z Now it follows from the properties of the
harmonic oscillator eigenstates that in the harmonic approximation A = § = 0 for
any lattice configuration, and therefore [Hj, f,zj] = 0 [32]. This is not the case for real
optical lattices, for there A, 6 # 0, which destroys the axial symmetry, and consequently
[Hj, ﬁzj] # 0 [32]. It is important to point out here that this additional SO(2) symmetry is
not of geometric character. Instead, this is a dynamical symmetry [33], which appears
as a consequence of the specific form that the eigenvalue problem assumes when the
harmonic approximation is used.

"This is only valid in the case of separable lattices.
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A. Hamiltonian parameters in the harmonic
approximation

We briefly compute here the various coupling constants in the harmonic approximation.
As discussed before, under this assumption the Wannier functions are approximated by
harmonic oscillator eigenfunctions, and therefore (2.32) and (2.33) can be obtained from
computation of simple Gaussian integrals. Here

4
2 1,2
Uex = Uojdx < 174 3/2> x* e’ /xoj y <,r1/1.1y1/2> e /%
(A1)
2
- (i) 18t (i) VB o )
Analogous calculation yields Uy, = Uy (g%)
We now compute U,y:
\f 2 2 142 2 2142
_ 2 2 ,—x2/ 1 —x2/
Uy = Up[ dx <nu4xg/2> 12 o-x’/x} <nu4xg/2> o2l
2 2
f dy < 1/\[3/2 y2 euy?/yg < 1/1.1 1/2 € yQ/yg
ﬂfy R ) (A.2)
— UO] dx <711/2x§> ~2x I} f dy( ) e~ 2°Iv;

11
Uo <§xoy0> !

and thus we verify that in the harmonic approximation U, = Uyy = 3Uyy. In particular,
notice that Uyq/Uqsp = 3 is always valid in the harmonic approximation regardless of
the wave vectors of the lattice, k. and ky. In addition, it is very surprising that in
this limit the coupling constants don’t even depend on the values of the lattice vector,
but only on the lattice amplitudes V, and V, [32]. This is again another feature of the
harmonic approximation, which is not valid when the lattice Wannier functions are used
for computation of the Hamiltonian parameters.

Now according to Eq. (2.33), the tunneling coefficients are computed in the harmonic
approximation (see Egs. (2.16) and (2.17)) as

2
. 2 2
—frx = <n1/‘[§3,2> [ dx x(x + d) sin® x e *"/2x5 ¢ ~(x+d)*/2x5

? , . (A.3)
+ <1/43/2> f dxdx e X /ZXO)dd <(x + d) (x+d) /2x0>
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A. Hamiltonian parameters in the harmonic approximation
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Figure A.1.: Comparison between the values of the couplings obtained from analytical and nu-
merical computations as a function of V. It is shown in (a) that the harmonic ap-
proximation fails to reproduce the results obtained numerically for the tunneling
coefficients when tunneling occurs in the direction of the node. In (b) we show the
results for the interaction coefficients. In particular the estimates obtained from the
harmonic approximation are always larger than the values of the couplings com-
puted numerically.
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3.3r
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Figure A.2.: Ratio Uy, /Uyy for different values of the amplitude of the optical potential. Notice
here that Uy, /Uyy is always larger than 3 for numerical computations with the lattice
Wannier functions.

where d is used here as the lattice constant and where we already used that the integral
in the y-direction yields 1. In the same way,

2 2
1 ) —x2/2x? 1 d —y2/292 d ,—(y+d)%/2y?
(A.4)
but now it is the integral in the x-direction that yields 1, and therefore we only write the

part that contributes to the tunneling coefficient. The expressions for fy, and fy, are
obtained by making x — y and y — x with x¢o — yg and yy — xp.
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3. p-orbital bosons in the mean-field
approximation

In this chapter! we focus on the mean-field description of p-orbital bosons in isotropic
square and cubic lattices. After presenting details of the formalism in Sec. 3.1, we char-
acterize general properties of the order parameters of the two and three dimensional
cases in Secs. 3.1.1 and 3.1.2.

3.1. The mean-field Hamiltonian

At the mean-field level, the system is characterized in terms of order parameters which
acquire a finite value in the phases with broken symmetry [34]. This is usually related
to the appearance of a long-wavelength collective mode, and description in such terms
neglects details of microscopic nature of the corresponding model [35]. This is there-
fore not a good approach for studying properties of more correlated regimes. For cold
atoms in optical lattices, for example, mean field analysis is not suitable for describing
properties of the Mott phase. On the other hand, if the system is deep in the super-
fluid phase, a mean-field treatment is still capable of revealing qualitative aspects of the
underlying physics [29].

In order to give a mean-field description and to study the superfluid phase? of the system
described by Eq. (2.28) we start by replacing the operators d.,; with the complex numbers
Yqj. If the Hamiltonian is normally ordered®, then this corresponds to attributing a
coherent state at each site, |¥V) = ®j|¥)j = ®j|Vrj, Yyj, Pzj) such that dej|¥V) = Pgj| V).
Now since this has the form of a product state, it does not contain information about
quantum correlations between sites. Nevertheless, as we anticipate here, this ansatz is
used with self-consistent equations and therefore provides a self-consistent solution for
our problem.

In terms of the Fock basis, the single site many-body wave function is given thus by

SR L BNN (P
[Wi” + [yl” + [l i yj Yo
W) = - TH WA gy 3.1
) = exp ( : > ) (51
from where |n); = |n,,ny, n;); represents the state with n, p.-orbital atoms, n; py-

orbital atoms, and n, p,-orbital atoms at the site j. In this language the order parameter

IThis chapter describes the study developed in Paper I.

2This is a phase where the U(1) symmetry related to conservation of particle number is broken.

5Notice here that since the Hamiltonian in Eq. (2.28) is not in the normal form, it is necessary to normally
order it before taking the expectation values for proceeding with the mean-field analysis.
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3. p-orbital bosons in the mean-field approximation

of site j and orbital a is given by ¥4j = (¥|dj|¥), and for being a coherent state it has
number fluctuations which obey Poissonian statistics [36]. In addition, this is also part
of what we call the full onsite order parameter, defined as the expectation value of the
annihilation operator in Eq. (2.26)

ll)j ( Z Wa;l aoc) (3-2)

We can now derive the equations of motion for the order parameter 1), from the Euler-
Lagrange equations:

oL d oL
T T : =0, (3.3)
oYy; dt L
where the Lagrangian is given by
i| , d d .,
L= ;ZJ: 5 [lbajdtll)aj - lyb(xjdtl,baj} — Hyir, (3.4)
with the mean-field Hamiltonian
Hur = = Y0 Y, sV + Yo Xj 5 NaiNaj + Lapars 2j Uaplaingg

(3.5)
+ Yapars L i ( o Vai Veitei + lPE,-l/)E,-lbajtbaj>,

and where computation of the coherent-state expectation value is carried out with the
normally order version of the Hamiltonian (2.28). The density of the p,-orbital state is
given by ngj = |lpaJ] and normalization was imposed in the whole lattice as

N =Ne+ Ny + Ny = [l + ) [+ g, (3.6)
J J J

with N the total number of atoms.
The Euler-Lagrange equations lead to a set of coupled (discrete) Gross-Pitaevskii equa-
tions, one for each of the orbital states at each site j:

. O
—i gtj = _Zﬁe{x,y,z} th(lpxjHB - 2¢xj + ¢xj—15)

"'(Uxx[‘pxj[Q + (Uyry + ny)lll)yjlg + (Uyz + sz)|lpzj|2)¢xj
Uy + Uypx * Uy, +U,x *
+ <%> o + <+> %%
. Oy

-l = - Zﬁe{x,y,z} fyB(lpyjH,g — 2ty + lpyj—ig)

+(Uyy [ty5]* + (Ury + Uyx)|xj|* + (Uyz + Usgy)|W55*)ty; (3.7)

+ <ny+UyI> l,b (Uzy+Uyz> l[)
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3. p-orbital bosons in the mean-field approximation

: 0y

—i of = - Zﬁe{x,y,z} tzB(¢zj+iB - 2lpzj + lsz—iﬁ)

ZZ|¢xJ| + (Uxz + Up) ]lbx;llz (Uyz + Ugy) |¢yJ| ¥z

n <sz+sz> d) (UmUzy) ¢

Moreover, using the fact that the order parameters in the Hamiltonian (3.5) are complex
numbers, say

Yaj = elfe (3.8)

further properties at the level of the mean-field analysis can be additionally inferred
from the conditions that lead to minimum energy*.

We start this analysis by first considering the non-interacting part of the mean-field
Hamiltonian

Hp = =Y ) tapigtaj = =2 D tap|tail [Yag] c0(6aj — Bi)- (3.9)
oy

aB (ij)p

Here the role of the tunneling becomes clear: it connects the phases of the order param-
eters between neighboring sites, establishing phase coherence within the corresponding
orbital state. In particular, since the tunneling coefficients are t; < 0 in the direction
parallel to the node and t; > 0 in the perpendicular direction, intersite phase coherence
is implemented in the form of a stripped pattern. In fact, taking as an example the
px-orbital state, the phase of the corresponding order parameter can be expressed as
0aj = Ox(jc,jy,jz) — 1 mod (jr,2). Analogous relations hold for the py- and p,-orbitals.
It follows, therefore, from the properties of tunneling in the p band, that neighboring
sites will always maintain the same phase relation in the directions perpendicular to the
node, while in the parallel direction the phase alternates with 5 difference.

We consider now the interacting part of the mean-field Hamiltonian. Substituting Eq. (3.8)
in the term that describes density-density interactions

j U,
Hin = Ll + 5l + G [0l

(3.10)
+2Usy [ [P W51 + 2Unz|[Wxj|*|55]* + 2Upz hy5|% 1551

no information regarding phase relation can be extracted. But this was already expected,
for this term in Eq. (2.30) depends only on number operators. This is not the case,
however, in the term describing transfer of population between different orbitals,

ng%) = ny]leJ'IQWyJ'IQ cos(2(6xj — Oy;j)) + sz|¢xj[2[¢zj[2 cos(2(6yj — 055)) 541)

= yz]wyj]2|wzj|2 cos(2(By; — 64)),
and therefore the configuration which minimizes energy will impose a corresponding

specific onsite phase locking for the different orbital states order parameters. In what
follows we discuss the cases of two and three dimensional lattices separately.

“This discussion follows Refs. [9] and Paper 1.
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3. p-orbital bosons in the mean-field approximation
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Figure 3.1.: Here we illustrate the phase ordering established in the different orbital states order
parameters. Black arrows in the left pannel describe 6,; while the red arrows are
used to describe 6,;. Notice that 6,; and 8y; always keep a 71/2 phase difference as
required by Eq. (3.12) for minimizing the ground-state energy. In the right pannel
we illustrate the vortex/anti-vortex structure in the different lattice sites.

3.1.1. The two-dimensional lattice

In the two-dimensional case, the phases between the p.- and py-orbitals are locked with
a st/2 phase difference. This can be easily noticed from the fact that

HY) = Uy [0 [ty cos(2(6,5 — 645)) (312)

is at a minimum value for 6.j — 6y; = £m/2 (Uyy > 0). When this is combined with
the stripped pattern required for minimizing contributions of the tunneling terms, the
phases of the order parameters become constrained. This is illustrated in the left pannel
of Fig. 3.1 where the directions of the arrows define an angle.

Now in terms of the orbital states, the expression of the full onsite order parameter
defined in Eq. (3.2) is given in the position representation as [27]

le(f') = lijij(f’) + l,bijyj(f’)r (3'13)
which can be further re-written as
Yi(F) = [Prj|wrj(F) £ 1[ygj|wy;(F), (3.14)

after use is made of the specific phase relations that minimize the energy. In particular,
the + sign alternates between neighboring sites (see Eq. (3.12)). Making use of Eq. (2.5),
which states the orthonormality condition satisfied by the Wannier functions, the onsite
order parameter can be interpreted as a spinor

Y =

ll)bxj[ } ) (3'15)

ii]d)y‘j]

where the basis states w,j(F) and wy;(F) contain any spatial dependence, and where the
length of the spinor gives the onsite atom number, i.e., Nj = \/[¢yj|* + [¥yj]*. Since here
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3. p-orbital bosons in the mean-field approximation

the onsite order parameter has essentially the same properties of a two-level system, it
can be completely characterized by a Bloch vector J; = (]xj, Jvj, Jzj) with components

Jij = U5¥s + Wg;ng,
Jyj = il i Vi —¢;j¢xj)r (3.16)

]zj = I¢xj[2_|¢yj|2'

The length of the Bloch vector is related with the total number of atoms at the site j,
lJj| = Nj, and J,; computes the onsite population imbalance between the p.- and the
py-orbital states. In addition, due to the required onsite phase-locking relation, J;j is
always zero.

Now we still need to analyze the spatial dependence of the order parameter, which is
absent in the Bloch vector description. This is most conveniently done by considering
first what happens in the limit where the harmonic approximation is reasonable: the
Wannier functions can be replaced by harmonic oscillator ground states (see Sec. 2.3.1)
and the expression of the onsite order parameter becomes

2., 2

W = [l = ifdyly] e @, (347)

where 02 is the effective width of the oscillator, determined from the lattice parameters.
Now if [thyj| = [tyj], this is an angular momentum eigenstate, L,; = —idg, szd);ha) =

il/);ha) (#), which allows for interpretation of the onsite order parameter as a vortex/anti-
vortex state which covers the entire lattice. In terms of the Bloch sphere, this means that
Jxj = 0 for every j and that the Bloch vector points parallel to the direction defined by Jy;.
This vortex/anti-vortex structure is illustrated in the right pannel of Fig. 3.1. We remark
that this solution is only true in the harmonic approximation. Outside this regime there
is no requirement which ensures the existence of a true vortex/anti-vortex state® even
when J;; = 0. It still stands though, that due to the properties of the Wannier functions
and the onsite interorbital phase relation, the density vanishes at the center of the site j,
and therefore the onsite order parameter do show a vortex-like singularity. In addition,
it also holds that the neighboring sites are then characterized by anti-vortex-like states.
This is the extent to which the order parameter of the general case shares properties
of the staggered vortex solution.

3.1.2. The three-dimensional lattice

Similar analysis® also reveals many features of the physics in the three-dimensional
system. But in the isotropic cubic lattice, due to the triple degeneracy of the orbital
states on the p band, the angular momentum becomes a vector with components L,
a ={x,y,z}. Let us assume first that |{j| = |Pyj| = [¢;j| and check the requirements
for minimizing Eq. (3.10). Under these conditions the phase relation to be satisfied is

5In the sense of eigenvalues of L,;.
5We follow analysis done in Ref. [9].
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3. p-orbital bosons in the mean-field approximation

Orj — Oyj = Oyj — 055 = 05 — Oxj = £271/3 + 71, which can be written, for example, as

U N . t
Wi = | =\/§e‘9 e?mis |, (3.18)

lej elmi/S

where N is the total onsite atom number and 6 is an arbitrary phase. The onsite wave
function with equal number of atoms on each of the orbital states has a unit angular
momentum per atom which points along the axis L o< (+1, £1, +1). And because U,y > 0,
the relative phases of the three orbital order parameters are frustrated’. In particular,
it was pointed out in Ref. [7] that “the onsite frustrated phase configurations come in
two different “chiralities” that cannot be converted into each other by shifting any one
of the phases by the st shift allowed by the Zy symmetry.”8

With information about the onsite orbitals phase locking and in particular the frustrated
character of the phase relation in the three orbital case, one can then pose the inverse
question. Let us assume that this property is inherent of the model, and that the phases
of the different orbital states are arranged as in Eq. (3.18). Is this phase relation still
valid regardless of the values of U,y and Ugg, or is there any condition imposed over
the values of these coupling constants?

We follow again the approach of Ref. [9], and re-write the interacting part of the mean-
field Hamiltonian as®

2 2 2

Hpn = %= (n2 + n? + n2) + 2Uxy(neny + nen, + nyny),

(3.19)
Hpp = Uyy (cos(Ary)neny + cos(Axz)nen, + cos(Ay, — Agy)ngn,) ,

where ng = [1q]? and Aqp = 2(0q — p). In these terms, defining n = (n., ny, n,), the
energy functional can be written in the quadratic form of the n, variables,

E[{y, ¥y, ¥,] = n'Mn, (3.20)
with
Uy /2 Uy (2 + cos(Axy)) Ury(2 + cos(Axz))
Ury(2 + c0os(Axz)) Uxy(2 + cos(Axz — Axy)) Uex/2
(3.21)
Solving for the eigenvalues we find that
)\«1 = Uxx - SUIy
Ay = Uxx —3Uyy (3.22)

Az = Uxx + 6Uyy,

"Notice that the phase relation to be satisfied is a (dependent) linear combination of the phases of the
different orbital states.

8We refer to the original reference [7] for more discussions on the symmetry properties of the broken
symmetry phase of three orbital system.

Due to typos in Ref. [9], there are different factors in the calculations presented here. We point out,
however, that this does not change the conclusions drawn by the authors.
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3. p-orbital bosons in the mean-field approximation

which requires U, > 3U,y for otherwise M is not positive definite. This is usually
satisfied in sinusoidal lattices (see Fig. A.2). However when this condition is violated, the
onsite phase of the order parameters cannot establish the phase relation described in
Eq. (3.20) because for this range of the parameter values M is not positive definite. In
particular, this also means that minimization of the overall energy has to be studied now
in the case where || # |¥yj| # |¥;j] and therefore qualitative features of the ground-
state are expected to be different (see Ref. [9] for discussions of this case). Furthermore
this also reveals limitations in the description provided by the harmonic approximation,
in which case Uy, = 3Uyy as discussed previously.
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4. Confined p-orbital bosons

In this chapter we study the superfluid phase of p-orbital bosons confined by a harmonic
trap!. Mean-field analysis carried out in Chapter 3 revealed the existence of specific on
and inter site phase relations to be satisfied by the phase of the orbital order parame-
ters in order to minimize the system’s energy. More explicitly, it was shown that in a
situation of equal number of atoms in the different orbital states, the ground state in the
isotropic square lattice is characterized by a staggered vortex-like solution. But how is
this scenario altered by the presence of an external confining trap?

By rendering the atomic density an inhomogeneous spatial profile, the presence of a
confining potential immediately adds an extra feature for the physics in the p band.
In the case of a harmonic trap, for example, the atomic density has an approximate
Gaussian distribution in the lattice. Now how will the combination of inhomogeneous
atomic density + the anisotropic tunneling in the p band affect the properties of the
ground state?

In order to answer this question we proceed with a mean field analysis for a system of
harmonically confined p-orbital bosons. We first discuss how confinement changes the
equations of the order parameters in Sec. 4.1, where we also discuss the approximations
considered. We continue with the study of Bose-condensation for the ideal gas in the
p band in Sec. 4.2, and also analyze finite temperature properties. We consider the
interacting case in Sec. 4.2.2, and conclude the study by analyzing the properties of the
system with an anisotropic optical lattice in Sec. 4.2.3.

4.]. Mean-field equations of the two-dimensional confined system

In Sec. 2.4 the general expression of the many-body Hamiltonian, Eq. (2.24), was ex-
panded with the use of orbital states of the p band. In this section we extend this
procedure in order to include effects stemming from an external confining harmonic
trap. We do this by modifying the term in Eq. (2.24) that describes contributions of
external potentials as

V(') = Viatt(?') + Virap(F), (4.1)
where
Vigtt(F) = Vi sin?(kx’) + V, sin®(ky’) (4.2)
and - )
Virap(F) = 5 (% + 9%) = (2 + ). (4.3)

!This chapter is based on Paper I, which is attached in the end of this thesis.
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4. Confined p-orbital bosons

Here, as usual, k is the wave vector of the lattice, V, the lattice amplitude in the di-
rection @ ={x,y}, @ is the trap frequency. w = V2ma/hk? is the dimensionless trap
frequency, and x = kx’ and y = ky’ are dimensionless positions. We now assume that
the parameters of the system satisfy the requirements necessary for validity of the lo-
cal density approximation®. We consider thus a very smooth confining potential, with
characteristic length lirqp = Vh/m® > A/2. Under this condition, the system can still
be considered periodic on the length scale characteristic of the trap, and corresponding
trap effects can be implemented at each site, as a shift of the onsite energies®. In addi-
tion, the site-localized Wannier functions are assumed the same as in the non-trapped
case, which also implies that the orbital states remain unaltered from the ones discussed
previously.

The expression of the second quantized Hamiltonian describing p-orbital bosons in the
square lattice and with harmonic confinement then follows as

R AT A A
Hop = =Ylap Xy taplaifaj + Y 2 B + 57 Aaj

+ a2 %% Ao (g — 1) + Y apaip 2j Uaplajig (4.%)
UaptaT AT & A Al AT &~ A
+ Vaparp i 1 (Aajla;dpdps + Agagdajiaj),
where again fqj = dedajr with a = {x,y} the number operator for the orbital state a.

In particular, notice here that the first, second and third lines correspond, respectively,
to the former Hy, H,, and Hrp of Eq. (2.28).

As a quick remark, we explicitly write the expression of Hy = Hyn + Hrp for the
case of an isotropic square lattice, where U, = U,;a":

& _ Uapxtpx Upy a¥ 12y AxAY
Hy = 505 — 1) + A5 (A5 — 1) + 2Uxy A5 A5
(45)
U T AT A & U AT AT &
+Taxjaxjayl]ayj + TayjayjaxjaxJ

Our goal now is to obtain equations similar to Egs. (3.7), i.e, the equations of motion for
the order parameter, but for the system described by the Hamiltonian (4.4). We thus
start with the coherent state ansatz, Eq. (3.1), and obtain the mean-field Hamiltonian
that will be used to compute the Euler-Lagrange equations. In the same way as for the
three-dimensional case in Sec. 3.1, normalization is imposed in the whole lattice as

N =N+ Ny =) [0l +) oyl (4.6)
J j

where N is the total number of atoms.

The equations for the order parameters then follow. They correspond to a set of coupled

2We remark that the term local density approximation means different things in different contexts. What
we mean by local density approximation is explicitly defined in the sequence of the text and no other
significance is implied.

5This is equivalent to having a position dependent chemical potential.

“We do this here just because the literature has considerable amount of typos in this part.
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4. Confined p-orbital bosons

(discrete) Gross-Pitaevskii equations, one for each of the orbital states at each site j

—i % = Y pe iy} tBWxjriy = 20x5 + Pjg,) + %(x + ¥} )Y
Usy+Uyx *
(U [$xjl* + (Usy + Uyse) Wy )¢y + < S ) 53 ¥
(4.7)
. Oty
—l% = —Zﬁe{x,y} tyﬁ(l/)yj+i3 — 2¢y; +¢yj~1ﬁ) %(x 'l_‘yJ)lb‘yJ

ny ny *
+(Uyy[¢yj[2 + (Uyy + ny)]lbijQ)wyj + <+> 32cj vy’

where the expressions of the couplings are given by Eqgs. (2.32) and (2.33), which are
computed here with the lattice Wannier functions obtained from numerical solution as
the Mathieu equation for the potential (4.2).

4.2. The ideal gas

We start by considering first the simplest case of the non interacting gas, where expres-
sion of the mean-field Hamiltonian follows as

Hyp = — Z Z tap¥aiVaj + Z Z (] + ¥} )naj, (4.8)

aB (ij)p

where ngj = lzpa,-]? is the onsite density of the orbital state a.

The analysis again makes use of the same ideas discussed in Chapter 3: the order
parameters are complex numbers,

Vaj = |Yaj|e™, (4.9)

and therefore we are required to characterize properties of both amplitudes and phases
in the lattice. Here Eq. (4.8) accounts only for contributions of the free part of the full
Hamiltonian (4.4), and the additional term describing contributions of the trap depends
only on number operators. This means that the confining potential does not require any
particular phase relation to be satisfied, and that the phases of the order parameters
behave in exactly the same way as in the non-confined system discussed in Sec. 3.1.1:
neighboring sites will always keep the same phase relation in the directions perpen-
dicular to the node, while in the parallel direction the phase alternates with a st phase
difference.

We proceed with the Schrédinger equation for (4.8),

0

0)
iV = HO W,

We first notice that the the Hamiltonian of this discrete model, Eq. (4.8), has structure
similar to the Mathieu equation expanded in momentum eigenstates [37], and therefore
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the eigenvalue problem for each of the p, orbitals can be written in the form

GRY,  —ty O 0 0
: \ :
' a lpaj—lg “e —taﬁ %RjQ——lﬁ —taﬁ O O “e l/)aj—lﬁ
l— lpajg = l,bajﬁ )
ot o W 10 o
aj+1g ... 0 —tap 7Rj —tap 0 ... aj+1g
0 0 —tep $RLy, —tap

(4.10)
where as usual «a,8 ={x,y} and RJ.2 = ij + yf Special cases of this equation can be
solved analytically. However, since the solution is given in terms of Fourier expansions
of the Mathieu functions, there is not much to learn from analytical expressions in
this case [37]. In any way, it is still possible to understand the influence of the trap in
rather simple terms by considering the continuum limit, where analytical solutions have
a closed form. This consists in making ¥ — Y«(x,y), such that the kinetic energy
transforms as

&
Vaji1p — 2Vaj + Yaj—15 — @ll)a(x,y)-

But another step before arriving at the final form of the equations, is to impose in the
wave function ansatz the correct phase imprint which renders the stripped order in the
lattice. The phase factors are then further absorbed into the redefinition of the tunneling
coefficients by making t,o — —tqq, and the equations of the orbital states are given by

i%lpx(x,y) = [_|txx|% _Itxy[%—l‘%Z(xQ-i-yQ)} lpx(x,y)
(4.11)
Gl y) = [~ltxl s — ltwl s + F 1% + 7)) dylx,9)

By introducing the effective mass mgyg = |ta3[_1/2, and parallel and transverse frequen-

cies
a)” = wa]taB, a=ﬁ
(4.12)
wi = w\2|tegl, a P,
Eg. (4.11) can be re-written as
0 pi | Py | Muw| , myol ,
— V) = —= V), 413
i ¥x(x,y) o Tomy, T 2 YT g Y Yo (2, ¥) (4.13)

with a corresponding equation for the p, orbital state. We find therefore that the con-
tinuum approximation considerably simplifies the problem, for now the system we have
to deal with resumes to the 2D anisotropic harmonic oscillator. This also shows that
implementation of the striped pattern in the wave-function ansatz prior to taking the the
continuum limit helps avoiding a final Hamiltonian that is not bounded from below. It
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4. Confined p-orbital bosons

has an overall effect in the system, in the sense that it inverts the p band and shifts its
minimum to the center of the Brillouin zone, but the physics remain unchanged.

Now the anisotropy arising from the different tunneling elements f,, and t,, will affect
mgg and therefore also weg. As a consequence, the density of the resulting ground state
of Eq. (4.13) will be characterized by a Gaussian distribution, but with different widths in
x- and y-directions. We use this fact to define the anisotropy parameter

(Arx)?
(Axy)g '

where (AqB)> = (B%)a — (B)%, and (..)q represents the expectation value taken with
respect to Yu(x,y). The anisotropy in the density for atoms occupying the py-orbital
state is characterized by an equivalent expression, that satisfies S, S; = 1 for symmetry
reasons, and thus from now on we use S = S, whenever discussing such anisotropies.
In particular, in the continuum case discussed here

el (2)

The limit where w| = w, corresponds to the case of isotropic tunneling, and yields S = 1.
But as soon as this isotropy is broken, S # 1. Accordingly this reveals a narrowing in
the density of atoms in the orbital states along one of the directions.

Se = (4.14)

4.2.1. The ideal gas at finite temperatures

The possibility of rewriting the Schrodinger equation of the non-interacting system in a
rather simple form allows for the study of thermodynamic properties of condensation
in the p band.

We start by analyzing the properties of the continuum limit, described by Egs. (4.11).
Here known properties of condensation in harmonically trapped systems can be directly
used [29]. The critical temperature for the Bose-Einstein condensation, for example is

given by

TSP = w5 V6N n? (4.16)
and

T = wegy (N/E(E) (4.47)

in the two and three dimensional cases. It also follows that ¢(3) ~ 1.20206 and the
effective trapping frequencies are defined [29] as

Wiy = B30y |tex [ty (4.18)
(D)

werp = 40| tex|try ||tz = dool|tex||tey )M (4.19)

and

For the discrete model described by Eq. (4.8), the critical temperature can be computed
by noticing that the number of thermal atoms is determined by

1
Nr=3, eBEn 1) _ 1’ (420

n+0
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Figure 4.1.: Critical temperature for the establishment of Bose-Einstein condensation in the p
band as a function of the atom number denoted by N. (a) shows the results of the
2D system while (b) shows the results for the 3D system. We also compare the
results obtained for the continuum approximation (dashed line) with the results of
the discrete model obtained numerically (solid line). The parameters here are w?/2 =
0.001 for the dimensionless trap strength and |t,./t.y| = 20.1, which corresponds to
the ratio between the tunneling coefficients for V, = V, = 17.

where B = E,/kpT is the inverse (dimensionless) temperature and p is the chemical
potential. In these terms, the chemical potential is found by fixing the total atom number
N, and the energy levels E, are obtained via diagonalization of (4.10).

In Fig. 4.1 we compare the results for the critical temperature in both the continuum
and discrete cases. In the limit of very small atom number, the continuum limit predicts
larger values for the critical temperature of the discrete model, while in the other
limit, of large atom number, it predicts considerable smaller critical temperatures. We
attribute this difference as being a consequence of the different density of states between
the lattice and continuum models.

Now in the 2D version of the system, is there any change in the profile of the atomic
density distribution as the temperature is lowered below the critical temperature T,
associated to the transition to the condensed phase? In the limit of high temperature,
we expect the system to display isotropic atomic density. This is because in this region
the system is described by the Boltzmann distribution, which is isotropic. But after the
system reaches the critical temperature, is there any direct signature of this intrinsic
tunneling anisotropy? The answer is yes. In fact, in the low temperature limit, the
condensed state of p-orbital bosons is characterized by a bimodal structure. In partic-
ular, below T, the condensate density has properties similar to the properties of the
ground state, which feature anisotropies because of the different tunneling strengths in
the different directions. This is illustrated in Figs. 4.2 (a) and (b), where we show the
density

Ntotar(i) = No|vo()|? + Z [¥n(3) (4.21)

eBEn—p) —1

for two different temperatures, above T, and for the ground state (where T = 0).
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Figure 4.2.: Populations per site of the 2D Bose gas in the p band and for a single orbital state
(a) shows a situation where T > T, while in (b) T = 0. In both cases the total number
of atoms in the system N;,; = 1000, the dimensionless trap strength w?/2 = 0.001

and potential depths are V, = V, = 17.
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Figure 4.3.: The anisotropy parameter S (see text) that is used to characterize the anisotropy in
the density in the 2D system, and as a function of the temperatures scaled with f,..
The number of atoms considered is N = 1000, the dimensionless trap strength is

w?/2 =0.001 and V, = V, = 17.
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To conclude this section, we use the anisotropy parameter defined in Eq. (4.14) and
characterize how the anisotropy in the p-orbital ideal gas changes with temperature for
a system with 1000 atoms in Fig. 4.3. As Fig. 4.1 (a) indicates, after the (scaled) critical
temperature T, ~ 0.9, the atomic density becomes isotropic in the xy-plane.

4.2.2. Interacting system

In order to characterize the ground state of the interacting system we propagate the
mean-field equations (4.7) in imaginary time with an initial trial wave-function.

To jllustrate how this procedure works [38], let us consider the Schrodinger equa-
tion Hi = E such that the wave function ¥ evolves in time according to (t) =
e~ tH13)(0), where we used % = 1. Writing ¥ in the basis of its energy eigenstates,

Y =Y, cndn, with e, = (P|dn),
U(t) = > Tcne (0,

where E, corresponds to the n-th energy level of the system. Now using t — iT,
with
Y1) =) cne”7H(0),
n

the overlap between the ground state with the (1) propagated in imaginary time,
and after a long propagation time, is given by

2 A—2EyT
cpe 0

(¥(T)|cod(T)) = lim

o oo T 1Y, che Pt

Therefore in the limit of T — oo, ¥(1) will converge to the true ground state of the
system, as long as the overlap between these states is non-vanishing:

Y(T) = coe THP(0) + O(eTEEol),

with a correction of the order of O(e~T(F1~Fo),
This method can also be applied to non-linear systems as e.g the system described
by Egs. (4.7), but in this case propagation has to be carried out self-consistently.

We re-write Eqs. (4.7) as

. 0Y; Hi1 Hig
Y _ v, 499
Uat [ Hy Hy | 7' 22
. l:bxj
where ¥; s and

¥

Hyy = —fxx% - txyai;ﬂ + Ure|[¥l” + (Uxy + Ups)[9ys]*,

Hy = g~ twgs + Un[bul” + (Uny + Uy g

(4.23)

Uxy+ U
H12 = < xy2 yx) lpyjd);jl

Uyy+U
Hu = (%255 gogup,.
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Since the Hamiltonian governing time-evolution contains both spatial and momentum
dependent terms, we study the system numerically, with the use of the split-operator
method [39]. This method is based on factorization of the evolution operator, and there-
fore becomes exact only in the limit of vanishingly small time steps. Propagation is thus
carried out in very tiny time steps, and numerical accuracy of the procedure is checked
by varying the size of the time steps.

In what follows, we illustrate the details of the calculation. The time evolution operator
is written as

. —iH&6t _ .| Hu Hi B . Hyy O 0 Hi
Ulst) = e —exp{ l{HM Hy 6t =exp{—i 0  Hy + Hy 0 ot

and since we assume the lim 6t — 0, this equation is further approximated as

HM 0 , 0 H12
—i6t 0 H i6t H 0
USt) = e 2 le 2 ~ Uy (S8t)Us(6t). (4.24)
We now expand Uy (St). In particular,
[/ Uyt Uy
[ 0 Hiy r _ < e > | 2[5 0 (4.25)
Hy 0 | Uy +Uyx '
2 0 (Gt ) g2
and 5 s
0 Hiyp |”  [Ugy+ Uy 120 12 0 Yy ¥
from where it follows that expansion of Uy(St) has the form
(—ist)" ( 161‘ 1 1 [ 0 Yy Pl }
—— A" = n- n- X 427
n! [lpr;l [ [lp;W [ wxj lp;] 0 ( )
for odd n, and ( (
—ist)" l(St 10
A= Sl e | § 9 (428
for even n. Gathering all the terms of the expansion, we have
Uém UéiZ)
Us(6t) = o oo | (4.29)
21 22
Uy Uy
where U U
U = U = cos ( (B2 08 ) st vl ).
9 Uy + U . Uy + U *
s = ot (22222 ) sine ( (S22 00 ) sty gl )
and

o1 . U, +U . Uyy + U, *
Ué b= _idt <xy2yx> sinc <<xy2yx> df]lblellpyjo Py
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Figure 4.4.: (a) and (b) show populations in the p,- and in the py-orbital states respectively. (c)
illustrates the corresponding population imbalance J,;. The dimensionless system
parameters are V, = V, = 17, w = 0.005, and UyN = 1. Excess of atoms in the
p«-orbital state appears in the horizontal axis and is indicated by red color, while in
the vertical axis the system displays excess of atoms in the py-orbital state.

Now the idea is to make V(6t) = Uy (6t)Up(6t)¥Y = Uy (65t)¥y, where ¥y = Uy (S6t)¥ with
Uy (8t) defined in (4.24). This involves evolution with a diagonal matrix that contains
two different types of contributions (see the expressions of Hyq4 and Hgs in Eqgs. (4.23)),
one that depends on derivatives with respect to x and y, and the other that contains a
quadratic dependency of the orbitals order parameters. We will first evolve ¥, with the
part of U; that does not depend on the derivatives and thus ¥y — ¥,. After this step
is taken into account, the remaining part is considered in momentum space. By means
of a Fourier transform we obtain the expression of ¥; in the momentum representa-
tion, F[¥;] = ¥, which can then be easily evolved with the corresponding dispersion

relations®
{ij (St) _ @ ~i6t[2trx (1-€08 Ryx) +2tcy (1 -cos kry)] 0 {l)xj
{b‘Vj (61) 0 e ~161[2tyx (1-cos kyx)+2tyy (1 -cos kyy)] {l)yj .
(4.30)

By Fourier transforming it back to the position representation, the final result is ¥V(6t)
(cf. Eq. (4.22)), that is used now as the trial wave function and propagated in imaginary
time again. This procedure is repeated until convergence has been reached.

Fig. 4.4 displays the density profiles of the p,- and py-orbitals in the confined system,
in (a) and (b), respectively. As can be seen from comparison with Fig. 4.2 (b), here the
density of the p,-orbital state is also elongated in the x-direction, with analogous result
holding for the density of the py-orbital. Fig. 4.4 (c) shows the population imbalance
in the lattice, i.e., the difference between the number of atoms occupying the p, and
py orbital states at the site j (J;;). Now the next question that arises is what happens
in the regime where tunneling stops playing an important role in the dynamics of the
system?

There are two ways of weakening the role of tunneling in the lattice: either by making
the lattice sites very deep, either by making the coupling parameter Uy (see Eq. (2.24))
very large. In these situations, i.e., in the limit where interactions are so strong that

5In momentum space the term —tag% corresponds to ta,gkfxﬁ. Here however we use kﬁﬁ — 2tap(1 —cos kag)
to account for the (inverted) shape of the p band and the discrete character of the system.
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other effects can be neglected in the dynamics, the system is said to be in the Thomas-
Fermi limit [29]. Now since we already know that the tunneling is the main factor
rendering this anisotropic profile for the atomic cloud, it is natural to expect that by
suppressing its effects, the density should display more and more symmetric profile. But
how does this transition from anisotropic to symmetric profile happens as the relative
strength of tunneling gets weaker as compared to other terms in the mean-field version
of Hamiltonian (4.4)?

In order to characterize anisotropies in the density, we use again the anisotropy param-
eter defined in Sec. 4.2:

(Ayx)?

(Ary )2

and calculate if for different values of the system’s parameters. As showed in Fig. 4.5, the
anisotropy parameter approaches S = 1 smoothly in both cases. However, as opposed
to the behavior of S obtained for suppressing the tunneling by increasing the interaction
strength (axis UgpN in Fig. 4.5), when the lattice sites are made deeper and deeper (V
axis), the anisotropy of the density increases until it reaches a maximum value, and from
there it decreases monotonically until it reaches 1. Although we had no reason to expect
such behavior, which in fact is not predicted by Scon¢ in the continuum limit®, this can
be a consequence of the poor description provided by the tight-binding approximation
in situations which assume shallow lattice sites and therefore the results should not be
taken too literally in this region. To complement the analysis, Figs. 4.6 (a) and (b) display
the density profile of the p,- and py-orbitals for a situation with moderate interaction,
where UgN = 7.5, w = 0.005and V = V, = V;, = 17, which confirms the results discussed
here.

When the system is not confined, mean-field analysis reveals that the ground state is
characterized by the staggered vortex-like solution. This corresponds to the most favor-
able configuration satisfying both requirements of tunneling and interaction parts which
lead to the lowest energy. What happens now with the staggered vortex solution, when
the system is harmonically confined?

As opposed to the non-confined system, the atomic cloud in the present case is not evenly
distributed in the lattice, and as discussed previously, it has the approximate form of a
Gaussian distribution. Here we investigate ground state properties and characterize the
fate of the staggered vortex-like solution in terms of the mean-field version of Schwinger
bosons, as discussed previously in Sec. 3.1.1. It was argued there, that the phase of the
full onsite order parameter, Eq. (3.2), was characterized by a true vortex/anti-vortex
profile only in the harmonic approximation. Outside this limit, even J;; = 0 didn’t
provide sufficient condition for rendering a perfect staggered vortex solution. And as
discussed above, the confined system has already a natural imbalance in the number
of atoms occupying the p, and p, orbital states, as seen in Fig. 4.4. Here it holds thus

61t should be noticed, however, that the expression provided by S.on¢ is obtained in the limit of Uy = 0
and it does not approach 1 as V — co. On the other hand, under these circumstances any small Uy > 0
is sufficient to make S.,,¢ — 1 since the kinetic term is going to be negligible relatively to interactions.
For moderate values of the lattice depth V, S.,n¢ increases monotonically with increasing of V. This
behavior is not confirmed by the predictions of the discrete model (Eq. (4.8)) and thus it should be kept
in mind that the behavior predicted for the density anisotropy in the limit of deep lattices is qualitatively
different in the continuum and discrete models.
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Figure 4.5.: The condensate anisotropy parameter S (see Eq. (4.14)) as a function of the inter-
action strength UpN and of the lattice amplitude V = V, = V,, for the system with
dimensionless trap frequency w = 0.005. It illustrates that the system enters the
Thomas-Fermi regime whenever the relative strength of the tunneling compared to
interactions becomes small, i.e., S — 1.
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Figure 4.6.: These plots display populations in the p,- (a) and py- (b) orbital states, for V, = V, =
17, w = 0.005 and UyN = 15. Due to the strength of the interactions, the anisotropy

in the density is not so pronounced as compared to the results in Figs. 4.4 (a) and
(b).
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Figure 4.7.: Bloch vector at different sites of the optical lattice. We use the horizontal axis to
represent the y-component of the spin and the vertical axis to represent the spin
z-component. The x-component of the spin is strictly zero due to the specific onsite
phase locking between the p,-and the py-orbital states. Information about the density
is encoded in the length of the Bloch vector (see Eq. (3.16)) and the offset from the
horizontal axis encodes information about the breakdown of the antiferromagnetic
order. The black dots are used to denote the lattice sites. In (a) Uy)N = 1 and in
(b) UJN = 15. The other parameters are the same as in Fig. 4.6. This illustrates,
in particular, that the staggered-vortex solution remains valid in a larger number of
sites in the center of the trap in the limit of large interactions.

that in general J,; # 0, and the staggered vortex solution is certainly lost at the edges
of the condensed cloud. In the center of the cloud, however, where J,; = 0, it is still
possible to find characteristics of non-trapped like physics. This is illustrated in Figs. 4.7
(a) and (b), which displays the Bloch vector in the yz-plane’, J; = (0, Jyj, J)- By calling
the horizontal axis the y-spin direction and the vertical axis the z-spin direction, we see
that the Jy; component dominates at the center of the trap, while at the edges the Bloch
vector no longer points along the horizontal direction. This reveals the breakdown
of the staggered vortex solution in these regions. It also shows, however, that in the
limit of larger interactions where the density becomes more symmetric, the staggered
vortex-like solution holds true for a larger number of sites in the center of the trap.

4.2.3. Properties of the system in the anisotropic lattice

All the properties discussed so far addressed the case of a symmetric lattice, where
the requirements ensuring the degeneracy of the orbital states were automatically ful-
filled. This picture is modified in anisotropic or asymmetric lattices, where any small
anisotropy/imperfection is in principle capable of lifting the degeneracy between the
orbital states.

In particular, there are two ways of introducing anisotropies in the lattice discussed

"Recall here that J.j is always zero.
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here, either as a result o choosing different wave vectors, k, # ky, either as a result of
having a lattice with different amplitudes V, # V; in the different directions. What are
the properties of the physics then, and how robust are the properties of the symmetric
lattice with respect to small imperfections?

We investigate these issues by considering the second scenario, of a lattice with different
amplitudes, and in terms of the anisotropy parameter

R= % (4.31)

which controls the ratio between the lattice depths. The case of R = 1 recovers the
symmetric lattice that was already discussed.

We have checked (numerically) that the main effect of the asymmetry is to shift the
energy levels between the orbital states. The amount can be estimated in the harmonic
approximation, for example, by considering the onsite energies of the p, and py-orbitals
at the j-th lattice site:

A=E, —E. = 2y/V. (VR - 1), (4.32)

where E, = [dP w;j(ﬂ[—VQ + Vlat(ﬁ)]waj(f) is the energy of the p, orbital state. This
splitting is actually site independent, and as long as the value of A is much smaller than
the energy scale set by the interaction terms, Ey ~ UpN ¢y 2 it doesn’t really affect the
physics.

This picture becomes more complicated when more sites are taken into account. It can
be the case, for example, that interaction is capable of coupling the order parameters of
the orbital states in a small region 6 around R = 1, such that small changes of the lattice
parameters can lead to drastic changes in the properties of the ground state8. This is an
important point to be considered here, because in case it is possible to accurately control
these parameters, the physics in a neighborhood around the degeneracy point might
reveal novel phenomena similar to adiabatic ramping through an avoided crossing® (as
discussed in Ref. [40]). In this sense the parameter which computes population imbalance
between the different orbital states

1
Jz = NZ]Zj’ (4-33)
J

arises as a natural candidate for characterizing sensitivity of the system with respect
to R. When J, = —1, all the particles occupy only p, orbital states, and in the same
way, when [, = 1 all the particles occupy only p, orbital states. In addition, the case of
J, = 0 recovers the symmetric lattice, which is characterized by the equal sharing of
population among the different orbitals. Now it is important to remember that the trap
defines an effective size for the system that is fixed by w. Since this will set the extent to
which finite size effects affect the system!?, we expect that sensitivity under variations
of R is greatly influenced by the values of the the trap frequency.

8In the sense of changing its symmetry properties.

9Tt is important to point out, however, that since here the densities of different orbital states are spatially
different, adiabatic driving could lead to macroscopic flow of particles withing the trap.

19By transforming energy level crossings in avoided crossings, for example.
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4. Confined p-orbital bosons
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Figure 4.8.: The parameter for measuring population imbalance J, as a function of the lattice
asymmetry parameter, R, and for different values of the trapping frequency. Here
UoN =1 and V, = 17. The vertical dashed lines are used to denote the typical sizes
6 of the transition region where atoms coexist in the two orbital states. In particular,
smaller values of w are associated with smaller values of 6. This means that the
transition becoes sharper as the system'’s size increases.

Figure 4.8 depicts the behavior of J, around R = 1 for systems of different sizes, i.e.
with different trapping frequencies w. It illustrates that the range of § is smaller for
larger systems, which implies that qualitative properties of the ground state will change
more abruptly for increasing system sizes. We also verified numerically that 6 increases
with increasing values of the interaction strength UyN, which is in agreement with the
picture that the orbital order parameters are coupled by interactions.

This suggests thus that if the system interacts very weakly, a very fine tuning of the
lattice parameters is required in order to investigate the properties of the ground state
of the symmetric lattice. In addition, these properties become more robust in the limit
of stronger interactions. In fact, even a small temperature could actually contibute to
the establishment of phase coherence between the order parameters of the p, and py
orbital states in experimental realizations. This follows from the reduction of the energy
gap between the ground and first excited states around the R = 1 point, that makes it
easier for the atoms to occupy the first excited state. In particular, this is needed for
balancing the population of the two orbitals. We furthermore notice that the transition
from one to the other extreme of J, is smooth for nonzero w, and that by controlling the
lattice amplitudes this system could realize a many-body Landau-Zener transition [41],
which when R is tuned externally could form a play-ground of the Kibble-Zurek [42]
mechanism.
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5. Beyond the mean-field approximation: Effective
spin Hamiltonians via exchange mechanism

In the previous chapters we studied the physics of p-orbital bosons from a mean-field
perspective. In this chapter we move away from the mean-field regime and study the
physics of the strongly correlated Mott insulator phase of p-orbital bosons. We are
particularly interested in the Mott-insulator state with a unit filling of the lattice sites’
and mainly in the case of a 2D lattice.

As will be shown in Sec. 5.1, there is a regime for which the dynamics of the two orbital
case can be effectively described by the Hamiltonian of the XYZ quantum Heisenberg
model in external field?. This spin model, in turn, is one of the classical models employed
for describing quantum magnetism [44, 45], and particularly special for falling in the class
of non-integrable models [46]. This means that there is no known heuristics leading to
analytical solutions in closed form. On the other hand, as we show here, this physics
is accessible with the use of bosons in the p band of an optical lattice. In this context,
therefore, p-orbital bosons constitute a nice controllable system that can be used as a
quantum simulator® [3, 24].

This will be discussed in Sec. 5.1.1, where we characterize the phase diagram for the
particular case of an effective 1D spin chain for both the infinite and finite cases. We
continue then by presenting detection schemes which are capable of experimentally
addressing the physics discussed, in Sec. 5.2. We conclude this study by extending the
calculations for the three orbital case* in Sec. 5.5.

1'We remark that this is the easiest case for experimental realizations of Mott phases for bosons in excited
bands [43].

2This chapter is based in the study done in Paper II

5The idea of quantum simulation dates back to 1982, in the work of Feynman entitled Simulating Physics
with Computers [23]. In this work Feynman suggests that an alternative way to understanding compu-
tationally intractable systems (due to the exponential growth of the Hilbert space, for example) would be
to find another system of experimental feasibility that has the same equations of motion. In this sense
one physical system would be ‘simulated’ by another.

“That is, where an effective one-dimensional chain is constructed from a three-dimensional lattice.
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5. Beyond the mean-field approximation: Effective spin Hamiltonians via exchange mechanism

5.1. p-orbital Bose system and effective spin Hamiltonian

Let us consider once more the second quantized Hamiltonian describing a system of

p-orbital bosons in two dimensions®:

A

H = _ZaZl] tl]alaa]a_l_Zloc[

5 o(Riq — 1) + B9
(5.4)

+ Zla#B <Uaf>nl anl BT aB lTC(al aaz,ﬁdi,ﬁ> ’

where aT creates a particle in the p,-orbital with a = {x, y} at site i, fi; o = difl oG, and
where Z (ij) 18 the sum over nearest neighbors. We remind again that the tunneling
elements and coupling constants depend on the orbital states and are given by Eqgs. (2.33)
and (2.32), and E$°® denotes the onsite energy of the py-orbital state.

Our interest here is in the physics of the Mott insulator phase with a unit filling of
the lattice sites. In this regime the system admits description in terms of an effective
Hamiltonian, obtained from the perturbative expansion of the tunneling processes up to
second order in t/U. We give here a detailed description of the procedure [45, 47].

First let H act on the Hilbert space 9C. Define (p as the projection on the subspace
PFC of states which describe sites occupied by one atom, and %o, where Q = 1 — P
the subspace of states with at least one doubly occupied site. Since both P and O are
projection operators, the following relations hold: P2 = P and Q% = Q. The eigenvalue
problem associated to H can be decomposed as

PI‘P=E‘I’—>H<P+Q>\I’—><HK+HU> (P Q)‘I’=E\F. (5.2)

We then act with O and P from the left

(QH b+ QOHKO + OHyD + QFIUQ> Vv = EV,
(5.3)
<PHKP + PAHKO + PAH;O + QHUP> Vv = EV,

A,

and use that QH p, QHUP, PHKP and PHUP are all equal to zero® to obtain the fol-
lowing expression

QA V=—-——— (’:)I"\I P\If, 5.4

QHQ -E K ( )
which leads to 1

I:I = —pH (\27’\ A C)H p 5.5

Motty K fo E K ( )

So far this result is exact. It explicitly shows the effects of the tunneling, which acts
as an intermediate and couples the different projections of the Hilbert space P¥( and

5In order to match the notation used in the previous chapters of this thesis, the notation here differs from
what we used in Paper II.

5The first three terms are equal to zero for connecting orthogonal projection of the Hilbert space, while
the last term is equal to zero for computing interactions in states that have a unit occupation of the
lattice sites.
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5. Beyond the mean-field approximation: Effective spin Hamiltonians via exchange mechanism

QFC. We summarize it here by considering the physics in two neighboring sites, and
denote the states of the 2-site problem as |sitej, sitej,1). Let us start from a situation
where each of these lattice sites are occupied by only one atom. Suppose then that the
particle at the site j tunnels to the site j + 1. This yields a state where the (j + 1)-th
site is doubly occupied, and that has a corresponding matrix element which accounts
for the interaction processes allowed by Hy. After interaction has taken place, one of
the particles is brought back to the site j’, and again, in the final state, the lattice sites
are characterized by unit filling. This is the starting point for derivation of the effective
Hamiltonian describing the n = 1 Mott (Mott;) phase of p-orbital bosons. But up till now
we have not yet specified the equations that describe the optical lattice. We use here the
same sinusoidal potential as in Chapter 4,

Viatt(r) = Vi sin®(kex) + Vy sin®(kyy), (5.6)

and remind once more that V, and k, are the amplitude and wave vector of the potential
in the direction a = {x,y}.

Under the assumptions of the Mott phase, the operator 1/(QOHyO — E) in Eqg. (5.5) can
then be expanded to lowest order in t/Ugg in analogy to the customary procedure used
for the large U expansion of the Hubbard model at half filling [45, 47]. Let us consider
the 2-site problem again® and define a basis for the ¥(p and ¥(o subspaces:

Fp — {|X,X), |X, V), |V, X),|V, V)} (5.7)

and
Flo — {]0,2X),|0,XY),|0,2Y)}. (5.8)

Notice, in particular, that the states listed above for a basis in ¥(o are only the ones
that are relevant for the perturbative calculation®. It also follows that the full energy in
Eq. (5.5) is of the order of E ~ t?/U, which makes it possible to consider (HQ -E)1=x
H61, where HQ = QHyQ. However, due to the possibility of transferring population

between the different orbital states via action of Hrp, the projection of the Hamiltonian
on the #(g subspace is not diagonal in the basis of the intermediate states with doubly
occupied sites. We therefore adapt the usual procedure for this situation and estimate the
matrix elements for characterizing the virtual interaction resulting from the exchange
processes by using the inverse matrix Hél. Explicitly,

Uxx O ny
Hqg = 0 2Uyy O (5.9)
and its inverse
Uyy/UQ 0 - xy/l]2
Ag' = 0 1/2Uxy 0 , (5.10)

- xy/U2 O l]xx/l]2

"Again via action of the tunneling Hamiltonian.
8Under the assumption of the tight-binding regime it is enough to consider what happens in two sites.
9In fact, these are precisely the intermediate states of the perturbative analysis.
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5. Beyond the mean-field approximation: Effective spin Hamiltonians via exchange mechanism

where U? = UygyUyy — Ugy. On this basis we arrive at the final form of the effective
Hamiltonian by computing the relevant matrix elements of (5.5).

From states of the type |a;, aj)

al a.H=tal '
aoc,iaa;jHQ a,j allal'a]> a H 2

)
U U, 2U,
- VBal (10, 265) - 10,20, ) 2088 |y, ay)

the effective Hamiltonian acquires a term of the form

2ta|?Ugs ,
DTN
(Lj) «

In the same way, from the states of the type |a;, Bj), with o # 3,

aZtlaOC]HQ CLZ ]aallauﬁ]> = dz; ajHél

0, a;Bj)

1 1
—m‘l i4a,il0, ajB;) = m]au&)'

corresponding to the operator

L,
R

From the states of the type |B;, a;) and the following process
Qg1 F1G ) i i, o) = ) 0,510, ajfy)

7"
2ny Ag i

the Hamiltonian gains a contribution as

—zzmuwm

Finally, we consider the states of the type |B:, ),

A A

aalaalHQ aB]aBl]BluB]) a idaj A(Si )
AT A Uda 2Uyy
= \/Qa(j;,iaarj< > >> - U2 | ir a}>l

that contribute to the effective Hamiltonian with a term that changes the orbital states
of the atoms in both sites

xy
U2

26:tyUxy o+ o AF o
Z Z p2 daididpida:
<i,j>a,afp
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5. Beyond the mean-field approximation: Effective spin Hamiltonians via exchange mechanism

The resulting expression for the effective Hamiltonian corresponds thus to

R 2ta|?Uss . . tal? . .
ot = =3 5 (21 P i + Jo
(ij) «

(5.11)
QttUATAATA ttAT,\AT,\
“ e Gailpidalp + op - 0dpiag da;
We now use the orbital states to define the Schwinger spin operators [48]
5z = 1 a1 4 AT a
= E(axax —ajay)
5+ = &4 -alay, (5.12)
5 = & -i% = dla,,

and together with the constraint of unit occupation of the lattice sites in the Mott; phase,
i.e. Ay + Ay; = 1, we rewrite Eq. (5.11) as

yore = =Y (728757 + 7 SF 57+ 9818 ) = 3 8.

(L.j) i
This shows that within the perturbative regime, the physics of bosonic atoms in the
orbital states of a 2D optical lattice is well described by the XYZ quantum Heisenberg
model in an external field, where all the parameters of the spin model depend on the
lattice configuration. We notice, in addition, that no assumption regarding the geometry
of the lattice was used, and thus this derivation applies to square lattices, hexagonal
lattices, etc.

From now on we restrict the study to the case of asymmetric lattices with very deep
potential wells in one of the axis, say the y-direction, in such a way to yield an effective
1D dynamics!® (here along the x-axis). At the same time the wave vectors are adjusted
so that the quasi-degeneracy of the orbital states is maintained!!. In other words, we
are considering the case where |t.y|, |tyy| — 0 and also that Uag > |tey|, |tyx| due to the
strong coupling regime condition. Therefore, in terms of the lattice parameters, the
expression for the various couplings follow

2, t U?
e ZXW (XY 513
J U,y < U2> (5.13)
2t t Uz’
w2V (144220 ), 5.14
J U, < + 4 > (5.14)

— 4]tx[2Uyy +4[ty]2Uxx _ |tx12 _ ltVIQ

zZZ
) A

1Here we focus on the effective 1D system, but generalizations of the procedure for computing the
couplings of the effective Hamiltonian for the 2D system is straightforward.

"In the harmonic approximation this is achieved by imposing that V.k? = V, k2. For sinusoidal lattices
there is no simple relation which states the degeneracy condition, but this can be numerically checked
for various lattice configurations.
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5. Beyond the mean-field approximation: Effective spin Hamiltonians via exchange mechanism

]z _ 2|tr[2Uyy _ 2Ity|2Uxx

B U2 U?
We adopt here the standard notation used for the XYZ Heisenberg model and define J =
2t ty/Uyy, A = —J%, h = —J?, and y = —4UZ,/U?, in terms of which the Hamiltonian
is then rewritten as

Ayyz =Y ]
(L)

+ (E% — E99). (5.16)

+h) 5. (5.17)

1

A A v A A A A
(1 +9)SF f+(1—7)3§’3jy+73izsjz

Notice that the tunneling in the p band satisfies f,f, < 0 and therefore J > 0. In addition,
since |y| < 1 the interactions between the x-component and the y-component of neigh-
boring spins always favor for anti-ferromagnetic order. This is an interesting property,
for bosonic particles always preserve the sign of the wave function under exchange
processes, and thus it is more natural for a bosonic system to display ferromagnetic
order. This is not the case here, however, and its only possible because of the specific
properties of the tunneling in the p band.

Another important feature of this spin model which follows solely due to the properties
of the p-orbital bosonic system, is the appearance of the anisotropy parameter y which
breaks the rotational symmetry characteristic of the XXZ Heisenberg model!2. In fact,
this is a consequence of the terms describing transit of population between the different
orbital states, in HFD, which break the continuous U(1) symmetry of the Hamiltonian
to a set of Zp symmetries. Accordingly, the resulting XYZ spin model is also invariant
only to discrete Zy symmetries. This property is related to the 'parity’ of the states of
the many-body Hamiltonian, which divides the eigenstates into states with even or odd
number of atoms in the p, and p, orbitals.

The importance of the orbital changing term in the dynamics of the effective spin model
can be further investigated in terms of the Jordan-Wigner transformation [51]

- = el’ﬂZf-;%C‘,T@féi
(5.18)

where the ¢; are fermionic operators satisfying {éi,é]-}={éif, é]T}= 0 and {ci,cf}= 6ij-
This yields the fermionic Hamiltonian
Axll = Y. |(@héna +el 0 ehel g+ enird
K n nCn+1 Cn+1cn) + 7(Cncn+1 + &n41€n)
(5.19)

A

Cn — Q)(Cn+1cz+1 - %) +
that contains a pairing term proportional to 7. The presence of a pairing term typically
opens a gap in the energy spectrum, and therefore we expect the spectrum to be gapped

whenever ¥ +# 0. In addition, we notice furthermore that the limit of A — 0 is a
realization of the Kitaev chain [52].

12The same procedure applied to the usual (ground band) Bose-Hubbard Hamiltonian with one atom per
site yields spin chains with continuous symmetries (as is the case of the XXZ model), and which typically
favor for ferromagnetic order [49, 50].
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5. Beyond the mean-field approximation: Effective spin Hamiltonians via exchange mechanism

5.1.1. Properties of the ground state: the phase diagram of the XYZ model

We illustrate the rich physics of the XYZ model in external field by discussing the phase
diagram for the 1D'3 open chain'4. One dimensional quantum systems are particularly
interesting, for quantum effects are specially pronounced in low dimensions.

One dimensional quantum systems require a description which accounts for the
collective rather than individual behavior of their constituent parts [53]. To see
this more explicitly, let us consider, for example, a system of spinless bosons with
repulsive interactions in one dimension. Such a system is described in general terms
by a symmetric wave-function. But in the limit of infinitely repulsive interactions -
the Tonks-Girardeau limit, it is reasonable to assume that the amplitude of this
wave-function should decrease in the neighborhood of any of the bosonic particles,
and vanish completely at the exact values for which the probability of finding any of
these particles is maximum, as shown in Fig. 5.1.

Now the symmetric wave-function shown in Fig. 5.1 can be used to construct an al-
ternative anti-symmetric wave-function via reflection to the negative axis, with nodes
that reproduce the nodes of the symmetric case. At the level of the wave-functions,
the description provided by the symmetric and anti-symmetric wave-functions will be
very different. In fact, collective anti-symmetric wave-functions describe systems of
non-interacting fermions, not of bosons. But the construction of this anti-symmetric
wave-function can be considered in such a way that its absolute value reproduce
the absolute value of the symmetric wave-function. This means, therefore, that the
properties of the bosonic system at the level of densities, as e.g. density-density cor-
relation functions, can be completely inferred from the properties of a system of
non-interacting fermions. This process is usually referred to as the fermionization
of bosons [54], and is used here to illustrate how interesting and maybe counter
intuitive nature can become when collective behavior is allowed to play a role in low
dimensional quantum systems.

"l‘)
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Figure 5.1.: One dimensional system of infinitely repulsive bosonic particles. The position of the
bosons are the black dots in the x-axis and the red and blue wave functions are
the corresponding symmetric and anti-symmetric descriptions. This figure is taken
from Ref. [54].

Now in 1D the ground state of the system described by Eq. (5.17) experiences four dif-
ferent phases as the parameters of this Hamiltonian are varied. A schematic phase
diagram is illustrated in Fig. 5.2. At zero field, the XYZ Heisenberg model is integrable!®

15\We remark that little is known about the XYZ Heisenberg model in external field in higher dimensions.
In addition to not having analytical solutions, numerical treatment of this problem is very limited due
to the exponential growth of the Hilbert space and becomes intractable already for a small number of
spins (less than 8 spins) in 2D.

14That is, with open boundary conditions.

151t was shown by Sutherland, in 1970 [46, 55], that the transfer matrix of any zero-field eight-vertex model
commutes with the Hamiltonian of the XYZ Heisenberg model. In addition, it was shown by Baxter
in 1971 and 1972 that for any values of the couplings in the Hamiltonian of the XYZ model, Eq. (5.17),
this operator is effectively a logarithmic derivative of an eight-vertex transfer matrix and therefore the
minimum eigenvalue of Eq. (5.17) can be obtained [46, 55]. Baxter study properties of the ground state
of the XYZ model by generalizing the Bethe ansatz [55], and in 1973 Baxter’s results were generalized
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Figure 5.2.: Schematic phase diagram of the XVYZ chain. AFM denotes the anti-ferromagnetic
phase, FP the floating phase, SF the spin flop phase and PP the polarized phase.
The properties of these phases and of the different types of phase transitions are
discussed in the text.

with known analytical expressions for the eigenvalues and the eigenvectors [55]. At
large positive values of A/J the system has anti-ferromagnetic order in the z-direction.
For small values of A/], the system displays Neel ordering in the y-direction and is in
the so called spin-flop phase [56]. The h = 0 line for large negative values of A/J is
characterized by a ferromagnetic phase in the z-direction, and for all the cases, the
limit of large external field displays a magnetized phase, where the spins align along
the orientation of the field in the z-direction. These three phases also characterize the
phase diagram of the XXZ model in a longitudinal field [44]. For non-zero anisotropy
v, however, the system has an additional phase in between the anti-ferromagnetic and
spin-flop phases that is called as the floating phase [56]. This is a gapless phase charac-
terized by algebraic decay of the correlations'®. Notice, in particular, that this property
is unexpected from the point of view of the fermionic chain, where as stated before for
values of 7 # 0 the Hamiltonian contains a pairing term, which typically opens a gap in
the energy spectrum.

All these phases are separated by different types of phase transitions. The transition
from the anti-ferromagnetic to the floating phase is of the commensurate to incommen-
surate (C-IC) type, whereas the transition from the floating phase to the spin flop phase
is a Berezinski-Kosterlitz-Thouless (BKT) transition. For A < —(1 + |y|) there is a first
order phase transition at h = 0 between the two polarized phases (all spins up or all
spins down) and finally, between the spin flop and the polarized phases there is an Ising
transition.

In what follows we give a brief description of the properties of the different phases
and the different types of phase transitions. Here we illustrate these concepts in the
context of interacting spins, vyhere we consider an Ising-like Hamiltonian given by
Hising = =] 3215y SiS; + h 32 Si-

e Neel order: Neel order is the term generally used to describe a state with

by other authors and used for computing the energy of the excitations of the XYZ model.

16]n terms of bosonization [53, 57] and renormalization group arguments, the floating phase is characterized
by irrelevant Umklapp terms and accordingly described by the Luttinger Liquid theory. Upon entering
the XV phase these terms are no longer irrelevant and the phase becomes gapped [56].
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broken symmetry and for which
(Si) #0

for all the spins [58]. And although this is most commonly used to refer to the
bipartite lattice, i.e., the Neel anti-ferromagnet, where the direction neighboring
spins alternate in opposite directions [58], there are more complex patterns that
also corresponds to a Neel state [58].

e Anti-ferromagnetic phase (J < 0): as stated above, the anti-ferromagnetic phase
is characterized by Neel order with alternating neighboring spins. States of this
type are characterized by staggered magnetization [58], and therefore the net
magnetization is vanishing:

M =Y (§)=0.

e Floating phase (J < 0): this is a gapless phase without long range order, and
for which the correlations decay algebraically [59].

e Spin-flop phase (J < 0): this corresponds to a gapped phase with Néel order in
the x and y components of the spin. It is again a gapped phase, with exponential
decay of the correlations.

e Highly magnetized state or polarized phase (J < 0): for sufficiently large h, the
phase diagram of spin models subjected to external fields will always display
a highly magnetized state, where the spins align in the direction of the field.
This corresponds to a 'forced’ order, in the sense that there is no symmetry
breaking involved in the ordering processes and the spins are uncorrelated.

e Ferromagnetic phase (J > 0): for the case of positive ] both the spins and their
neighbors align in the same direction, which therefore builds a highly magne-
tized state. Here, however, as opposed to the polarized phase, the ordering is
accompanied of symmetry breaking, with an order parameter similar to the
order parameter of the anti-ferromagnetic phase [5§].

We now briefly discuss the properties of the different types of phase transitions that
appear in the phase diagram of the infinite system, Fig. 5.2:

e Ising transition: the transition between the polarized and the spin flop phases
belongs to the universality class of the 2D Ising model. It is classified as a
continuous or second order phase transition, and therefore the discontinuities
appear at the level of the order parameter (or second derivatives of the en-
ergy). In the Ising transition the critical exponent related to the divergence
of the correlation length goes as £  (distance from the transition)™' as one
approaches the critical point, and in addition, the dynamical critical exponent!”
(z) is also equal to one [61, 62].

e Berezinski-Kosterlitz-Thouless (BKT) transition: BKT transitions also belong to
the class of continuous phase transitions. They are rather special, however, for
discontinuities appear in all the derivatives of the energy (they are sometimes
referred to as infinite order phase transitions), and there is no local order
parameter [63]. In fact, BKT transitions do not involve symmetry breaking and
are not described by the Landau theory.

e Commensurate to incommensurate (C-IC) transition: the C-IC transition hap-
pens due to the interplay of competing length scales in the system. In a periodic

7"The dynamical critical exponent is the exponent defined to characterize the behavior of the correlation
time near the critical point. In the same way as it works for the correlation length, the correlation time
also diverges in the vicinity of the phase transition. The divergence of the correlation time implies,
that the fluctuations become incredibly slow, a phenomenon that is known as the critical slowing
down [60, 61].
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system, the collective excitations can develop a periodic structure that has dif-
ferent period from the 'natural period of the system’. These structures could
comprise kinks, walls or solitons!8 [64].

e First order phase transition: in thermodynamic systems, first order phase tran-
sitions are defined as transitions that involve coexistence of phases, latent heat,
and the discontinuities appear in the first derivative of the free energy [61].
In the same way, in quantum phase transitions!®, the discontinuities appear in
the first derivative of the ground state energy as one of the parameters of the
Hamiltonian is varied.

Since any implementation of the Heisenberg model will contain effects of finite size due
to the harmonic confinement inevitably required for experimental realizations with cold
atoms, it is important to reproduce these studies in systems with finite sizes. In the
presence of confinement, in addition, it might also be the case that the inhomogeneities
in the density affect the properties of the system. Here, however, as long as the trap
the trap is smooth enough such that the system satisfies the requisites of the local
density approximation (as discussed in Sec. 4.1), effects stemming from the confinement
renormalize the couplings such that they become spatially dependent. In the same way,
as long as the size of the orbitals is very small compared to the length scale imposed
by the trap, this spatial dependency is not relevant for the physics, and can therefore
be neglected [27]. For this reason we restrict our study of finite size effects to the case
of the open chain with constant coupling coefficients. We perform exact diagonalization
for the system with 18 spins and focus on the behavior of the total magnetization of the
ground state

M = Z(Sf) (5.20)

for different values of h/J] and A. 7 is assumed to be fixed and the result is presented
in Fig. 5.3: While both the anti-ferromagnetic and the polarized phases are clearly
visible, numerical treatment of this system exposes that in between these phases, the total
magnetization develops a step-like structure. We attribute these steps in M to a devil’s
staircase structure of spin density waves (SDW) [59]. In fact, the change in the total
magnetization appears as a consequence of the modulation of the anti-ferromagnetic
pattern (of the anti-ferromagnetic phase), which happens as one runs through larger
and larger values of h. This also mean, for the finite system, that it is only possible to
give a precise quantitative estimate for the Ising transition between the polarized and the
spin flop phase?. While it is not clear whether the C-IC transition can be captured by
this procedure, the BKT transition is certainly overshadowed by the sharp transitions
between the different spin density waves. In the thermodynamic limit this staircase
becomes complete and one then recovers the phase diagram displayed in Fig. 5.2%!.
These transitions between the different SDW are more pronounced for moderate system
sizes and we estimate approximately 15 different SDW between the anti-ferromagnetic

and polarized phases of a system with 50 spins?2.

18A very good review on the subject is given in Ref. [59].

Here there is no concept of temperature, i.e., quantum phase transitions happen at T = 0 and due to
competition between non-commuting terms in the Hamiltonian of the system [65].

20At least by using the total magnetization as the order parameter.

2In fact, using similar heuristics, i.e., going up and down the steps of a complete devil's staircase, Chuck
Norris counted to infinity - twice [66].

>We consider here that the chain with 50 spins is supposed to provide a very good experimental picture
of the system that we would like to realize.
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Figure 5.3.: Finite size '‘phase diagram’ obtained from exact diagonalization of a system with 18
spins and with the anisotropy parameter v = 0.2. It displays the total magnetization
M (as defined in the text) which is characterized by an incomplete devil's staircase
of SDW between the AFM and the PP phases.

5.2. Measurements, manipulations & experimental probing

The entire derivation of the spin chain for effectively describing the Mott; phase of
p-orbital bosons was based on the fact that the spins are encoded in spatial degrees of
freedom rather than in internal atomic states. Experimental manipulation/detection in
this system requires therefore the ability of controlling the spatial states of the atoms at
single sites. This can be done by combining single-site addressing [67] with techniques
used in trapped ion physics. And by exploiting the symmetries of the p.- and the
py-orbital states, stimulated Raman transitions can drive both side-band and carrier
transitions for the chosen orbitals in the Lamb-Dicke regime.

Let us consider the two internal atomic electronic states for 8Rb atoms F = 1 and F = 2
Raman coupled with two lasers with amplitudes €24 and €2 and wave vectors k; and Kko.
The matrix element describing this transition is given by

Q129

5 (F = 2leiki—kelx|p — q), (5.21)

where 6 is the detuning of the transitions relative to the ancilla electronic state. In the
usual case the spatial dependence of the lasers will induce couplings between vibrational
states of the atom, and this, here, corresponds to the different bands. By making the
effective Rabi frequency very large, Q = Q4Q,/6, the duration of a sr/2-pulse, for ex-
ample, can be made very short in comparison with any other time scale in the system
and therefore it is reasonable to consider that the dynamics in the system is frozen dur-
ing the applied pulse®s. Furthermore, accidental degeneracies between other undesired
states can be removed by driving resonant two-photon transitions.

ZIndeed, this same assumption applies for experiments with single-site addressing in optical lattices [67].
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Figure 5.4.: Schematic representation of the coupling between the different orbital states at a
single site. While the internal atomic electronic states are coupled by the carrier
transition, the different orbital degrees of freedom are coupled by the side-band
transitions. As depicted in the figure, the red and blue side-band transitions lower
and raise, respectively, the external vibrational state with a single phonon.

In the region of parameters that is interesting for the physics considered here, i.e.,
deep in the Mott insulator phase, single sites can be approximated with two-dimensional
harmonic oscillators with frequencies wy, = 1/2Vqk2/m and the Lamb-Dicke param-
eters [68, 69] become N, = kyVi/2mw,. Moreover, in the Lamb-Dicke regime, when
Na < 1, multi-photon transitions can additionally be neglected, and as illustrated in
Fig. 5.4, this leaves three possible transitions for the one-dimensional case:

(I) Carrier transitions - with no change in the vibrational state;
(IT) Red side-band transitions - which lower the vibrational state with one quantum;

(ITI) Blue side-band transitions - which raise the vibrational state with one quantum.

These different transitions are not degenerate, and therefore it is possible to select single
transitions by carefully choosing the frequencies of the lasers. And in these terms, or
with the use if these techniques, it is also possible to singly adress the different orbitals.
The p,-orbital state, for example, can be addressed by considering k4 — ko = k. such
that there is no component in the y-direction.

This also provides a means for fully controlling the system, for this is achieved if every
unitary Rg(cl)) = e¥%, where B = {x,y,z} and ¢ is an effective rotation, can be realized.
To see that this is the case we discuss implementation of R,(¢) and R.(¢). We start
with the simplest case, of rotations on the z-component of the spin by first noticing that
52 = §+5~ —1. Here it is enough to realize the operation 5*5~, which consists of a phase
shift of one of the orbitals. This is most easily done by driving the carrier transition
off-resonantly for one of the two-orbitals, and since the driving is largely detuned, this
corresponds to Stark shifting one of the orbitals.

The R, (¢) operation can be implemented by simultaneously driving off-resonantly the

red side-bands of the two orbitals. Due to the large detuning, the s-band will never be-
come populated but the transition between the two orbitals can be made resonant. More
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explicitly, this operation involves the three states that we denote here as {|x,0,0),]0,y,0)
and |0,0,s)}, where the last entry of the ket refers to the state in the s-band. The
p-orbitals are coupled to the s-orbital in a V-configuration, that in the rotating wave
approximation is described by [70]

0 0 <
Hy=| 0 0 £ |, (5.22)
@ Q2 6

where 21 and €2y are considered real and spatially dependent. For & > 1, Qo the
Hamiltonian that generates a rotation of the x-component of the spin, Ry (¢),

A 0 U A

H, = [ U o } = US,, (5.23)
is then obtained after adiabatic elimination of the state |0, 0, z). Notice, however, that if the
Raman transition between the two orbitals is not resonant, then this process will perform
a combination of rotations in the x and z components of the spin. Rotations in the y
component of the spin, in addition, can be performed in two ways, either by adjusting

the phases of the lasers, or either by noticing that Ry (¢) = R, (7/4) Ry (¢)R,(—7/4).

This method allows thus for any manipulation of single spins at a given site. To measure
the state of the spin in a given direction one then combines the rotations with single
site resolved fluorescence (which acts as measuring S{Z) [71]. More precisely, since
the drive laser can couple to the two orbitals individually, one of the orbitals will be
transparent to the laser while the other one will show fluorescence. In other words,
one then measures Sf on a single site. The other components of the spin can also be
measured in this way, but after the correct rotation to the spin state has been previously
implemented. Furthermore, with the help of coincident detection, it is possible to extract
correlators of the type (SlaS]B) a,B={x,y}[72].

5.2.1. External parameter control

The spin mapping carried out in Sec. 5.1 provides a route for obtaining the Hamilto-
nian that effectively describes the physics of Mott; phase of p-orbital bosons. In that
procedure, all the couplings in the spin picture are shown to depend initially on the
parameters of the bosonic system, and therefore also on the configuration of the optical
potential.

In order to give a qualitative estimate for the couplings in the spin model we make use of
the analytical expressions derived in Sec. 2.3.1, where the parameters of the Hamiltonian
for p-orbital bosons were considered in the harmonic limit. Introducing the widths of
0, of the orbital wave functions for the spatial directions a ={x,y,z}, the expressions
of the couplings in this approximation are given by

uo

U = =3U = ,
xx vy xy 020y 0,

(5.24)

where ug is used here to denote an effective strength of the interactions, proportional
to the s-wave scattering length. According to Eq. (5.15), this reveals that the interactions
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in the z component of the spin favor primarily for ferromagnetic order, i.e.,, A < 0. In
fact, using that |t [> > |ty]?

’

U 1
A —|t|* 4 2 - , 2
|tx[ < Uxx Uyy _ U2 ny > (5 5)

xy

which in the harmonic approximation becomes
< 0. (5.26)

Similar computation yields = 1/2, which gives anti-ferromagnetic couplings for the
spin x and y components. We notice in addition that even though computation of the
couplings with the lattice Wannier functions yield different values for the couplings, it
does not change the qualitative properties of the physics obtained via the harmonic
approximation. In particular, we have numerically checked that A is always negative,
even outside of this limit.

The fully anti-ferromagnetic regime can be reached, however, with application of the
same ideas discussed in the previous section. This is again based on the techniques
developed for trapped ion physics, and more explicitly, with driving the carrier transition
of either of the two orbitals dispersively, with a spatially dependent field?*. If the shape
of the drive is chosen in such a way that the resulting Stark shift is weaker in the center
of the sites, then this procedure will narrow the orbital in one of the directions and
we say that the orbital is squeezed. Let us assume that the squeezing is implemented
here in the y-direction. Then the only requirement is that the spatial profile of the field
driving the carrier transition changes in the length scale of the lattice spacing in this
direction. The tunneling rates f, and t;, will not be affected by the squeezing but with
this procedure it is possible to change both Uy, and Uy, and therefore it is also possible
to tune the coupling constants. To be more specific, let us assume that the ratio o of
the harmonic length scales of the p, and the py orbitals is tuned (in the y-direction). A
straightforward calculation using harmonic oscillator functions yields

1 2\3/2
o= Urx _gosns 1+ 00T (5.27)
Ury
and that
B = Uyy/Uyy = 2732301 + 02)32. (5.28)
The dependence with o on the coupling constants is given as
Al = 2t t)t T = 2t t = 5.29
J=26 g 1) =P e 2 (029
and
P (5.50)
(@B 1) '
The inset in Fig. 5.5 displays the three coupling parameters as a function of o for
|te/ty]| = 0.1. We see that the relative size and even the sign of the couplings can

*This is nothing but a potential that reshapes the lattice sites in different ways for the different orbitals,
and that can be implemented as a change in the o, widths of the different Wannier functions (w, (#) and
wy (7)) of the orbitals, while the widths o, are kept unaltered.
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be tuned by varying o. In particular, while interactions in Sy always lead to anti-
ferromagnetic couplings, the interactions in 5, and S, can lead to both ferromagnetic
or anti-ferromagnetic couplings. In the main part of Fig. 5.5 we sketch the different
possible models as a function of t,/t, and 0. This clearly demonstrates that this method
allows for realization of a whole class of XYZ spin chains.

-0.05-

-0.15-

1 12 14 16 18

Figure 5.5.: XYZ Heisenberg chains with different types of couplings that can be achieved by
varying the relative orbital squeezing and the relative tunneling strength. In (I)
the system has anti-ferromagnetic couplings in all the components of the spin with
A > J@A +]7]). In (II) the system has both ferromagnetic or anti-ferromagnetic
couplings in the z component of the spin and anti-ferromagnetic in the y component
with J (1 + |y|) > A. Finally, (IIT) has the same characteristics of region (II) but now
|A] > J(1 +|7]). In the inset we show one example of the spin parameters where
ty/te = =01, and Jor = (1 + %), Jyy = (1 — %) and J,, = A/].

5.2.2. Experimental realization

In the experiment described in Ref. [11], the lifetimes reported for bosons occupying
the states in the p band of an effective 1D optical lattice were surprisingly long. With an
average number of approximately two atoms per site, the atoms could tunnel hundreds
of times before decaying to the s band. Here the main decay mechanism stem from
atom-atom collisions [7, 11], and therefore an increase in the lifetime is expected for the
case where there is only one atom per site®®

The typical values for the tunneling times can be estimated from the overlap integrals
of neighboring Wannier functions. Considering 3’Rb atoms, for example, and Ajq¢ =
843nm, yields J/Er ~ 0.1 with Egp = h?k%/2m and the characteristic tunneling time
T = h/JER ~ 500 us. Surprisingly, even deep in the insulating phase, as considered here,
this is a few hundred of times smaller than the expected lifetimes [11] which therefore
allows for experimental explorations of the results reported here.

A last remark is in time which regards the temperatures required for observation of the
spin correlations. The physics discussed here will emerge for temperatures of the order
of kgT < J ~ t?/U [49]. Although it might be very difficult to experimentally achieve

®In fact, Ref. [11] estimates an increase of up to a factor of 5 in the lifetimes for the situation with unit
filling of the lattice sites.
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such temperatures, this reflects the frontier of experimental realizations and it is being
currently attacked by several experimental groups.

5.3. Effective model including imperfections due to s-orbital atoms

Difficulties for experimental implementations that are related to the low temperatures
required for accessing the physics explored here were already pointed out in the last
section. The other main difficulty related to experiments regards the existence of imper-
fections in the system. This imperfections consists of residual s-orbital atoms, that result
from the process of loading atoms in the p-band. Although the possibility of promoting
atoms from the s to the d band with 99% fidelity was recently reported [73], the fidelity
for promoting atoms from the s to the p band is currently at 80%. This means that 20%
of the atoms will still remain in the orbital states of the s band and that it is necessary
to investigate the extent of which the presence of (s-orbital atom) impurities are capable
of changing the physics of the clean system.

We notice first that due to the large amplitudes of the optical potential (required by the
Mott insulator phase), the atoms occupying orbital states of the s band can be declared
immobile. As a consequence, random sites will contain localized impurities. The next
factor to consider is related to the energy scales. Double occupation of states with one
s- and one p-orbital atom has a larger energy cost than the double occupation of states
with two atoms in the p-orbital states. In other words, U,s > Uqg, where o, = {x,y}
and

Ups = Un [ delwfa) o x) (531)

is the interaction energy between an s- and a p-orbital atom?. Accordingly, repeated
experimental realizations will prepare the system in different random configurations as
illustrated in Fig. 5.6. This means that an additional step must be carried out, in principle,
in order to integrate out degrees of freedom corresponding to atoms in the s-orbitals.
This is possible by averaging over all the different configurations which contain a fixed
ratio of s- to p-orbital atoms.

We now repeat the reasoning of Sec. 5.1, to include in the effective Hamiltonian contri-
butions stemming from the presence of impurities in the model. Let us consider two
neighboring sites, i and j, one with an s and the other with a p orbital atom. After the
steps of the perturbative calculation are carried out (in second order in t/U), we are left
with only one additional term,

2
—Ui;a;ia;jaa,ias,j = —U—Zsﬁa,i, (5.32)
where again a ={x,y} and d;; is the operator that annihilates one atom in the s-orbital
state at the site j, and where in the last equality we used that As; = 1. Since t. # fty,
the effect resulting from the presence of an s atom in the system appears as a local
fluctuation in the external field. We therefore obtain an XYZ chain with disorder in the

%Notice here that wi(r) is used to denote the s orbital at the site i.
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field, i.e.,

e ==Y (]ZZS;ZS,.Z SRS 4 S ) -y & (5.33)

(i) i

If the system contains a small number of atoms on the states of the lowest band, this
effect should not be too drastic and we expect the disorder to be irrelevant®’ [74]. As the
fraction of impurity atoms increases and the disorder in the external field covers a larger
number of sites, we expect the disorder to become relevant and the qualitative picture
to change. In fact, one possible scenario is the appearance of a localized phase [74]. We
remark here that the physics of disordered one dimensional quantum systems contain,
a plethora of interesting phenomena, as e.g., Anderson phases® [54, 61, 62], Mott-glass
phases?® [54], and many of its questions are in the frontier of the current research®.
The analysis of the random field XYZ chain discussed here, however, is out of the scope
of the present thesis and is left to the future.

Figure 5.6.: Three random experimental realizations of the insulating state are schematically
depicted. The yellow balls are used to represent s-orbital atoms, while p-orbital
atoms are represented by the blue balls.

5.4. A quick remark regarding alternative systems for implementing
quantum simulators

Alternative scenarios for implementing simulators of quantum systems rely on experi-
mental realizations with trapped ions and polar molecules. Systems of trapped ions have
already been used to implement both a small [76, 77, 78, 79] and a large [80] number
of spins, but one easily looses control in these setups as the system size increases. In
addition, due to trapping potentials the experiments are currently limited to approxi-
mately 25 spins, and due to the inherent long range character of the interactions, the

?’Tn the language of real space renormalization group.

2The Anderson transition is a transition between a localized and a metallic state, that appears in disordered
systems. Nowadays, after many advances on the physics of disordered systems that happened in the 70’s
and 80’s, the term Anderson transition is used in a broader sense [75] and in addition to the transition
from metal-insulator, it also includes critical points with transitions that separate localized phases [75].

The Mott-Glass phase is an incompressible gapless insulator phase that is conjectured to appear in the
phase diagram of random 1D superfluid to insulator phase transition [62].

%0The phase diagram of the system known by the name of random bosons, for example, is still a matter
of ’lively debates’ in the community [62].
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construction of paradigmatic spin models becomes a non-trivial task with systems of
trapped ions.

Similar limitations appear when using polar molecules, where the effective spin interac-
tions [81, 82] are obtained from the intrinsic dipole-dipole interactions. Here again the
character of the dipolar interaction yields effective spin models that are typically long
range and in addition, the couplings feature spatial anisotropies [81]. While this spatial
anisotropy in the couplings might be in favor of anisotropic models as is the case of the
XYZ chain, restricting the range of the interactions might still be tricky for this type of
systems.

In summary, even though the temperatures required for simulating the XYZ model
with bosons in the p band are very low and in the frontier of the current research,
these alternative proposals have different drawbacks and it is not yet clear whether they
provide an easier route for experimental implementation of this system.

5.5. Remarks on the effective Hamiltonian of the 3-orbital system

In the previous sections we discussed how to use p orbitals to explore the physics of
paradigmatic spin 1/2 Hamiltonians. The next question which arises, maybe even natu-
rally, regards the effective Hamiltonian that is obtained from the three orbital system.
More explicitly, what is the effective 'spin model’ that describes the Mott; phase of a 1D
system with three-orbital orbital state?

While this is still in the category of ‘'work in progress’, we present some preliminary
discussions regarding the derivation of the effective spin Hamiltonian for a system of
(polarized) fermionic atoms in the p band. We restrict ourselves to the fermionic case
for the moment, for this considerably simplifies the interaction part of the Hamiltonian
(in Eq. (5.1)). In fact, polarized fermions in the p band are described by

A= =Y t8Giatja + Y Usphiaftig + Y . ERfia, (5.34)

ij,a i,ap i,a

which in addition to the tunneling an on-site energy terms contains only density-density
interactions between the different orbital states. Notice here that since d;, and difa are
operators that destroy and create, respectively, a fermionic atom in the site i, and that
they satisfy the anti-commutation relations {dia,difa}= 1and {4;,,diq} = {dira,dza}= 0.

We now apply the same reasoning that was used in Sec. 5.1, and obtain the effective
Hamiltonian from second order perturbation theory in t/U. For the three orbital system,
the basis of states in the subspaces $(p and ¥(q is taken as

Hp — {[X, X), X, ¥),

X,Z),|Y,X),|Y.Z),|Z,X),|Z,U),

Z,7)} (5.35)

and
o — {

0,2X),

0, XY),

0,XZ),

0,2V),

0,YZ),

0,22)1, (5.36)
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and since the matrix elements which account for transitions of the type (a, B[H(Sl]ﬁ, a)

will be non-vanishing even for the fermionic case’!, the effective Hamiltonian will con-
tain onsite terms that convert any atom in the py-orbital state into an atom in the pg-
orbital state for any «,. In order to account for all these dynamical processes we
are required to choose a representation for the generators of the SU(3) group®?. We
therefore introduce the Gell-Mann matrices [33]

010 0 —i 0 1 0 0
M=[10O0]|, =i 0 0|, 3=(0 -1 0],
000 0 0 0 0 0 0

0 01 0 0 —i

M=]10001], %s5=|00 0 |, (5.37)

1 00 i 0 0
000 00 O 10 0
=001, »»=|00 —i ,)L3=% 01 0
010 0 i O 00 -2

They are traceless Hermitian matrices that satisfy the commutation relations [33]
[Ai, Al = 2if TR A, (5.38)

with i,j,k = 1,..8 and where the fUk are completely anti-symmetric structure constants
given by [33]

f123 _ 1’ f147 _ f165 _ f246 _ f257 _ f345 _ f376 _ %’ f458 _ f678 _ \23 (539)

In terms of these objects, the correspondence between the SU(3)-spin operators and the
operators in the fermionic picture follows as

i__'\T'\ AT,\ l__"‘T" -'\T'\
M = A Qiy + Qi Qix, Ay = 185,01 — 105, Ay
l__"T" AT,\. i _ AT}\‘ .A'/" AL
Ay =G Qiz + Q;,0ix, Ay =14;,0ic — 10;,Gi, (5.40)
)Ll—df(’i +al a; )J—ide —lde'
6 = Qiyliz + AjAiy, A7 = 1d;ydiz iz
i _ ax ¥
As = Ay — 1

L= Lpaxy La¥y_ 2p2
Ag = s+ ph — Zh

In analogy with the routine executed previously for analysis of the spin-1/2 case, we also
impose here the constraint of a unit filling of the lattice sites: AY + Ay + A7 = 1. We

3 Notice that it is the density-density interaction term in Eq. (5.35) that allow for such processes to happen.

%Maybe an intuitive way of understanding why this is not a spin-1 case, is by noticing that any of the
orbital states can be directly converted into each other, i.e., p, = py = p, = px. In order for the system
to mimic the spin-1 case the conversion between the orbital states should obey a rule as p, = py = p,,
for example, where an atom occupying a p.-orbital state can only be made to occupy a p,-orbital state
by being in a py-orbital state first.
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therefore obtain

AF = §+ 5Ak+ AL
A = LIl L (5.41)
A= -

and also rewrite the following expressions:

AT A AiA)
aixaly - 2
A AL4+iAk
Txa iz = s (5.42)
ST oA i
aiyalz = 2

Now after conducting the steps of the perturbative calculation, the expression for the
effective Hamiltonian describing the Mott; phase of fermions in the three p-orbital
system follows as

+2tty T4 0l anal ayy + 26ty I5a],aa) a) + 2tt, o al,a150],a5,
+ 2t ty I74; d,yaT Qjr + 281y 9°3a dlZaTa]x + 2ty t, Joq; dlzalfzaw,

(5.43)
where the 9, n = 1...9 are used to denote the inverse of the intensity of the exchange
interaction. In fact, due to the absence of orbital-changing terms in the Hamiltonian
of fermions in the p band, the interaction Hamiltonian is diagonal in the basis of the
intermediate states of the perturbative calculation, and therefore 9 = ﬁ, where a, B =
{x,y,z}. While explicit computation of each term of the effective Hamiltonian is shown
in the appendix, we quote here the final result,

_ V3 (E+80) B2+t B (BHE)N o
H = Zz(g T, ~ 9 U0, ~ 9 U, >A§

t2+t2 G
+ X ( 60, )As

(24+12) i a ) (+82)  (2+82) (2442)\ 4547
+ Y — AT Ashs + 120, ~ 60, — 60 Aghg

+ Do (B2 - BUG2) (M + Aiad)

yz

+ Y ty (T T + T Tf) + e (VEVe + Vi Vi) + ;;j;yw; U7 + U U;)
(5.44)
where T* = A +idy, V¥ = A, +ids and U* = Ag + iA7 are the SU(3) ladder operators.

While analysis of this system is left for the future, we conclude this section by noticing
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that cold atoms in the p-band offer interesting prospects to unravel the physics of spin
chains beyond spin-1/2.
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B. Computation of the effective SU(3)-spin chain

Hamiltonian

The following steps show a term-by-term computation of the Hamiltonian shown in
Eq. (5.44) with explicit use of Egs. (5.41) and (5.42). This is added here just for 'reference
purposes’, in what is related to the continuation of this work.

iy = (b e ) (4 - 2+ )
= L - )+ Y30L + AY) - AL + B - AlAL) + LA
afar = (§- 35+ ) (34 105+ )
= 104 — ) + B+ L) — LA - YB(UAL - ALAL) + HALAL
Aray + AT = P04+ AL) - S + LAda)
arnz = (§+ 325+ @) (4 - 44)
= VAL AL 4+ AL — Bl — IaAL
wny = (4 (3 1k )
- D 12—+ il
ATAZ + AZAT = —YS(AL + L) + 104 + A)) — YA + ARAL) — SAlA)
R O DI
= N - AL+ AR YA - B
apy = (4 -4 (5 - 34+ 5)
- Pl - e Bl - il
AYAZ + A7nY = 104+ AL) — YSOL + AL + B + AlAL) — SAlAL
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B. Computation of the effective SU(3)-spin chain Hamiltonian

Qlyaical iy = F0IA] + IALA — A3AL) + AbAD)
alaiala, = LW, + 1AL - AL + Al
alawala, = LG — i - A428) + 2LA))
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6. Conclusions

In this thesis we presented different aspects of the physics of p-orbital bosons that range
to properties of both the mean-field and more strongly correlated levels. The main part
of this text covers the material of Papers I and II that are attached after the bibliographic
references.

We started by introducing the band structure and the orbital states in Chapter 2, where
we also constructed the Hamiltonian for describing the many-body system. This frame-
work was used in Chapter 3 as the basis for the mean-field analysis. There we have
shown that the term describing orbital changing collisions in the Hamiltonian of p-
orbital bosons leads to the formation of structures in the ground-state of the system:
in the 2D system, for example, this corresponds to the staggered-vortex solution. We
continued with Chapter 4, where we studied the physics of p-orbital bosons in the pres-
ence of an external confinig trap. This part presents the study developed in Paper I. In
addition to characterizing the ground state propeties and, in particular, the fate of the
staggered-vortex solution due to the presence of the trap, we also studied finite temper-
ature physics of the ideal gas and properties of the system in anisotropic lattices.

In Chapter 5 we presented the content of Paper II, where we studied properties of the
strongly correlated regime of p-orbital bosons. More explicitly, we have shown that for
the two-orbital case, the dynamics of the Mott phase with a unit filling of the lattice sites
can be effectively described by the spin-1/2 anisotropic Heisenberg (the XYZ) model in
external field. We studied the phase diagram in the thermodynamic limit and also finite
size effects relevant to experimental realizations. We have also proposed manipulation
and detection schemes that allow for experimental probing of the physics discussed. In
addition to what is covered in Paper II, in this chapter we also discussed extensions of the
spin model and directions for future research. As mentioned in Sec. 5.5, generalization
to the 3D lattice and the three orbital system of the study presented here offers an
interesting prospect for studying the physics of models beyond spin-1/2. Along these
lines, it is also interesting to engineer spin-1 chains, which in terms of the orbital states in
the p band, can be constructed by using the p,, the p, and the pxy1 orbitals of a 2D lattice.
Due to recent experimental advances in manipulating bosons in excited bands of optical
lattices, and in particular, in the d band [73], characterizations of such systems are also of
experimental relevance. At the same time, there are still open questions for the spin-1/2
system that we intend to investigate in future work. These includes a thorough study
of the system with impurities discussed in Sec. 5.3, studying the dynamics, propagation
of Lieb-Robinson bounds and characterization of the system when it is coupled to an
external bath.

!The p,, orbital is the orbital state that is odd both in the x and the y directions.
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Confined p-band Bose-Einstein condensates
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We study bosonic atoms on the p band of a two-dimensional optical square lattice in the presence of a confining
trapping potential. Using a mean-field approach, we show how the anisotropic tunneling for p-band particles
affects the cloud of condensed atoms by characterizing the ground-state density and the coherence properties of
the atomic states both between sites and atomic flavors. In contrast to the usual results based on the local-density
approximation, the atomic density can become anisotropic. This anisotropic effect is especially pronounced in
the limit of weak atom-atom interactions and of weak lattice amplitudes, i.e., when the properties of the ground
state are mainly driven by the kinetic energies. We also investigate how the trap influences known properties of
the nontrapped case. In particular, we focus on the behavior of the antiferromagnetic vortex-antivortex order,
which for the confined system is shown to disappear at the edges of the condensed cloud.

DOI: 10.1103/PhysRevA.85.033638

I. INTRODUCTION

With refined experimental techniques in trapping and cool-
ing, atomic gases have become prime candidates for studies
of mesoscopic quantum phenomena [1]. Among different
possible experimental configurations [1,2], systems of cold
atoms subjected to optical lattices constitute one of the most
active topics of the current research in the field. In the ultracold
limit, these setups may serve as quantum simulators which can
be used to test actual models of condensed matter theories
in a precise way [2]. In fact, the degree of experimental
control in optical lattice systems is so great that by tuning
the parameters of the lattice, the atoms can be moved into the
strongly correlated regime, therefore allowing for the study
of a variety of phenomena which include quantum phase
transitions [3]. Beyond experimental manipulations of the
ground state, the versatility of these systems also makes it
possible to experimentally prepare certain excited states. In this
respect, of particular interest are the states of bosons restricted
to the first excited energy bands of the lattice, i.e., the so-called
p-band bosons.

Qualitatively, the physics of p-band bosons is considerably
different from the well-studied systems where the bosons are
only restricted to the lowest band (s-band bosons). The reason
for this can be intuitively understood from the isotropic square
and cubic lattices, where the symmetry of the lattice implies
a double (square lattice) and triple (cubic lattice) degeneracy
[4,5] on the p band. In solid-state systems, such degeneracies
could be removed via Jahn-Teller effects, but since here the
lattice is imposed from the outside, the degeneracy is robust.
This degeneracy motivates the description of the atomic states
in terms of orbitals related to the corresponding localized
Wannier functions, characterized by a node in each of the
spatial directions. In the direction of the node, the Wannier
functions are also broader and, since this directly influences
the ease of tunneling between sites, it directly affects the

*fep @fysik.su.se
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dynamical properties of the system. Since the properties of
the tunneling of p-band bosons are dramatically altered from
the ones on the s band, a rich variety of novel quantum phases
[6-9] can appear. When interactions are taken into account, it
has also been argued that in the limit of very strong atom-atom
interactions, the atomic population can move to higher energy
bands, affecting thus the expected ground-state properties of
ultracold atoms in optical lattices [10—15]. The broadening of
the onsite wave functions, for example, was experimentally
verified via microwave spectroscopy [16]. In addition, sig-
natures of (strong) interaction-induced higher-band physics
could also be seen in nonequilibrium configurations through
the mapping of collapse-revival structures in the atomic density
[17] (see also Ref. [18]). Surprising effects are also present in
the limit of weak interactions. In fact, it was recently observed
[19,20] that due to unusual dispersions, the physics of p-band
bosons appears responsible for unconventional condensation,
where nonzero momentum states [21] are occupied. We should
point out, however, that even though experiments concerning
p-band physics have been restricted to one-dimensional square
or cubic lattices [19,20,22,23], several theoretical predictions
have been made for other lattice configurations [24].

In experiments, optical lattice systems are generally sub-
jected to an external confining trap. Although it is known
that even for s-band bosons, the presence of the trap can
add important features to the physics of the system [25], all
of the aforementioned theoretical studies of p-band bosonic
systems neglect effects originating from the confining trap
potential. Thus, it is important to study how the inclusion
of a trap affects the p-band physics. For example, in the
case of a two-dimensional (2D) lattice, it is characteristic of
p-band bosons to have tunneling coefficients with different
amplitudes in different directions. In the nontrapped case, this
property of anisotropic tunneling together with the properties
of homogeneous density distributions yields a corresponding
ground state, which has an antiferromagnetic order with vortex
or antivortex states on every second site (also known as the
state of staggered orbital angular momentum) [5,9]. In trapped
systems, however, the property of anisotropic tunneling

©2012 American Physical Society
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necessarily introduces density inhomogeneities, which break
the population balance between different possible atomic states
(here corresponding to the two possible orbitals of the 2D
lattice). This also gives rise to physics beyond the one captured
by using the local-density approximation (LDA). The fate of
the antiferromagnetic order in the presence of the trap is then
unclear.

In this paper, we study this issue and address also other
effects and properties which arise when p-band bosons are
confined by an external potential. We mostly restrict the
analysis to 2D, but discuss how the obtained results generalize
to 3D. The analysis is based on the ideal gas theory and a
mean-field approach, where we assume the system to be deep
in the region of the superfluid phase. We start by presenting the
theoretical framework and follow with the study of the ideal
system at finite temperatures, where the critical temperature
for condensation in a noninteracting p-band bosonic gas is
calculated. We then show that for a symmetric square lattice,
the zero-temperature order parameter of the condensed ground
state is complex also in the presence of a trap, but the
vortex-antivortex structure can be lost. In particular, the ground
state for the p-band atomic densities of the two flavors are
shown to be different except for when the system is driven
into the Thomas-Fermi (TF) regime, in which case we can
neglect effects stemming from the kinetic tunneling energy. We
complete the study with an analysis of the zero-temperature
properties of an asymmetric lattice. We find that due to splitting
of the p-band degeneracy, the ground-state properties may be
sensitive to small changes in the two lattice amplitudes.

It is important to point out that our analysis is carried out
when the influence from other bands has been omitted. The
validity of this assumption is specifically tested in the harmonic
approximation, where two p-band atoms become degenerate
with one s-atom and one d-atom. In fact, due to a “reduced
final density of states for scattering processes” [23], these
decays can be significantly suppressed [5] and the lifetimes
of the atoms in p orbitals become 1-2 orders of magnitude
larger than typical tunneling times. In addition, outside the
harmonic approximation, as is the case considered throughout
this paper, the actual anharmonicity of the lattice breaks the
(p+ p — s +d) degeneracy for almost all quasimomenta,
suppressing further such loss processes.

II. DERIVATION OF THE EFFECTIVE MODEL
HAMILTONIAN

A. Hamiltonian for p-band bosons

In terms of the field operators (i), the dynamics of
the weakly interacting Bose gas can be described by the
Hamiltonian

R K?v2 R
H:/d?/{\lﬂ(? [— 5 +V(F’)} v

m

) (1)
UO’\']' SINTS T e NGy 2N (2
T VIOV E)WE)
where m corresponds to the mass of the particles, Uy

corresponds to the strength of the interparticle interaction, and
V(#") accounts for the effects of external potentials acting on
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the system. The field operators W (") and ¥(#’) annihilate
and create a particle at position 7, respectively, and obey
the standard boson commutation relation [W(7"), Uf(#)] =
(7" —¥"). In this work, we consider a trapped system in
2D with V(') = Viau(F") + Virap(7'), where the optical lattice
potential

Vi) = V, sin(kx') + V, sin®(ky") 2)

has amplitudes and wave vector given, respectively, by V,,
o € {x,y} and k = 2w /A, with A being the wavelength of the
applied lasers, and where

=/ md)z ” 12
Vtrap(r ZT(X +y9) 3)

describes the action of an overall slowly varying harmonic trap
with frequency &.

The common practice in the study of many-body systems
subjected to periodic potentials consists in the expansion of the
many-body Hamiltonian in terms of a suitable basis, generally
constructed from its corresponding noninteracting part. In fact,
the invariance under discrete translations of the lattice implies
conservation of quasimomentum and an energy spectrum
having a band structure, which therefore immediately suggest
the use of Bloch functions. Here, however, the presence of
the trap breaks translational invariance and implies a finite
size for the system, consequently destroying the symmetries
that rigorously justify theoretical treatment in these terms.
On the other hand, the smoothness of the potential implies
that its characteristic length scale fulfills the condition [y, =
Jh/m@ > A/2, and thus we can implement the effects of
the trap in each site by only shifting the onsite energies
and assuming that the onsite orbitals remain the same in the
absence of a trap. This means that locally the system is still
effectively periodic, and that a satisfactory approximation can
be obtained from the traditional framework.

Before carrying out the expansion of the field operators,
we define dimensionless parameters by taking the recoil
energy E, = hi’k?/2m as the energy scale (i.e., all energies
are scaled by this quantity) and the inverse wave vector as the
typical length scale/ = X\ /2m, which produces a dimensionless
trap frequency given by w = 2m@/hk?. In these terms,
the trapping potential becomes V (¥) = w?(x? + y?)/2, where
x = kx" and y = ky’ are the dimensionless positions. From
now on, we assume these units in all of the derivations so that
the resulting equations are dimensionless. As a first step, we

construct the bosonic operators B,,q and Biq which create and
annihilate, respectively, one particle delocalized in the Bloch
state ¢,q(r) of quasimomentum q = (g,,q,) in the vth energy
band, and use it to write

i) =) g1 (F) bl
vq

“4)
Vi) = ¢ug@) bug.
vq
where the v sum runs over all energy bands, and the q sum is

over the first Brillouin zone. We also use the above expressions
to construct the site-localized Wannier functions, where the
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operators read

i) = wig(al;,
vj
©)
V) = wor, () .
vj

Here, Rj = (xj,y;) = (j,,7j,) labels the coordinates of the
Jjth site of the lattice [j = (jx,jy), jx.Jy € N1, and ayj (&Ij)
annihilate (create) a particle in the Wannier state w,p, 7).
For completeness, the relation between Wannier and Bloch
functions is given by

W (F) = Y e gy, (7). 6)
q

As a second step in deriving an effective model described
by the Hamiltonian of Eq. (1), we choose the expansion of
the many-body Hamiltonian in terms of (5) and introduce
some approximations. Our option for this picture is justified
by the fact that while considerably simpler for the practical
implementations, the use of the Wannier basis together with
the tight-binding approximation can still provide a good
description as long as the lattice is deep enough [26]. In
addition to restricting the hopping to nearest neighbors (tight-
binding), we truncate the expansion of the field operators to
include only the p bands.

As the last step of our derivation, we clarify the used
terminology. For a square lattice, the two p-band Wannier
functions at each site j are characterized by a node along
either the x or y directions. Therefore, we call atoms with
orbital wave functions w,;(¥) and wy;(r), respectively, as x
and y flavors [5], and for completeness we give their explicit
expressions

wy(F) = waj, (X)wyj, (), 7
wyi(F) = wij, (X)wa; ().

From this, the nature of the node structure becomes clear. It
is a direct consequence of the nodal structure of the Wannier
functions w,;(x) and w; j(x). An x-flavor (or equivalently p,-
orbital) atom, thus, not only has a wave function with a node
along the x direction, but also has a broader distribution along
x. Accordingly, the opposite is true for atoms in the y flavor.
This property directly affects the tunneling properties of the
atoms in this system.

Putting everything together, we can write the resulting
many-body Hamiltonian

H = Hy+ Hu, + Hrp, (8)
with the ideal part given by
Z Z lop aﬁlaﬂj + Z Z Vtrap(R )nay 9
a.f (ij)a
where Z<ij>a

. . _ PORPS BPO
direction « (o, 8 = x,y), and iiyj = Ayi0aj i3 the atom number
operator; and where the interaction terms

,M_ZZ ““’ﬁw(naJ D4 D > Uaphaiip

af.a#f

refers to the sum over nearest neighbors in the

(10)
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and

Hrp = Z Z aﬁ(aajaajaﬁlaﬂl+aﬁjagja°‘la“1) an
af,a#f

account, respectively, for the contribution of density-density
and interflavor conversion interactions. The expression for the
interaction parameters is given by

Uup = Vo [ dF g )PP (12)
and for the tunneling coefficients by

o = = [ AP wGE-T Vg, O (13)

where by j+ 1, we indicate the neighboring site of j in
the direction B, and Uy = Uyl*/E,, Vs = V4/E, are the
dimensionless interparticle strength and lattice amplitudes,
respectively. From here, after substitution of the Wannier
functions (7) into the above Eq. (13), it is straightforward
to see that contributions for the tunneling coefficient in
the direction perpendicular to the node depend uniquely on
Wannier functions of the first band (i.e., v = 1), while in the
direction of the node, it solely depends on the second-band
Wannier functions (v = 2). As a consequence, an x-flavor
atom has a larger probability of tunneling in the x direction than
in the y direction, while the opposite also holds for a y-flavor
atom. We continue discussions regarding the effects of this
anisotropic tunneling in Sec. III. Also, before proceeding with
the mean-field derivations, we make a brief comment on the
symmetries of the Hamiltonian (8). As pointed out in Ref. [5],
this Hamiltonian has an associated Z, symmetry, related to
the parity of atomic flavors: since atom scattering processes
occur in pairs, the number of x-flavor atoms N, and y-flavor
atoms N, are preserved modulo 2. Isotropic lattices support,
in addition, a symmetry corresponding to swapping of atomic
flavors x <> y. We will also discuss how this property implies
a double degeneracy of the ground state for the infinite system.

B. Mean-field Hamiltonian

Except when otherwise stated, all of our results follow
from analysis of the 2D lattice. We assume the condensate
confined in the transverse z direction, and thus at each lattice
site the system could either be purely two dimensional or form
condensed tubes with typically a few hundred atoms [27]. In
either configuration, a mean-field treatment is expected to give
a reliable picture of the relevant physics [9].

At a mean-field level, the operators d; are replaced by
the complex numbers ;. This approximation is equivalent
to assigning a coherent state at each site, |V) = ®j V) =
Q&; [Wxjs ¥yj)j such that d4j|W) = 1aj|¥). In terms of the
Fock basis, the single-site many-body wave function reads

ny

<il? 4 1Yyl Vv
|w).] :eXp< |wj| 2 |w)| )Z n 'n‘] _l’
Vixfys

where |n) i = |n,ny); represents the state of n, x-flavor atoms,
and n,, represents the y-flavor atoms at site j. Moreover, in this
language, the onsite order parameter of site j and flavor « reads
Vi = (10| 0).

(14)
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With the coherent state ansatz, we can obtain the equations
of motion for the order parameter v/, from the Euler-Lagrange

equations,
oL d oL
———|—]=0 (15)
Bwaj dt 81//;j

where the Lagrangian is given by

L = -
Y3y v
with the mean-field Hamiltonian

Hyr = — szaﬂl/fm‘ﬂm + ZZ

a.p

+ZZ
+ Z ZUaﬂnajnﬁj+ Z Z%

af.a#B j ap.a#B
X (YoiVaiVeivsi + Ve¥siVeiVei), 17
and where the Hamiltonian (8) has been normally ordered
prior to the calculation of the coherent-state expectation value.
Here the density of the flavor « is given by nqj = |1ﬁaj| and
normalization was imposed in the whole lattice as

N =Ne+ Ny =" [l + D [yl (18)
J J

d
Wajalff:i] — Hyp, (16)

I’laji’laj

x +yJ Nyj

with N accounting for the total number of atoms.

The Euler-Lagrange equations then correspond to a set of
coupled Gross-Pitaevskii equations, one for each atomic o
flavor at each site j:

. 8wx
ITJ = - Z txﬂ(I/’xj-&-lﬂ — 2% + %j—lﬁ)
Belx,y}
w’ 2 2
+7 (Xj + yj ) ij
+(Uxx|wxj |2 + 2ny|¢yj |2)jo
+(ny + UVX)III st
(19)
L 0Yy;
17” == > typWyis1, — 20 + Yyio1,)

Belx.y}

w’? 2 2
+7(xj +37) ¥

+ Uy [yi? + 2U Y515

Like all other parameters and variables, time ¢ is a dimension-
less quantity. Note also that we take all of the parameters
entering the above equations from numerically obtained
Wannier overlap integrals according to Eqgs. (12) and (13),
and consequently no harmonic approximation is imposed. This
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avoids some qualitatively wrong conclusions which can occur
with the latter assumption [11].

III. IDEAL GAS

A. Ground-state properties

Let us first investigate some features of the system in the
noninteracting case, where the free mean-field Hamiltonian is
given by

H}(S} _ Z Z tap Vi Vajt Z Z

x —l—yj Ngj.

(20)

In the absence of interflavor interactions, interflavor onsite
coherence is not established. However, within each flavor, it is
the tunneling which determines how the phases of neighboring
sites are related to each other. We thus characterize these
properties for the ground state by minimizing (20). To this end,
the expression for the onsite order parameters is taken as ¥/, =
|¥ajle’%i, and by noticing that t,y, fy, < 0 and tyy, t,x > 0,
we obtain a striped order in the phase of each flavor. More
explicitly, the phase of the x-flavor order parameter can be
expressed as ¢,j = ¢ (jx,jy) = m mod(j,,2). This means that
neighboring sites will always keep the same phase in the
direction perpendicular to the node, while in the parallel
direction the phase difference will be 7.

The discrete model (20) can in principle be solved an-
alytically by noticing that the Hamiltonian matrix has the
same structure as the one of the Mathieu equation expanded
in momentum eigenstates [28]. The solution is not very
instructive, as it is determined from the Fourier expansion
of the Mathieu functions, i.e., by the transformation matrix
between the quasimomentum and real momentum. A simple
physical picture of the influence of the trap in the discrete
model is instead better analyzed in the continuum limit
where the analytical solutions can be given in closed forms.
Here it is convenient to work with the order parameters
without phase modulation. We thus impose the correct phase
imprint responsible for rendering the striped order into the
wave-function ansatz. Under these circumstances, the phase
factors can be absorbed into the redefinition of the tunneling
coefficient, t,, — —ty,. In addition, the continuum limit
consists in Yj — Yo (x,y), and the kinetic energy transforms
as
= 2Y4i + VYaj-1, — 5 Vala,B). 2D

02
Vaj+1, 252
With this approximation, we obtain the following continuum
equations:

! Y, y) |Zxx] > [£xy] >
L —yYx(X, = | —llxxl7—= — llxyl 7>
o Y ax2 g2
@ 2
T +y )} Vu(x,y),
d 92 92 2
ZE%(X,)’) = |:_|tyy|8_y2 - |l}'x|w

w? 2 2
+ 7()6 +y )] Yy(x,),
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where x and y are dimensionless. By introducing the effective
mass meg = |lap |~1/2, and parallel and transverse frequencies

o #p,

| =w 2|l‘aﬂ|,
(23)
o=,

respectively, Eq. (22) can be written as

w1 = 0/ 2|tl,

2 2
p
px + Yy

2myy  2myy

¥ _
l&‘/fx(xvy) =

2 2
My @ Myy@
Ly =2 Lyz} Vu(x,y),  (24)

X
2 2

with a similar equation for the y flavor. We find, therefore,
that the continuum approximation reduces the system to two
2D anisotropic harmonic oscillators. It is important to stress,
though, that in order to derive Eq. (24), the striped order
must be correctly implemented. If the phase modulation is not
considered before imposition of the continuum approximation,
then the resulting Hamiltonian is not bounded from below,
and since the lattice naturally introduces a momentum cutoff
A = 7 /A at the edges of the Brillouin zone, it is a property
not present in the discrete model. The initial phase imprint is
thus a tool to circumvent this problem, where the overall effect
of the procedure translates into inversion of the p band and
shifting of its minimum to the center of the Brillouin zone.

In the continuum model, the anisotropy arising from the
different tunneling elements 7, and ¢, is directly reflected in
the direction dependence of m,g and w,g. Therefore, it follows
from this anisotropy that the continuum Gaussian ground state
will have different widths in the two directions x and y. We
use this fact to define the anisotropy parameter

Ax)?
s = | ﬁ (25)

with equivalent expression to the y flavor, and where (A, 8)* =
(B2 — (B )g, and (-), represents the expectation value taken
withrespect to ¥, (x,y). For symmetry reasons, S, S, = 1 must
hold, and thus we call the x-flavor anisotropy parameter simply
by S. This definition is general and applies to both the discrete
as well as the continuum limit. It can be used to derive an
explicit expression for the latter case,

1/4 12
tXX

Scon = | | = ﬂ s (26)
|txy | (OFN

which, as expected, predicts S = 1 for isotropic systems (i.e.,
where both directions have the same tunneling strengths).
However, generally S # 1, and therefore it reveals the ex-
istence of narrowing in the flavor density along one of the
directions. This anisotropy is a consequence of the direction
dependence of the tunneling 7,5 and is a result beyond the
LDA. Note furthermore that when the atom-atom interaction
has been neglected, N, and N, are preserved quantities and the
actual ground state of the system will be determined from the
preparation process. For a nonzero atom-atom interaction, N,
and N, are no longer independently preserved due to the term
(11), and the interaction energy is minimized with N, = N,,
as will be seen in the next section. Now we continue with
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further discussions regarding the validity and applicability of
the continuum approximation.

B. Ideal gas at finite temperatures

For the ideal gas system, represented by the Hamiltonian
(20), it is rather straightforward to calculate finite-temperature
effects, either from direct numerical diagonalization or using
the analytical solutions obtained from Fourier expansions
of Mathieu functions. Due to discretization of (20), the
eigenstates in the harmonic trap are not the same as the usual
eigenstates of the harmonic oscillator. Since implications of
this for the thermodynamics of an ideal gas are not clear, we
numerically solve the discrete 2D and also 3D Schrodinger
equations for the eigenstates, and use these as a basis to study
Bose-Einstein condensation on the p band in the presence of
a trap.

In the continuum limit described by Eq. (22), the critical
temperature for the Bose-Einstein condensation in the har-
monic trap is well known [29] and given by

To" = wg V6N /2 @7
in 2D, and in 3D by

@3D) _  (3D)
T~ = oy

[N/¢(3)]'?, (28)

with ¢£(3) &~ 1.20206, and where the trapping frequencies are
defined as averages of the effective frequencies (23) as

ol = 40/t | (29)
and
we(j‘fD) = 4w(|txx”txy|2)l/3. 30)

For bosonic gases, the number N7 of thermal (noncondensed)
atoms follows from

1
Ny = , 31

"= A T b
where 8 = E,/kpT is the inverse (dimensionless) temperature
and p is the chemical potential. Together with the eigenener-
gies E,, obtained by solving the Schrodinger equation, this can
be used to compute the critical temperature for condensation
in our lattice model. Notice, however, that while below the
critical temperature the chemical potential p is equal to
the ground-state energy, at higher temperatures it must be
determined by fixing the total atom number to N.

We compare the predictions for the critical temperature
of the continuum and lattice models in Fig. 1. As is seen,
the general result in both the 2D and 3D systems consists of
a somewhat lower critical temperature for very small atom
numbers, but substantially larger critical temperature for high
atom numbers. Such a difference is due to the different density
of states between the lattice and the continuum models.

In a trap, the transition to the condensed state is typically
associated with pronounced changes in the atomic density
distribution. A broad thermal distribution above the critical
temperature acquires a bimodal structure as a density peak
appears in the center corresponding to the macroscopic
occupation of the condensate ground state. Also, as already
discussed in the previous section, in the case of trapped p-band
atoms, the anisotropy is a new feature appearing in the density
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FIG. 1. (Color online) The critical temperature for the Bose-
Einstein condensation as a function of atom number N in a (a) 2D
system and (b) 3D system. The dashed line shows the result based
on approximating the discrete model with a continuum one, and the
solid line displays the numerically calculated results of the discrete
model. We used the dimensionless trap strength »?/2 = 0.001 and
[tex/tey] = 20.1, which is our estimate for the ratio of tunneling
strengths at V, =V, = 17.

distribution. Above the critical temperature 7., the density
distribution has the same width in the x and y directions,
but below 7, the condensate density distribution shares the
properties of the ground state, which is anisotropic due to
different tunneling strengths in different directions. We give an
example of this behavior in Fig. 2 by displaying the anisotropy
parameter (25) as a function of temperature for 1000 atoms.
Furthermore, in Fig. 3, we show the density [v,(j) are the
eigenstate wave functions]

i) = Mol + 3" — 1P 32
120 exp[B(E, —w)]—1

close to T, and at T = 0, demonstrating the appearance of
strong anisotropy (for single flavor) at low temperatures.
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FIG. 2. (Color online) The anisotropy parameter S of the 2D
density distribution as a function of the ¢,,-scaled temperature for
1000 atoms, dimensionless trap strength @?/2 = 0.001, and potential
depth V., =V, =17.

IV. INTERACTING GAS

A. Characterizing the ground state

Until now, we have not considered how interactions affect
the system’s ground-state properties. Effects stemming from
the tunneling part and the corresponding phase ordering
imposed in the minimization of the mean-field Hamiltonian
were already discussed in Sec. III. We thus complete the
characterization of the ground state of the system by repeating
this analysis to the interacting part of Hy,r. Since neighboring
sites are not coupled by the interaction term, it is enough to
consider the energy contribution within only one single site. In
an analogous procedure to the one used in the aforementioned
analysis, we substitute the expression V,j = |Vgjle’® for
the onsite order parameter of the flavor «, and the resulting
density-density and interflavor conversion parts of the mean-
field Hamiltonian follow, respectively, as

. U U
n(jn) = ;x |1//xj|4 + %hﬂyjﬁ + (ny + ny)|wxj|2|wyj|2
(33)
and
; U, + U,
il = == 1 Pl P cosl2(g — dup)l-
(34)

Here, the term accounting for the density-density interactions
is phase independent and gives no information about the onsite
phase ordering. However, the interflavor conversion term will
explicitly depend on the phase difference between the x-
and y-flavor order parameters, and accordingly, establishes an
onsite interflavor phase locking. In fact, when U,,,U,, > 0,
the onsite energy is minimized with ¢,; — ¢; = £7/2.

Now combining the above argument with the results of
Sec. III, we obtain both the onsite and intersite full phase
coherence of the condensate within the lattice. To this end, we
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FIG. 3. (Color online) The populations per site (for a single
atomic flavor) of the 2D Bose gas (a) close (kg7 /t,, =1) to
the condensation critical temperature, and (b) at 7 = 0. In both
examples, the number of atoms is 1000, dimensionless trapping
strength @?/2 = 0.001, and potential depth V, = V, = 17.

adopt the position representation of the onsite order parameter,

Vi) = Yajwyj(F) + Yyjwy(), (35)
and apply the requirements of phase locking, which yield
Yi(F) = [Yjlwe (F) £ [y lwy(F), (36)

where the £ sign alternates between neighboring sites. Note
that in the absence of a trap, flipping the sign on all of
the sites gives a new configuration with exactly the same

PHYSICAL REVIEW A 85, 033638 (2012)

energy. This characteristic degeneracy, related to the swapping
of the flavors x <> y, was already pointed out earlier. By
further considering the orthonormality property of Wannier
functions, [ d?w;j(7)11.)ﬂi(?) = 8448}, we interpret the onsite
order parameter as a spinof,

2
= , 37
Vi anm} Gn

where the spatial dependence has been absorbed into the basis
states w,j(7) and w;(7). In particular, the length of the spinor
defined in this way gives the number of atoms at site j, i.e.,
Nj = /¥l + |,;|*. For having the same properties as a
two-level system, the spinor onsite order parameter can be fully
characterized by the Bloch vector Jj = (Jj, J,j, J;j), where the
components are

Jej = Y5y + V¥,
Jyj = (¥ — Yy ¥g), (38)
Jij = Wjl” = [¥1%

In this picture, the length of the Bloch vector |Jj| = Nj
corresponds to the number of atoms at site j, J; is the
population imbalance between the two flavors, and due to
the specific phase locking in (37), we have J,j = 0. We also
point out that the Bloch vector constructed here corresponds
to a mean-field version of the Schwinger angular momentum
representation [30].

While the Bloch vector contains all of the information
about the spinor order parameter (37), it does not contain
the full information on the spatial dependence of the onsite
order parameter (36). This can be most easily investigated in
the harmonic approximation, where the Wannier functions are
replaced by harmonic eigenstates. Using this description, we
have

(ha) /= . _atn?
Vo () = [ldxolx £ildyolyle” =, (39)
with o being the effective width determined from the lattice
amplitude. Itis clear that for || = [,j], the above onsite or-
der parameter represents a vortex-antivortex state, with quan-
tization Lj"(F) = v{""(7) where L = —id,,. This is
only true, however, in the harmonic approximation and when
J;j =0. Beyond the harmonic approximation, this is not
strictly true even when J;; = 0. Nevertheless, due to the
properties of the Wannier functions, given by Eq. (7), a 7/2
phase difference between flavors implies that the condensate
density vanishes at the center of site j and that the condensate
has a vortexlike singularity in it.

B. Properties in the symmetric lattice

In the previous section, we introduced the quantities
characterizing the physical state within each site. For the
global properties, we use the anisotropy parameter as defined
in Eq. (25). We numerically solve Eq. (19) by employing the
split-operator method [31], which is based on factorization
of the time-evolution operator into spatial and momentum
parts. This implies that the method is exact only in the limit
of a vanishingly small time step. Therefore, propagation is
divided into small time steps and we verify the numerical
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accuracy by varying their size. In order to find the ground
state, we propagate an initial trial state in imaginary time
until convergence has been reached. It is generally seen that
convergence is faster if we assume an initial guess with the
phase ordering properties discussed in the previous section.
It is also important to notice that a poor choice for the initial
state may result in convergence to a local, but not global,
energy minimum. To avoid this, we compare many different
simulations where the initial trial state has been varied, and
the one with the lowest final energy is assumed to be the
ground state. The size of the grid is taken such that the atomic
population is approximately zero at the edge of the grid, and
in all simulations we consider a 2D system. The parameters of
the Hamiltonian are calculated using the numerically obtained
Wannier functions, and consequently we do not impose the
harmonic approximation.

We have seen that the tunneling and the onsite interaction
establish a phase locking according to Eq. (36). In a system
without the external trap and Uy # 0, it follows that J,; /Nj will
either be 41 or —1, and the system possesses a checkerboard
structure, i.e., an antiferromagnet state with spins alternating
between pointing in the positive or negative y direction. The
condensate will thus show the staggered vortex-antivortex
structure. Within the validity of the tight-binding and single-
band approximations, this result is exact. However, the strict
vortex quantization szl/fj(h“)(F) = j:wj(h“)(f) is only precise
in the harmonic approximation. In the presence of the trap,
the inhomogeneities in the density together with the tunneling
anisotropy typically give rise to onsite interflavor population
imbalance, which tends to break the antiferromagnetic order
and lower the onsite angular momentum per particle from
1, which is expected from a quantized vortex with angular
momentum along z.

The ground-state lattice populations |1ﬂxj|2 and |v;
for a system of V, =V, =17, @ =0.005, and UpN =1
are displayed in Figs. 4(a) and 4(b). It is clear how the
anisotropy manifests itself by rendering a condensate with a
spatially squeezed profile. In Fig. 4(c), we show the population
imbalance J;j. As we argued above, whenever J;; # 0, the
antiferromagnetic order is broken, and from the figure it is
evident that this is especially true in the edge of the condensate.
To complement the results, we also present the corresponding
Bloch vectors in Fig. 5(a). Since J,j =0, it is enough to
show the Bloch vector in the spin yz plane, J; = (0, Jy;, J;j).
By calling the horizontal axis the y-spin direction and the
vertical axis the z-spin direction, we see that in the center of
the condensate, the J,; component dominates, while at the
edge the Bloch vector no longer points along the horizontal
direction, demonstrating the breakdown of the antiferromag-
netic order in these regions. Thus, at the center of the con-
densate where J;j A~ 0, the antiferromagnetic ordering is still
present.

In Fig. 6, we show the ground-state lattice populations for a
more strongly interacting system with Uy N = 15. In this case,
interactions and trap energies are larger than the kinetic energy
and we approach the TF regime. We can see how the effects
of the anisotropic density are now smoothed and the region of
the center of the trap is enlarged. The latter also corresponds
to the region where nontrappedlike physics actually occurs, as
confirmed in Fig. 5(b) by the presence of almost horizontal

|2

PHYSICAL REVIEW A 85, 033638 (2012)

5,
0ﬁ>\.
& of
=
n
_5,
_10,
-0 -5 0 5 10
Sltes_]X

FIG. 4. (Color online) (a) and (b) show the x- and y-flavor
ground-state population, respectively. (c) gives instead the cor-
responding population imbalance J,;. The dimensionless system
parameters are V, = V, = 17, v = 0.005, and UyN = 1. Red color
(dominant in the horizontal line) indicates an excess of x-flavor atoms,
while the blue regions (dominant in the vertical axis) indicate an
excess of y-flavor atoms.

Bloch vectors. This also implies that now the ferromagnetic
order extends over more sites in the lattice.
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FIG. 5. (Color online) The Bloch vector at the different lattice
sites (the x component is strictly zero). The y-spin direction has been
chosen along the horizontal axis and the z-spin direction has been
chosen along the vertical axis. The length of the vector represents
the density, while the offset from the horizontal axis indicates the
breakdown of the antiferromagnetic order. The lattice sites are marked
by black dots. (a) gives the results where the interaction plays a minor
role, UyN = 1, while in (b), UyN = 15 and interaction cannot be
ignored. The rest of the parameters are the same as for Fig. 4.

We complete the study of the interacting system’s ground
state in the symmetric lattice by investigating the behavior
of the anisotropy parameter (25). Here, the relevant question
to be understood is related to characterization of S when the
system undergoes a transition to the TF regime. When the
kinetic energy becomes suppressed, the anisotropy should
vanish and hence S — 1. In the lattice, there are two ways
of suppressing the kinetic energy, either by increasing the
interparticle interaction strength Uy directly by making use
of Feshbach resonances, or by considering larger potential
amplitudes. The predicted behavior of S is shown in Fig. 7.
Note that increasing UyN leads to a monotonic decrease of
S until it asymptotically reaches 1. In the other case, where
variation of V =V, =V, is considered, S also approaches
1 asymptotically, but now the behavior is not monotonic.

PHYSICAL REVIEW A 85, 033638 (2012)
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FIG. 6. (Color online) Plots showing the (a) x-flavor and (b) y-
flavor ground-state populations, respectively, for the dimensionless
system parameters V, = V, = 17, w = 0.005, and UyN = 15. Due
to the larger interaction, the squeezing effect is not as pronounced in
this case compared to Fig. 4.

This anomalous and surprising behavior does not appear in
the continuum approximation. It should be noted that the
continuum limit is evaluated in the ideal limit of Uy, = 0, and
we especially have that S,,, is not approaching 1 as V. — oo.
In this limit, on the other hand, any small Uy > 0 will imply
S =1 since the kinetic term is negligible compared to the
interactions. For small and moderate V, the continuum result
(26) is found to increase monotonously for increasing values of
V. This behavior is not found for the discrete model, even for
Uy = 0. Thus, for large amplitudes, the discrete and continuum
models predict qualitatively different results for the squeezed
profile of condensate in terms of the anisotropy parameter.
We should also point out that for small amplitudes, typically
V < 5E, [26], the tight-binding approximations break down
and the results should not be taken too literally in this regime.
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FIG. 7. (Color online) The condensate anisotropy parameter S
as defined in Eq. (25) as a function of the interaction strength UyN
and the lattice amplitude V =V, = V,. Whenever the amplitude
or the interaction become large, the squeezing approaches one and
the condensate enter into the TF regime. The dimensionless trap
frequency w = 0.005.

C. Properties in the anisotropic lattice

Asymmetry in the lattice breaks the degeneracy of x and
y flavors. In order to investigate the effect of anisotropies, we
introduce the asymmetry parameter

R=_—, (40)

which controls the ratio between the lattice depths such
that R = 1 represents the symmetric lattice configuration
we discussed earlier. We have numerically verified that the
dominant effect of the asymmetry is to shift the energy levels
of the x and y flavors. By considering only a single site first,
we note that in the harmonic approximation this shift equals

A=E, —E =2J/Vi(vR - 1), (41)

where E, and E, are the energies of the onsite flavors,
ie, Eo =/ d?w;j(f)[—v + Watt(f)]waj(f), and where the
J dependence vanishes. In this single-site picture, this splitting
will have only a small effect if it is much smaller than the
characteristic interaction energy scale, Ej, ~ UgN |y |2.

The picture becomes more complicated when we consider
more sites. It can be, for example, that the region § around
R =1 in which interaction mixes the two flavors changes as
the trapping strength is varied, and, in particular, if § is small,
then the properties of the ground state may change dramatically
with small variations in the various lattice parameters. On
the other hand, if these parameters can be controlled, then
the physics around the degeneracy point might lead to novel
physics similar to the adiabatic driving considered recently in
Ref. [32]. However, it is worth pointing out that the present
model possesses an additional property, namely, that the x- and
y-flavor densities are spatially different and adiabatic driving
between the two might therefore lead to macroscopic particle
flow within the trap. While interesting, this time-dependent
aspect will be addressed elsewhere.
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FIG. 8. (Color online) The parameter J, as a function of the lattice
asymmetry parameter R, for three different trapping frequencies,
w = 0.003 (red solid line), w = 0.005 (black dashed line), and
w = 0.007 (blue dotted line). The vertical dashed thin lines indicate
the typical sizes of §, which determines the transition region where the
two atomic flavors coexist. It is clear how § is decreased when the trap
is “opened up” (decreasing w). The remaining dimensionless param-
eters are UyN = 1 and V, = 17 (meaning that V, = 17/R).

The asymmetries for our square lattice can in principle be
implemented in two ways: either by considering a lattice with
different wave vectors k. and k, or different amplitudes V,
and V,. Here we characterize the behavior of the system in the
latter process.

The sensitivity to R can be analyzed, for example, in the
value of the mean population inversion,

1
L= Z . (42)
J

If J, = —1, then the system consists of only y-flavor atoms,
and J, = +1 represents only atoms in the x flavor. Thus, J,
gives a measure of how much interaction mixes the two flavors.
In the vicinity of R = 1, the properties of J, are illustrated
in Fig. (8). It clearly shows uniquely occupied flavors in
both regions where R <1 and R > 1. Also, as expected,
the exact point R = 1 is characterized by equal sharing of
population among the two flavors, and therefore one recovers
the properties of the degenerate system. As pointed out
above, the nonzero interaction (Uy £ 0) is crucial in order to
stabilize the equal population at R = 1.

The confinement imposed by the harmonic trap implies
that we are dealing with a finite-size system. The frequency
w sets, in some sense, the system size and, as we discussed
above, it is interesting to understand how § depends on the
system size. Figure 8 depicts the variations of J, around
R =1, and it is seen how these become more dramatic
when w is decreased. More precisely, there seems to be a
one-to-one correspondence between the range § in which
|J;| <1 and w, and as w — 0, the plot indicates also that
8 — 0. This suggests (for very weakly interacting systems)
similar behavior to the one generally exhibited by systems
undergoing a first-order phase transition [33]. In addition, we
also studied the ground-state energy Eo(R) and found that
dEy(R)/dR shows a pronounced change around R = 1 as w
is decreased. We have also numerically verified that the range
& grows for increasing interaction strength Uy N, in agreement
with our earlier argument that interaction mixes the flavors.
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The above findings suggest that for weak interactions, a
careful adjustment of the lattice is required in order to study the
antiferromagnetic properties. As interactions become stronger,
the antiferromagnetic properties become more robust. In
experimental realizations, even a small temperature might
actually help to establish a phase coherence between x- and
y-flavor atoms since the energy gap between the ground and
first excited energies greatly decreases around the R = 1 point,
and in its vicinity one may expect population also of the first
excited state. We furthermore notice that for nonzero w, the
transition from one to the other extreme of J, is smooth, and
therefore by controlling the lattice amplitudes the system could
be considered for studies of the many-body Landau-Zener
transition [34] or the Kibble-Zurek mechanism [35].

V. CONCLUSION

We have investigated how a confining potential affects the
properties of bosonic atoms residing on the p bands of optical
lattices. Our focus was on the 2D square lattice with equal
lattice amplitudes in the two directions, and we restricted our
analysis to a mean-field approach. It is known that for a p-band
square lattice model, even at a mean-field level, the ground
state forms nontrivial states in terms of an antiferromagnetic
order [5,9]. As a result of the anisotropic tunneling on the p
band together with the confinement introduced by the trap,
we showed that the antiferromagnetic structure is destroyed
in the edges of the condensate. The effects of the tunneling
anisotropy are also manifest in the density profile of the atomic
cloud, yielding a spatially elongated condensate in one of the
two spatial directions, despite the isotropic trap. We showed
how this narrowing is suppressed when the kinetic energy is
lowered, either due to increasing of the strength of atom-atom
interactions and/or due to increasing the lattice amplitudes.
The same suppression was found also for the ideal gas when the
temperature is increased and thereby the properties of the gas
are greatly determined by thermal atoms. By considering un-
equal lattice amplitudes in the x and y directions, the degener-
acy on the p bands is broken, and we demonstrated that the sen-
sitivity of the ground-state properties depends strongly on the
system “size.” The results presented are for 2D lattices, but it is
understood that the general findings directly generalize to 3D
as well. In the 3D cubic case, the phase ordering can be more
complicated [9], but as in the 2D case, this ordering would also
be destroyed in the edges of the condensate in a trapped system.

One point we have not addressed concerns experimental
realizations. The main source for dissipation and decoherence
in the square lattices is the scattering of two p-band atoms
into one s-band and one d-band atom [9,23]. This process is
resonant in the harmonic approximation, while it is generally
off-resonant for actual lattices, which causes the typical life-
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time for p-band atoms to be much larger than the characteristic
tunneling times. In Ref. [23], coherence of p-band atoms
in a cubic lattice was indeed demonstrated. Alternatives for
suppressing this decay further include loading fermionic atoms
into the s band of the lattice [36] or considering experimental
setups with nonseparable lattices [19,20,37]. In the first case,
the presence of fermions in the s band prevents the bosonic
p-band atoms to occupy the lowest band due to atom-atom
interactions. Now, in configurations involving nonseparable
lattices (e.g., superlattices), few bands can be separated
from the rest and thus the role of the (p+p — s +d)
scattering becomes overshadowed. In Refs. [19,20], however,
the experimental setup gives rise to hybridization of different
flavor atoms and the analysis becomes more complex than the
one for the simple square lattice considered here.

Another important experimentally relevant question con-
cerns detection of the presented predictions. If the detection
makes no difference between x- and y-flavor atoms, then
the Bloch vector cannot be fully measured. However, in a
recent work, it was suggested how such measurements can
indeed be performed [38]. The idea utilizes Raman pulses
that rotate the spinor (37) similarly to qubit measurements
in atomic physics [39]. Moreover, in a recent experiment on
triangular lattices [27], it was demonstrated how the phase of
the condensate affects the densities in time-of-flight measure-
ments. We have numerically studied the full condensate order
parameter W(x,y), and found that coherence within single sites
is seen in W(x,y), while long-range coherence is manifested
in the momentum distribution of W(x,y). This means that
if the condensate density |W(x,y)|* is detected at different
time instants in time-of-flight measurements, then one could
in principle extract all information about the phase coherence.

We believe that entering the more strongly correlated
regime where quantum fluctuations become more important
would be of interest. The mean-field method adopted here
is not capable of capturing these effects, and we therefore
leave this investigation for the future. We especially intend
to study the “wedding cake” structure [25] formed by alter-
nating insulating Motts and superfluids in the presence of a
harmonic trap, as well as nonequilibrium properties of the
system.
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We demonstrate how the spin-1/2 XYZ quantum Heisenberg model can be realized with bosonic
atoms loaded in the p-band of an optical lattice in the Mott regime. The combination of Bose
statistics and the symmetry of the p-orbital wave functions leads to a non-integrable Heisenberg
model with anti-ferromagnetic couplings. Moreover, the sign and relative strength of the couplings
characterizing the model are shown to be experimentally tunable. We display the rich phase di-
agram in the one dimensional case, and discuss finite size effects relevant for trapped systems.
Finally, experimental issues related to preparation, manipulation, detection, and imperfections are

considered.
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Introduction.— Powerful tools developed recently to un-
ravel the physics of many-body quantum systems offer an
exciting new platform for understanding quantum mag-
netism. It is now possible to engineer different systems in
the lab that mimic the physics of theoretically challenging
spin models [1], thereby performing “quantum simula-
tions” [2]. Along these lines, systems of trapped ions and
of polar molecules are promising candidates. Trapped
ions, for example, have already been employed to sim-
ulate both small [3] and large [4] numbers of spins. In
these setups, however, sustaining control over the param-
eters becomes very difficult as the system size increases.
Furthermore, due to trapping potentials realizations are
limited to chains with up to 25 spins. It is also very dif-
ficult to construct paradigmatic spin models with short
range interactions using systems of trapped ions. Simi-
lar limitations appear when using polar molecules, where
the effective spin interactions [5, 6] are obtained from
the intrinsic dipole-dipole interactions. Due to the char-
acter of the dipolar interaction, these systems give rise to
emergent models that are inherently long range and the
resulting couplings usually feature spatial anisotropies.

Short range spin models can instead be realized with
atoms in optical lattices [1]. A bosonic system in a tilted
lattice has recently been used to simulate the phase tran-
sition in a 1D Ising model [7]. Fermionic atoms were em-
ployed to study dynamical properties of quantum mag-
netism for spin systems [8, 9]. This idea, first introduced
in Ref. [10], has also been applied to other configura-
tions, and simulation of different types of spin models
have been proposed [11]. However, due to the charac-
ter of the atomic s-wave scattering among the different
Zeeman levels, such mappings usually yield effective spin
models supporting continuous symmetries like the XXZ
model. But as the main goal of a quantum simulator is
to realize systems that cannot be tackled via analytical
and/or numerical approaches, it is important to explore
alternative scenarios that yield low symmetry spin mod-

els with anisotropic couplings and external fields.

In this paper we propose such a scenario by demon-
strating that bosonic atoms in the first excited band (p-
band) of a two-dimensional (2D) optical lattice can real-
ize the spin-1/2 XYZ quantum Heisenberg model in an
external field. Systems of cold atoms in excited bands
feature an additional orbital degree of freedom [12] that
gives rise to novel physical properties [13], which include
supersolids [14] and other types of novel phases [15], un-
conventional condensation [16], and frustration [17]. Also
a condensate with a complex order parameter was re-
cently observed experimentally [18, 19]. The dynam-
ics of bosons in the p-band include anisotropic tunnel-
ing and orbital changing interactions, where two atoms
in one orbital state scatter into two atoms in a differ-
ent orbital state. This is the key mechanism leading to
the anisotropy of the effective spin model obtained here:
These processes reduce the continuous U(1) symmetry
characteristic of the XXZ model, which would effectively
describe fermions in the p band [20], into a set of dis-
crete Zs symmetries characteristic of the XYZ model.
In addition, due to the anomalous p-band dispersions
the couplings of the resulting spin model can favor for
anti-ferromagnetic order even in the bosonic case.

We also demonstrate how further control of both the
strength and sign of the couplings is obtained by external
driving. This means that one can realize a whole class
of anisotropic XYZ models with ferromagnetic and/or
anti-ferromagnetic correlations. To illustrate the rich
physics that can be explored with this system we discuss
the phase diagram of the 1D XYZ chain in an external
field. This case exhibits ferromagnetic as well as anti-
ferromagnetic phases, a magnetized/polarized phase, a
spin-flop and a floating phase [21]. Finite size effects
relevant for the trapped case are examined via exact di-
agonalization. This reveals the appearance of a devil’s
staircase manifested in the form of spin density waves.
Finally, we discuss how to experimentally probe and ma-



nipulate the spin degrees of freedom.

p-orbital Bose system.— We consider bosonic atoms
of mass m in a 2D optical lattice of the form V(r) =
V, sin? (kyz) + V, sin?(k,y). Assuming that all atoms are
in the first excited p-orbital, the tight-binding Hamilto-
nian is
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Here dIa creates a bosonic particle in the orbital a =

Das Py at site 4, Ny o = djadi,a, and the sum is over near-
est neighbors i, j. Theﬁtunneling matrix elements are
given by £ = — [drw?(r)* [-h*V?/2m + V (r)] w(r)
where w$(r) is the Wannier function of orbital a at site
i. Note that ¢7 is anisotropic. For instance, a boson
in the p,-orbital has a much larger tunneling rate in
the z-direction than in the y-direction. The coupling
constants are given by Uy = Up [ dr [wf (r)2|ws (r)[2,
with Uy > 0 the onsite interaction strength determined
by the scattering length. The last term in (1) is the or-
bital changing term describing the flipping of a pair of
atoms from the state o’ to the state «. Note that this
term is absent in the case of fermionic atoms.

Effective spin Hamiltonian.— We are interested in the
physics of the Mott insulator phase with unit filling in the
strongly repulsive limit [¢$;[* < Upas. Projecting onto
the Mott space of singly occupied sites with the opera-
tor P the Schrodinger equation becomes HMO“P|1/)>
EP|1/)> with HMott = —PH(HQ E)"'HP. Here Q =
1— P and Hy = QHQ [22]. Since E ~ 2/U, we can
take (Ho — E)~' = Hy'.

The space of doubly occupied states of a given
site j is three-dimensional and spanned by |p.p.) =

*1/” al,10), [pypy) = 27124l 4l 10), and [p.p,) =
Jm aj, |O) In this space, it is straightforward to find Hg
from (1), and subsequent inversion yields

R L L
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with U? = Uy, Uyy — Ugy. In particular, the off-diagonal

terms in H, 0 ! derive from the orbital changing term. Us-
ing (2) we can now calculate all possible matrix elements
of Hpsort in the Mott space,
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where T = gy, and § = x. By further employ-
ing the Schwinger angular momentum representatlon
Sz = (CLT Qi — aT iGyi)s S- = Sx + zSy = a ;Gy; and

Sf = S’m - zSy = d;idm-, together with the constraint

cLJf J0zi + awayl = 1, we can (ignoring irrelevant con-

stants) map (3) onto a spin-1/2 XYZ model in an ex-
ternal field [23]

HXYZ = Z Jij [(1 + ’7)5?51; + (1
(i4)
STASES Ry 87 (4)

-7)815Y]

Here, (i,7) means summing over each nearest neighbor
pair 4,j only once. The couplings are given by J;; =

—2F Y [Usy, v = 4U2y/U2, and Ay = —4([t5;12Uy,y +
|t [?Use) /U + (|t5;1> + [t;]?) /Uy The magnetic field is
h= 42@] (1t P U — I3, |2 Uyy)/U?+ E,, — E,,, where
E, is the ons1te energy of the orbital «.

Equation (4) is a main result of this paper. It demon-
strates how p-orbital bosons in a 2D optical lattice can
realize the XYZ quantum spin-1/2 Heisenberg model.
Several interesting facts should be noted. First, ¢7; tjyZ <0
due to the symmetry of the p-orbitals [12] and there-
fore J;; > 0. Furthermore, since |y| < 1 we have anti-
ferromagnetic instead of the usual ferromagnetic cou-
plings for bosons. Also, we obtain the XYZ model when
v # 0. The presence of v can be traced to the orbital
changing term in Eq. (1), which reduces the continuous
U(1) symmetry of 5% and S¥ to a set of Z, symmetries.
The Z5 symmetries reflect the ‘parity’ conservation in the
original bosonic picture which classifies the many-body
states according to total even or odd number of atoms in
the p,- and py-orbitals. Since the orbital changing term
is absent for fermions, the XYZ model with anisotropic
coupling is a peculiar feature of bosons in the p-band. We
emphasize that the above derivation makes no assump-
tions regarding the geometry of the 2D lattice - i.e. it can
be square, hexagonal etc.

1D XYZ phase diagram.— To illustrate the rich physics
of the XYZ model, we now focus on the case of a 1D
lattice where where quantum fluctuations are especially
pronounced. Note that by increasing both the lattice
amplitude and spacing in the y-direction keeping Vykg ~
V. k2, one can exponentially suppress tunneling in the
y-direction to obtain a 1D model, while the p, and p,
orbitals are still quasi-degenerate [24]. In the 1D setting,
we will drop the ”direction” subscript ij on the coupling
constants.

For 1D, the importance of the orbital changing term
can be further illuminated, by employing the Jordan-

Wigner transformation S;” = — T ET1 8 ¢; for fermionic
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FIG. 1. (Color online) (a) Schematic phase diagram of the
XYZ chain. (b) Finite size 'phase diagram’ obtained by exact
diagonalization of 18 spins. The finite size 'phase diagram’
comprises an incomplete devil’s staircase of SDW between the
PP and AFM phases. The anisotropy parameter is v = 0.2
in (b).

operators ¢;. The result is the fermionic Hamiltonian

/T =3[ (et +eliain) +7 (Ehehr+eniacn )+
n

A AT ~ 1 ’\T ~ 1 h "T ~ 1
7 CpCn + 5 Cn+1Cn+1 — 5 + j Cp,Cn — 5 i|

(5)

We see that v # 0 leads to a pairing term that typically
opens a gap in the energy spectrum. Incidentally the
limit of A — 0 in Eq. (5) is a realization of the Kitaev
chain [25].

The schematic phase diagram is illustrated in Fig. 1
(a). At zero field, the XYZ model is integrable [26].
For large positive values of A/J the system is anti-
ferromagnetic (AFM) in the z-direction. Small val-
ues of A/J are characterized by Néel ordering in the
y—direction and the system is in the so-called spin-flop
phase (SF). The h = 0 line for large negative values of
A/J is characterized by a ferromagnetic phase (FM) in
the z-direction, and for all the cases, the limit of large
external field displays a magnetized phase (PP), where
the spins align along the orientation of the field in the z-
direction. These three phases also characterize the phase
diagram of the X XZ model in a longitudinal field [27].
However, for non-zero anisotropy v, a gapless floating
phase (FP) emerges between the SF and the AFM phases
which is characterized by power-law decay of the corre-
lations [21, 28, 29]. The transition from the AFM to the

FP is of the commensurate-incommensurate (C-IC) type
whereas the transition between the FP and SF phases is
of the Berezinsky-Kosterlitz-Thouless (BKT) type. For
A < —(1+ |v|) there is a first order transition at h = 0
between the two polarized phases. Finally, there is an
Ising transition between the PP and the SF phases.

The experimental realization of the Heisenberg model
will inevitably involve finite size effects due to the har-
monic trapping potential. Within the local density ap-
proximation, the trap renormalizes the couplings so that
they become spatially dependent [30], but this effect can
be negligible if the orbitals are small compared to the
length scale of the trap. In the regime of strong repul-
sion, the main effect of the trap is instead that it gives
rise to “wedding cake” structures with Mott regions of in-
teger filling. This effect was observed in the lowest band
Bose-Hubbard model [1], and predicted theoretically to
occur for anti-ferromagnetic systems [31]. To examine fi-
nite size effects, we have performed exact diagonalization
in a chain with 18 spins with open boundary conditions.
Figure 1 (b) displays the resulting finite size 'phase di-
agram’. The colors correspond to different values of the
total magnetization M = Zl<5’f) of the ground state.
While the PP phase and the AMF phase are both clearly
visible, the numerical results reveal a step like structure
of the magnetization in between the two phases. We at-
tribute these steps in M to a devil’s staircase structure of
spin-density-waves (SDW). As we see from Fig. 1 (b), it
is only possible to give a numerical result for the PP-SF
Ising transition. In particular, the C-IC and BKT transi-
tions are overshadowed by the transitions between SDW.
In the thermodynamic limit the staircase becomes com-
plete and the changes in M become smooth. One then re-
covers the phase diagram of Fig. 1 (a). These transitions,
between different SDW, are more pronounced for mod-
erate systems sizes. For a typical experimental system
with ~50 sites, for example, we estimate ~15 different
SDW between the AFM and PP phases.

Measurements and manipulations— While time-of-
flight measurements can reveal some of the phases [19],
single-site addressing techniques [33] will be much more
powerful when extracting correlation functions. To ad-
dress single orbital states or even perform spin rota-
tions, one may borrow techniques developed for trapped
ions [34]. Making use of the symmetries of the p,- and
py-orbitals, stimulated Raman transitions can drive both
sideband and carrier transitions for the chosen orbitals in
the Lamb-Dicke regime. These transitions can be made
so short that the system is essentially frozen during the
operation. Driving sideband transitions in this way, spin
rotations may be implemented. For example, a spin rota-
tion around z is achieved by driving the red-sidebands for
both orbitals [23]. As a result, the two p-orbitals are cou-
pled to the s-orbital in a V-configuration and in the large
detuned case an adiabatic elimination of the s-band gives
an effective coupling between the p,- and p,-orbital [35].
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FIG. 2. (Color online) Different types of models are achieved
by varying the relative tunneling strength and the relative
orbital squeezing. The three different parameter regions are:
(I) anti-ferromagnetic couplings in all spin components with
A > J(1+ |y]), (IT) ferromagnetic or anti-ferromagnetic cou-
plings in the z-component and anti-ferromagnetic in the y-
component with J(1 + |y|) > |A|, and (III) same as in (II)
but with |A| > J(14|v|). The inset shows one example of the
spin parameters Jo» = (1+7), Jyy = (1—7), and J.. = A/J
for ty/t = —0.1.

This scheme, thus, realizes an effective spin Hamiltonian
flg(f) = %S’f with Q. the effective Rabi frequencies
and Apg the detuning. Alternatively, Stark-shifting one
of the p-orbitals results in a rotation around z. Since
the spin operators do not commute, any rotation can
be realized from these two operations. Performing flu-
orescence on single orbital states by driving the carrier
transition acts as measuring S7. This combined with the
above mentioned rotations makes it possible to measure
the spin at any site in any direction [23, 34].

Tuning of couplings.— For a square optical lattice, we
have U, = U,,. Moreover, in the harmonic approxi-
mation U,y = Uy, /3, from which it follows that A < 0
and v = —1/2. This gives ferromagnetic couplings for
the z-component of neighboring spins, while the inter-
actions between z- and between the y-components have
anti-ferromagnetic couplings. We now show how the rel-
ative strength and sign of the different couplings can be
controlled by squeezing one of the orbital states. Such
squeezing can be accomplished by again driving the car-
rier transition of either of the two orbitals, dispersively
with a spatially dependent field [23]. The shape of the
drive can be chosen such that the resulting Stark shift
is weaker in the center of the sites, resulting in a nar-
rowing of the orbital. To be specific, assume that the
ratio o of the harmonic length scales of the p,- and p,-
orbitals in the y-direction is tuned. A straightforward
calculation using harmonic oscillator functions yields a =
Upe/Usy = 273231 + ¢%)3/2 )0 and B = U,, /Uy =
273/23(1 + 02)3/2. The coupling constants now depend
onoas AJJ =2t"(tY)"18/(afB — 1) +2tY(t*) " ta/(aB —
1) — (t*/tY +t¥/t*)/2 and v = —4/(af — 1). The in-
set in Fig. 2 displays the three coupling parameters as a
function of o for [t¥/tY| = 0.1. We see that the relative

size and even the sign of the couplings can be tuned by
varying o. In particular, while S’U always has AFM cou-
plings, they can be made both FM or AFM for S, and
S.. In the main part of Fig. 2, we sketch the different ac-
cessible models as a function of t¥/¢* and o. This clearly
demonstrates that one can realize a whole class of XYZ
spin chains by using this method.

Ezperimental realization.— In Ref. [18], the experimen-
tal realization of p-band bosons in an effective 1D op-
tical lattice with a life-time of several milliseconds was
reported. With an average number of approximately two
atoms per site, the atoms could tunnel hundreds of times
in the p-band before decaying. Since the main decay
mechanism stems from atom collisions [12, 32], an in-
crease of up to a factor of 5 in the lifetime is expected
when there is only one atom per site [18]. Typical val-
ues of the couplings can be estimated from the overlap
integrals of neighboring Wannier functions. Taking 8"Rb
atoms and A\jgz = 843nm, we have J/Er ~ 0.1 with
Er = h*k?/2m, and the characteristic tunneling time is
7 = h/JER ~ 500 us. Surprisingly, even deep in the
insulating state which we consider, this is a few hundred
of times smaller than the expected life-times [18] which
allows for the experimental explorations of our results.

Furthermore, the spin correlations we discuss in this
paper will emerge for temperatures kT S J ~ t2/U [10].
This presents the usual experimental challenge to obtain
low enough temperatures, which is currently being con-
fronted by several experimental groups.

A major experimental challenge is to achieve a unit
filling of the p-band. This could be achieved by having
an excess number of atoms in the p-band and then adi-
abatically opening up the trap such that the unit filling
is reached. A minority of sites will however be popu-
lated by immobile s-orbital atoms. Since the interaction
energy between s- and p-orbital atoms is higher than be-
tween two p-orbital atoms, processes involving s-orbital
atoms will be suppressed. Thus, the presence of atoms
in the s-band corresponds to introducing static disorder
in the system [23]. This may affect correlations [36], but
the qualitative physics will remain unchanged for concen-
trations close to a unit filling. A more detailed study of
this interesting effect is beyond the scope of the present
work.

Conclusions.— We showed that the Mott regime of unit
filling of bosonic atoms in the first excited band of an op-
tical lattice realizes the spin-1/2 XYZ quantum Heisen-
berg model. We then illustrated the rich physics of this
model by examining the phase diagram of the 1D case.
Finite size effects relevant to the trapped systems were
discussed in detail. We proposed a method to control the
strength and relative size of the spin couplings thereby
demonstrating how one can realize a whole class of XYZ
models. We finally discussed experimental issues related
to the realization of this model. We end by noting two
exciting prospects. First, similar treatment of the three



orbital model in cubic lattices yields an SU(3) chain [37].
Second, that recent experiments reported a ~99% load-
ing fidelity of bosons into the d-band [38], which indeed
opens possibilities to probe rich physics beyond spin-1/2
chains.
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SUPPLEMENTARY MATERIAL

DERIVATION OF THE EFFECTIVE SPIN
MODEL

We are interested in the strong coupling regime where
the system is deep in the Mott insulator phase with a
unit filling n = 1 of the lattice sites. A natural way
of analyzing this limit involves the use of projection op-
erators that divide the Hilbert space of the associated
eigenvalue problem in orthogonal subspaces according to
site occupations. We define the P and Q operators that
project, respectively, into the subspace of states with unit
occupation and into the perpendicular subspace. They
decompose the eigenvalue equation H|¥) = E|¥), with
E its associated energy, in the form

(QILP+QIQ+QIyP+QHLQ) 1) = EQIY)

(pﬁtp+thQ+Pf:IUp+PﬁU@> |\I/> = Ep|\I/>,

. (1)
where Hy is the interaction part of the Hamiltonian.
Since QH:Q, QHy P, PHy P, and PH;P all vanish, it
follows that

By further substitution of Eq. (2) in the eigenvalue equa-
tion, we are left with the Hamiltonian which describes
the one particle Mott phase of p-orbital bosons

Huorr = —PH,Q

OO EQHtP. (3)
So far this result is exact. It explicitly shows the role of
the tunneling in the system, namely of coupling the sub-
space of states where the sites have unitary occupation
with the states that have one site doubly occupied. First,
a particle tunnels, say, from the site j to j + 1, where it
interacts with another particle according to what is de-
scribed by Hy. After interaction, one of the particles is
brought back to the site j, and the final state is again
characterized by lattice sites with a unit filling.
Equation (3) is the starting point in the derivation
of the effective Hamiltonian describing the n = 1 Mott
phase of p-orbital bosons. The procedure is developed
here for an effective 1D system with dynamics along the
r-axis, but generalization to the 2D lattice is straight-
forward. Realization of the 1D configuration relies on
the adjustment of the lattice parameters, that should
contain potential wells much deeper in the y- than in
the z-axis, but in such a way that the quasi degeneracy
between the different orbital states is still maintained.
This means that |tg,|, |ty,| — 0, and furthermore due to

the strong coupling regime condition we also have that
Uaﬁ > ‘tzx|v |ty:c|a a,f = {x,y}.

Under these assumptions, the operator 1/(QHQ — E)
in Eq. (3) can be expanded to second order in t/U,g
(o, 8 = {x,y}) in analogy to the customary procedure
used for the Hubbard model at half filling [1]. In the
tight-binding regime considered here, it is enough to con-
sider the 2-site problem. The basis spanning the subspace
of states with unit filling is

Hp = {|z,2) |z, 9), |y, %), [y, 1)},

where |, 3) represents the state with an a-orbital atom
in site ¢ and a (-orbital atom in site j. The relevant
states for the doubly occupied sites is

HQ = {|O7 2$>7 |0, 2y>7 |O,xy>},

which span the intermediate states of the projection op-
eration. We notice, however, that due to the possibility
of transferring population between the different orbital
states, the projection of the Hamiltonian in the Hg sub-
space is not diagonal in this basis of intermediate states.
This is a peculiarity of the present model and derives
entirely from the flavor changing collisions. As a con-
sequence, we compute (fIQ — E)7! with fIQ = QHQ
by calculating the projected Hamiltonian in the Hg
subspace and taking its corresponding inverse. Since
E ~ t?/U,g, it is justified to ignore E and to consider

(I:IQ - EBE) '~ ﬁél Explicitly,
. Upz Uzy O
Ho=| Usy Uy 0
0 0 20U
giving
A Uyy/U2 - acy/U2 0
Hy =1 — oy /U Uyy /U? 0 ,
0 0 Usy/2
where U? = Uy, Uy, — U2,

We determine the final form of the effective Hamilto-
nian by computing the relevant matrix elements of (3).
To this end, we consider in detail all the different cases
where the resulting action of the operator Hagor of
Eq. (3) in the states of the Hp subspace yield non van-
ishing contribution.

From states of the type |a;, o)
= a0, H5'V2(0,20;)

aa ZanHQ aal|al,a]>

. U 2U,
\@ag7iaa,g< 2810, 2a,;) — '>> :Tgﬁ|ai7%‘>

the effective Hamiltonian acquires a term of the form

ZZQH ol? Uﬁﬂﬁa ey

(i,3) o



In these and the following expressions, it is understood
that 8 # «a. In the same way, from the states of the type

|aiu Bj>7

al, sia Ho'al jaa o, Bi) = al, jaa,;Hg' 0, a58;)
1
AT .
2U aa71|0 a;fj) = 2ny|0‘uﬁj>

corresponding to the operator

—ZZ

From the states of the type |8;, ;) and the following
process

-1

o 10,058;)

il a0 Ho al api|Bisoy) = @l o H

1

2U |a7f7ﬂ.]>

alaa7]|0 aJBJ> 2Uwy

the Hamiltonian gains a contribution as

Finally, we consider the states of the type |5, 5;),

6l 0, 150l s 118, y) = a5 V210,26)

~ ~ Uaa Uz 2Uz
_\/éalﬂaa7]<0v2|0,2ﬂj>(]2y|07205‘]>>_ y|0li,aj>’

that contribute to the effective Hamiltonian with a term
that changes the orbital states of the atoms in both sites

> D

(i,4) c,a#B

2t Uzy ot oo st
a iaB, 1a,8 ]aOéJ

The resulting expression for the effective Hamiltonian
corresponds thus to

2lta U P tol?
HMott_ZZ< | ‘ el Ne i a,]"‘ |2U| nom.nﬁj
(i,4) @ i

2t t Ul‘y -‘— N ~t tmty AT A P N
= 7 =7 ag a0 .a + a, ,ag ;s Qg 5
U2 0q,i08,i0y ;08,5 W,y & B,itg, %0

(4)
We now use the orbital states to define the Schwinger
spin operators

N 1 .. L
S* = i(alax azay)
St = 5% yiSv =ala, (5)

and together with the constraint of unit occupation of the
lattice sites in the n = 1 Mott phase, i.e. iz ; + 7y = 1,
we rewrite Eq. (4) as

Haton =Y (J75: 85+ 57 574+ SYSY) >~ J= 5.
(i:3) '

Thus, within the strong coupling regime, the physics of
the n = 1 Mott insulator phase is equivalent to the spin-
1/2 Heisenberg XYZ model in an external field. In terms
of the lattice parameters, the expressions for the various
couplings follow

t.t
Jo =2 TV (] 42
ny( 2
tyt U2
JU =2 2Y (1 4 4%
ny( i)
J? = 4|t$‘2Uyy +4|ty|2Uwz _ |tw|2 _ |ty‘2
U2 U2 Uzy U’Ey
40t |*U 40ty |2U e
JZ: | | vy ‘y| +(E557E;S)

U? U?

In terms of Eq. (3) of the main text, we can identify
A=—J* h=-J% and v = 74U2y/U2

SINGLE SITE ADDRESSING OF ORBITAL
STATES

Single site addressing for the present setup implies se-
lective detection/manipulation of the two orbitals. Since
the spin is encoded in external spatial degrees of free-
dom rather than internal atomic electronic states, meth-
ods like those described in Refs. [2] would not work. To
control the spatial state of the atoms at single sites we
may instead apply methods borrowed from trapped ion
physics [3]. Similar methods were already employed in
the experiment [4] in order to load bosons from the s-
band to the p-band. Miiller et al. of Ref. [4] did not,
however, consider single site addressing and more impor-
tantly they did not discuss control of the orbital degree
of freedom.

Two internal atomic electronic states, e.g. an F' =1
and an F = 2 state for 8"Rb atoms, are Raman cou-
pled with two lasers. This transition is described by the
matrix element Q;Qy(F = 2|e?K1—k2)%|F = 1) /§ where
Q; and k; are the laser amplitudes and wave vectors, re-
spectively, and § the detuning of the transitions relative
to the ancilla electronic state. The spatial dependence
of the lasers will induce couplings between vibrational
states of the atom, i.e. different bands. The time du-
ration for a m/2-pulse, for example, can be made very
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FIG. 1. (Color online) Schematic figure of coupling between
different onsite orbital states. The carrier transition acts upon
the internal atomic electronic states, while the red and blue
sideband transitions in addition lower and raise the external
vibrational state with a single phonon respectively, i.e. couple
different orbital degree of freedom.

short by making the effective Rabi frequency 2 = Q1Q4/6
large. In particular, this time can be made short on any
other time scale in the system and one can approximately
consider the system dynamics frozen during the applied
pulse. Indeed, the same assumption applies to any single
site addressing in optical lattices. Furthermore, by driv-
ing resonant two-photon transitions we do not need to
worry about accidental degeneracies between other un-
desired states.

Deep in the Mott insulator phase, as considered in
this work, we can approximate single sites with two di-
mensional harmonic oscillators with frequencies w, =
\/2V,k2 /m. The Lamb-Dicke parameters [3, 5] become
Na = kay/h/2mw,, and within the Lamb-Dicke regime
(na < 1) we can neglect multi-phonon transitions. Thus,
in one dimension we have three possible transitions: (7)
Carrier transitions - with no change in the vibrational
state, (i) red sideband transitions - which lower the vi-
brational state with one quantum, and (4ii) blue sideband
transitions - which raise the vibrational state with one
quantum. The various possibilities are demonstrated in
Fig. 1.

Since the different transitions are not degenerate, it
is possible to select single transitions by carefully choos-
ing the frequencies of the lasers. Moreover, considering
for example k1 — kg = k;, i.e. no component in the
y-direction, it is possible to only address the z-orbital.
Thus, we have a method to singly address the differ-
ent orbitals. Full control is achieved when every unitary
Rs(p) = e=9"¢_ where 8 = z, y, z and ¢ is an effective
rotation angle, can be realized. To start with the sim-
plest example, implementation of R.(p), we first note
that since we are considering the case with a single atom
per site 5% = S8~ — 1 such that it is enough to real-
ize the operation of S+8~. This is nothing but a phase
shift of one of the orbitals. This is most easily done by
driving the carrier transition off-resonantly for one of the
two orbitals. Since the driving is largely detuned it only

results in a Stark shift of the orbital.

The Rm(go) operation is preferably achieved by simul-
taneously driving off-resonantly the red sidebands of the
two orbitals. The s-band will never get populated due to
the large detuning while instead the transition between
the two orbitals can be made resonant. More precisely,
for the three involved states {|z,0,0), |0,y,0), |0,0,s)}
(with the last entry in the ket-vector being the s-orbital)
the resulting coupling Hamiltonian in the rotating wave
approzimation has the form a V-coupled system [6]

) 0 0 o
Hy=| 0 0 Q, (6)
0 Q6

where €)1 and 25 have been taken real and for now spa-
tially independent. For ¢ > 1, 2y we adiabatically
eliminate the state |0,0, s) to obtain the desired Hamil-
tonian generating the rotation R, (¢), namely
H[S%]US (7)
Note that if the Raman transition between the two
orbitals is not resonant, such an action performs a com-
bination of an z- and z-rotation. To perform y-rotations,
one could either adjust the phases of the lasers or simply
note that R,(¢) = R.(7/4)R.(p)R.(—n/4). With this
at hand, any manipulation of single site spins can be per-
formed. To measure the spin state in a given direction
one should combine the rotations with single site resolved
fluorescence (i.e. measuring S7) [7]. More precisely, since
the drive laser can couple to the two orbitals individually,
one orbital will be transparent to the laser while the other
one will show fluorescence. In other words, one measures
5% on a single site. Other directions of the spin are mea-
sured in the same way, but after the correct rotation has
been implemented to it. Furthermore, with the help of
coincident detection it is possible to also extract corre-
lators (S'ZQS'JB ) [8]. Since there is a single atom at every
site, the “parity problem” [2] of these techniques deriv-
ing from photon induced atom-atom collisions is avoided
and thereby loss of atoms will not limit our measurement
procedure. This summarizes how preparation, manipula-
tions, and detection of single site spins can be performed.
Finally we note that the methods discussed above can
be used in a broader context. For example, there is a
transition between two p-orbital atoms (one p,- and one
py-orbital atom) and one s- and the d,,-orbital atom [9)].
This transition is resonant for any parameters V,, and V,
and could in principle cause rapid decay of the p-band
state, or even Rabi-type oscillations between the bands.
We note, however, that in the experiment of Ref. [4] the
collisional decay mechanism was surprisingly small de-
spite this resonant transition. Nevertheless, one could
suppress this resonant transition to increase the life-time
even further with the technique described above: By



driving the red sideband for the two p-orbital states dis-
persively, the s- and p-bands will be repelled and thereby
this breaks the resonance condition for p, +p, — s+ duy.

EXTERNAL PARAMETER CONTROL

The ideas of the previous section can also be utilized to
change the system parameters. The simplest example is
the application of STS~ which implements a shift in the
external field h. Apart from the external field, it is also
desirable to control the coupling in the z component of
the spin, A, and especially to tune it from ferromagnetic
into anti-ferromagnetic.

Using the fact that |t,| > |t,| we have

U 1
Ax—|t? (4—— — — — . 8
| ‘ ( UmUyy - Uz Uwy> ( )

ry

This is most easily estimated in the harmonic approxi-
mation. Introducing the widths o, of the orbital wave
functions for the spatial directions o« = x, y, z, in this
limit

Uo

Upe = Uyy = 3Usy = (9)

b)
040y0

where u is an effective interaction strength (proportional
to the s-wave scattering length). We notice that even
though the use of lattice Wannier functions yields a dif-
ferent ratio between U, and U,g from what is obtained
in the harmonic limit [10], it does not affect the quali-
tative picture of the results discussed here. Using (9) in
the expression for A we find
20920yT=

A=t PRI (10)
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which yields ferromagnetic couplings for the z-component
of the spin in the harmonic approximation. This is
also the case for A computed with numerically obtained
Wannier functions for physically relevant parameters, i.e.
within the tight-binding and single-band approximations
and deep in the insulating phase.

The anti-ferromagnetic regime can be reached, how-
ever, again with techniques of trapped ion physics. In-
stead of changing h by a constant amount in all sites we
consider a Stark shift of one of the two orbitals that is
spatially dependent. This is nothing but a potential that
reshapes the lattice sites differently for the two orbitals.
In particular we can imagine squeezing of one orbital in
the y-direction. Thus, the two Wannier functions w, ()
and wy () have the same widths o, but different widths
oy. This would require driving the carrier transition with
a field that has a spatially varying (on the length scale
of the y lattice spacing) mode profile. The squeezing in
the y-direction of one orbital wave function will not affect
the tunneling rates ¢, and t,, but change both U,, and

FIG. 2. (Color online) Schematic plot of three random exper-
imental realization of the insulating state; yellow balls repre-
sent s-orbital atoms and blue ones p-orbital atoms.

Uzy. We have numerically verified that by sufficiently
strong squeezing, A becomes negative resulting in anti-
ferromagnetic z-coupling (see Fig. 2 of the main text).
The anti-ferromagnetic coupling can also be obtained be
stretching one of the orbitals in the y-direction. We note
that this manipulation also affects the anisotropy param-
eter v and therefore slightly shifts the phase boundaries
of the phase diagram. However, the qualitative structure
is not changed. As a summary, both A and A can be con-
trolled solely by external driving, i.e. without changing
the lattice parameters.

EFFECTIVE MODEL INCLUDING
IMPERFECTIONS DUE TO s-ORBITAL ATOMS

Transferring every atom from the s-band to the p-
bands is experimentally challenging. Even though the
possibility of loading atoms from the lowest band to the
d-band with 97-99% fidelity was recently reported [11],
in experiments involving the p-band approximately 20%
of the atoms remain on the lowest band [4, 12]. In the
experiment reported in Ref. [4], the loading resulted in
approximately two p-orbital atoms per site. Increasing
the lattice amplitude and opening up the trap adiabati-
cally will create an insulating state with unit filling. The
s-orbital atoms can be considered immobile since the lat-
tice amplitude will typically be around 20 recoil energies.
Thus, random sites in the lattice will be populated by
s-orbital atoms. FEnergetically it costs more energy to
doubly occupy these states with one s- and one p-orbital
atom than those with two p-orbital atoms, i.e. Ups > Uqp
where

Upe = U [ e ug () o) (11)

and w}(r) is the s-orbital Wannier function at site 1.
Repeated experimental realizations will prepare differ-
ent random configurations as illustrated in Fig. 2. The
various configurations are presumably equally probable.
If a single realization is not determined from any mea-
surement, the state will be a statistical average over all



possible configurations. That is, we integrate out the de-
grees of freedom of the s-band atoms (i.e. average over
all possible configurations constrained to a fixed ratio of
s-orbital atoms).

Let us consider two neighboring sites ¢ and j, one with
a p-orbital atom and one with an s-orbital atom. Since we
have neglected tunneling of s-orbital atoms, the only non-
vanishing terms within second order perturbation theory
are

t2
o ~ . a
U K J'aayia&j - U Ny (12)

ps ps

where o = (x, y), a5 ; is the annihilation operator for an
s-orbital atom at site j and we have used the fact that
ng; = 1. Now, since ¢, # t, it follows that the presence
of an s-orbital shifts the external field h = J, locally.
Thus, the presence of s-orbital atoms will be manifest in
local fluctuations in the external field, i.e. we obtain an
XY Z chain with disorder.

A, = S Y788+ 5y 1 SIS -3 8
i

(i,4)

For few atoms on the lowest band, this effect should not
qualitatively change the results presented in this paper.
We expect then that the disorder is irrelevant [13]. For
a larger fraction of s-orbital atoms one could expect the

disorder to become relevant and localized phases to ap-
pear [13]. This interesting topic is, however, outside the
scope of the present paper.
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