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In this poster, I will present our recent experimental observations of many-body pairing in
the normal state of a strongly interacting two-dimensional Fermi gas. We use spatially re-
solved radio-frequency spectroscopy to measure the spectral response of the system across
the BEC-BCS crossover. On the BEC side, we find that the measured pairing energy
agrees with the expected two-body binding energy. However, in the strongly interacting
crossover regime, the pairing energy deviates significantly from the two-body expectation
and more importantly exhibits a clear dependence on the local density. This indicates
that the pairing phenomena in this regime is strongly modified by many-body effects. The
fact that we observe this effect at temperatures as high as the Fermi temperature shows
that the many-body pairing phenomenon is extremely robust against thermal fluctuations.
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We demonstrate an enhancement in the vortex generation when artificial gauge potential
is introduced to condensates confined in a double well potential. This is due to the lower
energy required to create a vortex in the low condensate density region within the barrier.
Furthermore, we study the transport of vortices between the two wells, and show that the
traverse time for vortices is longer for the lower height of the well. We also show that the
critical value of synthetic magnetic field to inject vortices into the bulk of the condensate
is lower in the double-well potential compared to the harmonic confining potential.



Thermalisation of Bose-Einstein Condensates in
Two-Dimensional Magnetic Potentials
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Abstract

We have developed multiple radiofrequency (RF) dressed magnetic potentials for ultracold atoms,
forming trap geometries such as a double well or a broad single well [1]. Reducing the amplitude
of RF dressing fields can lead to two-dimensional (2D) confinement for trapped atoms [2] and
tuning other system parameters can produce homogeneous 2D potentials. Our plan is to use a
two-dimensional double well system in order to illuminate the route to thermal equilibrium of a
non-integrable closed quantum system. It is expected that 2D quantum systems thermalise since
their dynamics are sufficiently unconstrained, i.e. they are non-integrable [3]. The enhanced role
of density fluctuations makes 2D systems very different, as predictions suggest they thermalise
because of the creation of vortex-antivortex pairs, which alter phonon propagation [4]. Ultracold
quantum gases are very well suited to observe thermalisation dynamics because they can be isolated
from the environment and their dynamics can be spatially and temporally resolved. Our planned
experiments will begin with a pair of 2D, degenerate Bose gases prepared in an non-equilibrium
state via a sudden quench. We will investigate the relaxation of their relative local phase, through
interferometric measurements and high-resolution images of the density as a function of time. In
addition, our RF-dressed magnetic traps are inherently species-selective and could be extended to
investigate the effect of impurities on relaxation in quantum systems [5].
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Abstract

We examine the superradiant (SR) phase transition of Bose-Einstein condensate (BEC) by a
Laguerre-Gaussian (LG) beam of higher modes [1, 2]. Unlike the previously existing methods in
the literature, we use direct laser simulation and let the spatial profile of SR scattering to evolve
self-consistently within the equations of motions. We show that the critical value of the phase
transition fits the usual form of quantum phase transition of the Dicke superradiance model. Even
though the pump and BEC profiles initially have cylindrical symmetry, it is spontaneously broken
into rotational symmetric structures with the occurrence of rotatory SR. This is due to the fact that
LG beam transfers its orbital angular momentum to the BEC at once due to the collectivity of SR.
At the edges of these rotational structures, multiple vortices are identified, where the number of
the vortices depends on the azimuthal mode of the LG beam. At the phase transition, the bosons
self-organized themselves, associated with a phase coherence. This self-organization of bosons we
observe here is the rotational analog of the experimental findings of Esslinger and colleagues [3].
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The Physics of magnetic monopoles is quite rich. Despite it was not observed in nature,
physicists explore this richness from different point of views: Dirac in a celebrated paper
[1] explained electric charge quantization due the presence of magnetic monopoles; Wu and
Yang [2] solved the non-relativistic charge-monopole problem exactly and showed physical
arguments to eliminate the Dirac string. In the experimental side, there is also plenty of
research and the Physics of magnetic monopole was reproduced in spin ice systems [3] as
well as in quantum fields [4], synthetic magnetic fields [5] and also using metamaterials
[6]. An analogue experimental model of a magnetic monopole was created by Béché and
collaborators using a nanoscopically thin magnetic needle[7]. M6ttonen and collaborators
realized both experimental and computationally an analogue for Dirac monopole using a
Bose-Einstein condensate [8].

On the other hand, position-dependent mass (PDM) systems also have a quite rich
structure. These PDM systems can model several other quantum systems. The interplay
between PDM quantum systems and external magnetic fields was recently studied by
Dutra and Oliveira [9], but exact solution for the PDM charge-monopole system is missing
in the literature. In this work we fill this gap and look for a PDM system which can exactly
reproduce the charge-monopole wavefunctions.

In order to investigate if there exists a PDM quantum system which has the same
Physics the charge-monopole has we ask the PDM Schrédinger equation itself, we stick
the well-known Wu-Yang wavefunctions ¢y y (r) into the Schrodinger equation and then
we obtain a partial differential equation (PDE) for the mass and solve it. We look for
a mass distribution M = M (r) which yields, exactly, the 1y (r) for the non-relativistic
charge-monopole system. Our analogue model for the charge-monopole system is a scalar
PDM charged particle — which can also be interpreted as a constant mass charged particle
interacting with an effective potential — where the position-dependent mass Schrodinger
equation with M(r) is designed to be solved by 1y y (r).

We study the non-relativistic charge-monopole system when the charged particle has
a position-dependent mass M (r) = mor". We investigate mappings between the charge-
monopole system with constant mass and the charge with a position-dependent mass
solving the position-dependent mass Schrodinger equation for the mass distribution.
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We consider a two-component 2D dipolar bosonic system in the bilayer geometry. By
performing quantum Monte Carlo simulations [1] we analyze in detail static distribution
functions, kinetic and interaction energies as a function of the interlayer distance. By
reducing the layer distance and increase of the interlayer coupling we, finally, observe
formation of the dimer states. This transition is accompanied by pronounced changes
in the static properties, the off-diagonal (quasi)long-range order (superfluid response), as
well as in the spectrum of collective density modes.

The diagonal and off-diagonal components of the dynamic structure factor S, s(w, q)
are reconstructed from the imaginary time density response functions via the stochastic
optimization method [1]. During the reconstruction several power-moments are satisfied
exactly.

The excitation spectrum undergoes a gradual transition between three regimes: i) for
large layer separations two independent single-layer spectra, ii) for intermediate distances
a strongly hybridized spectrum with two characteristic in-phase and out-of-phase modes,
iii) single-layer-like spectrum of quasi-particles (double mass and dipole moment) when a
strongly bound dimer states are formed.

The dispersion law for the in-phase and out-of-phase collective modes during this
crossover is studied in detail and compared with the predictions based on the sum rules
formalism [2, 3.
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We present a theoretical study of the in-plane resistivity pq,(7") and Hall coefficient Ry (T')
within the polaronic model and precursor pairing scenario by considering a two-component
charge carrier picture in the normal state of high-temperature superconducting cuprates
(HTSC). Here we use a Boltzmann-equation approach and extended BCS-like model to
compute pa(T) and Ry (T') in the T-approximation. The opening of the pseudogap (PG)
in the normal state of the cuprates should affect their transport properties. We have found
that the transition to the PG regime and the effective conductivity of charge carriers in
the normal state are responsible for the pronounced non-linear temperature dependence
of p,y and Ry. With the two-component model analysis, we conclude that the opening
of the BCS-like PG, while the non-linear temperature dependence of p,, and Ry could
be understood as a consequence of pairing fluctuations in the PG state of cuprate super-
conductors. The calculated results for pu(7T") and Ry (7T) and were compared with the
experimental data obtained for various hole-doped cuprates. For all the considered cases,
a good quantitative agreement was found between theory and experimental data. We also
show that the energy scales of the binding energies of charge carriers are identified by PG
crossover temperature on the cuprate phase diagram.
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In the last year, the honeycomb iridates have been greatly studied since they are can-
didates to showing Kitaev interactions. Experimental results show that other additional
interactions are at play, and for example Heisenberg and further neighbour Kitaev in-
teractions have been suggested and studied [1]. Recently, the classical case of the highly
frustrated honeycomb lattice was presented in connection to these models [2]. For Heisen-
ber spins, this model shows a remarkable feature: it is a classical spin liquid with “pinch
points” in the structure factor but with a non-bipartite dual lattice. For XY spins, or-
der by disorder is at play, also showing particular features in the structure factor. In
this work, we study the classical honeycomb lattice at the maximally frustrated point
J1/2 = Jy = J3 for XY spins under an external magnetic field. At low enough temper-
atures thermal fluctuations select a sub-manifold of states. In particular, there are two
collinear pseudoplateaux at M = 1/3 and M = 2/3. The low temperature states are char-
acterized through several and different order parameters, since the system is organized in
plaquettes that retain some degeneracy. For higher values of the magnetic field the order
parameters show a Zg distribution.
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We introduce an inhomogeneous hardcore Bose Hubbard model composed of two kinds
of boson with different nilpotency conditions and different structures.

By mapping the bosonic mixture to an anisotropic inhomogeneous spin model in the
presence of a magnetic field, we study the ground state phase diagram of the model
by means of cluster mean field theory[l] and linear spin wave theory and show that
various phases such as solid, superfluid, supersolid and Mott insulator appear in the
phase diagram of the mixture. Competition between the interactions and magnetic field
causes the mixture to undergo different kinds of first and second order phase transitions.
By studying the behavior of the spin wave excitations we find the reasons of all first and
second order phase transitions.

We also obtain the temperature phase diagram of the system using cluster mean field
theory.
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We study the properties of the exactly solvable spin-1 Ising-Heisenberg diamond chain
models using the transfer matrix method [1, 2, 3, 4]. In particular, exact results for the
ground state, magnetization process, specific heat, partition function zeros and thermal
entanglement are presented. The contributions of the single-ion anisotropy, bilinear XXZ
Heisenberg, biquadratic XXZ- and Ising-Ising interaction parameters into the properties
of the models are discussed. As we show, the magnetization curves may include either
one, two or three intermediate magnetization plateaus at zero, one-third and two-thirds
of the saturation magnetization.
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The investigation of low dimensional quantum spin systems in the strongly correlated
regime represents one of the most challenging problems in condensed matter theory. I
will present recent advances made using Pseudo-fermion functional renormalization group
methods towards understanding the low-temperature physics of highly frustrated mag-
netic systems where strong quantum fluctuations lead to novel ground states such as
quantum spin liquids.
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By using variational wave functions and quantum Monte Carlo techniques, we investigate the interplay between
electron-electron and electron-phonon interactions in the two-dimensional Hubbard-Holstein model. Here, the ground-
state phase diagram is triggered by several energy scales, i.e., the electron hopping ¢, the on-site electron-electron
interaction U, the phonon frequency wg, and the electron-phonon coupling g. At half filling, the ground state
has antiferromagnetic order for U 2> 2¢?/wg, while it shows charge-density waves for U < 2¢?/wp. In addition
to these phases, for wy/t = 1, we find that a superconducting phase emerges when both U/t and 2¢%/twy are
small. Then, by increasing the value of the phonon energy, superconductivity extends along the transition line
between antiferromagnetic and charge-density-wave insulators. Away from half filling, phase separation occurs when
doping the charge-density-wave insulator, while a uniform (superconducting) ground state is found when doping the
superconducting phase. In the analysis of the finite-size effects, it is extremely important to average over over twisted
boundary conditions, especially in the weak-coupling limit and/or in the doped case.
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We study the two-dimensional (2D) ultracold Fermi gas with weak impurity in the frame-
work of mean-field theory where the impurity is introduced through Gaussian fluctua-
tions [1]. Our investigation reveals a unique manifestation of lower dimensionality in the
interaction-disorder face-off. We have also noted the characteristic difference between the
two dimensional s-wave scattering length and three dimensional s-wave scattering length
and its implication on the dirty environment. To support our observations we have studied
some of the experimentally accessible quantities such as condensate fraction and equation
of state.

[1] A. Khan, B. Tanatar, Int. J. Mod. Phys. B 31, 1750066 (2017).
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As 1s well known, the undoped copper oxides (cuprates) are
antiferromagnetic (AF) insulators and a small level of doping (e.g., x = 0.02 in
La,. Sr.CuO,; (LSCO)) leads to the disappearance of AF order, the material
undergoes a transition from an AF insulator to an unusual insulator. By further
doping, these compounds undergo insulator-to-metal transitions and they exhibit
an anomalous metallic behavior in the underdoped region [1-3]. The existence of
a normal-state gap (or pseudogap (PG)) in the excitation spectrum of the
underdoped cuprates was also observed in many experiments [3-5]. In this work
we first examine the localization of carriers near the lattice defects (impurities),
the conditions under which the metal-insulator transition (MIT) due to the strong
structural disorder occurs in doped material. The conditions for -carrier
localization or delocalization can be obtained by using the uncertainty relation
AyAp = h/2 where Ap and Ay are the uncertainties in the momentum and
coordinate of a carrier, respectively. This uncertainty relation can be written as

[6]

(hAk)® 1 Wa,
AyAE = 5

ot 20k T 40 (1)

where AE and Ak are the uncertainties in the energy and wave vector of the
carrier, m " is the effective mass of carriers, W , 1s the width of the impurity band,

a, 1s the lattice parameter of the superlattice of such defects.

I
When the impurity centers having the radius R, are distributed randomly the

disorder-indused spatial localization of carriers can drive the Anderson-type MIT
in the cuprates. Taking into account that a random potential V leads to the

uncertainties in the energy AE~V /2 and coordinate Ay~R, of carriers, we can

write the condition for Anderson localization in the form

% a, )
> 55 (2)

(=}

=

One can assume that V) would be of the order of 2E, where E, is the binding

energy of carriers bound to impurities. If the impurity centers form a simple cubic
superlattice with a, > 2R, the criterion for the Anderson MIT can be written as
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We study the dynamics of the Bogoliubov wave packet in superconductors and calculate
the supercurrent carried by the wave packet. We discover an anomalous contribution
to the supercurrent, related to the quantum metric of the Bloch wave function. This
anomalous contribution is most important for flat or quasiflat bands, as exemplified by
the attractive Hubbard models on the Creutz ladder and sawtooth lattice. Our theoretical
framework is general and can be used to study a wide variety of phenomena, such as spin
transport and exciton transport.

[1] L. Liang, S. Peotta, and A. Harju, and P. Térmé, Phys. Rev. B 96, 064511 (2017).
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Ultracold 2D Fermi gases allow to precisely characterize the interplay of a reduced di-
mensionality and strong interactions in a quantum many body system. So far, ultracold
2D Fermi gases have been studied in harmonic trapping potentials, which gives rise to
an inhomogeneous density distribution. This complicates the interpretation of non-local
quantities like correlation functions and the momentum distribution, which can only be
extracted as trap-averaged quantities. In addition, the inhomogeneous density distribu-
tion reduces the chance of creating quantum phases which are predicted to exist in only
small regions of the phase diagram.

Here, we report on the experimental realization of homogeneous 2D Fermi gases trapped
in a box potential. The radial confinement is realized by a ring-shaped blue-detuned
beam with steep walls. Additionally, a digital micro mirror device can be used to remove
residual inhomogeneities and to imprint arbitrary repulsive potentials onto the system.
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By means of the exact diagonalization method we studied the effect of a hard wall con-
finement on v = 1/2 bosonic fractional quantum Hall liquids in the lowest Landau level
approximation. As a first step, we focused on the physics characterizing edge and quasi-
hole excitations in single-edge disk-shaped geometries. We discovered that excitation
spectra of systems experiencing hard wall potentials strongly differ from those associated
with harmonically confined systems and that this kind of potentials allows to remove the
degeneracy also between edge excitations with the same angular momentum quantum
number. An interpretation of the numerical spectra in terms of single Jack polynomials
is put forward. We then extended our work to ring-shaped liquids enclosed between two
cylindrical hard walls which provide edges with opposite chiralities. Also in this case, we
can understand the numerical spectra in terms of Jack polynomials.

[1] E. Macaluso and I. Carusotto, arXiv:1706.00353, (2017).
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Despite its age, the Brezinskii-Kosterlitz-Thouless (BKT) transition remains one of the
most fascinating examples of topological phase transitions. Its universality class describes
several phenomena ranging from the quantum metal-insulator transition in one dimen-
sion to the Columb-gas screening transition in 2D, and of course the metal-to-superfluid
transition in 2D. Among real systems, the case of quasi-two-dimensional superconductors
(SC) is particularly interesting because of the interplay between the vortex-unbinding
transition and the electron inhomogeneity, which spontaneously emerges in thin SC films.
Indeed, although the BKT transition is usually protected against disorder, its fingerprints
in real system, like e.g the universal superfluid-density jump, are often at odd with this
expectation. In this work we have shown, by means of Monte Carlo simulations, that
the disorder-induced granularity of the superconducting state modifies the nucleation
mechanism for vortex-antivortex pairs leading to a considerable smearing of the universal
superfluid-density jump as compared to the paradigmatic clean case, in agreement with
experimental observations.

Finally, we have extended our study in the presence of a transverse magnetic field focusing
both on its effects on the fragmentation of the SC order parameter (effect partially similar
to increasing the disorder strength) and on the superfluid density transition.

[1] arXiv:1702.05930 (2017) I. Maccari, L. Benfatto, C. Castellani. Broadening of the
Berezinskii-Kosterlitz- Thouless transition by correlated disorder
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The enigmatic cuprate superconductors have attracted resurgent interest with several
recent reports and discussions of competing orders in the underdoped side. Motivated by
this, here we address the natural question of frality of the d-wave superconducting state
in underdoped cuprates. Using a combination of theoretical approaches we study t¢-J like
model, and discover an — as yet unexplored — instability that is brought about by an
“Internal” (anti-symmetric mode) fluctuation of the d-wave state. This new theoretical
result is in good agreement with recent STM[1, 2] and ARPES|3, 4] studies of cuprates.
We also suggest experimental directions to uncover this physics.

Yang He et. al., Science 344, 604 (2014).
M. J. Lawler et. al., Nature 466, 347 (2010).
. M. Vishik et. al., PNAS (doi: 10.1073), 1209471109 (2012).
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The ground state of a spin-orbit-coupled Bose gas in a one-dimensional optical lattice is
known to exhibit a mixed regime, where the condensate wave function is given by a su-
perposition of multiple Bloch-wave components, and an unmixed one, in which the atoms
occupy a single Bloch state. The unmixed regime features two unpolarized Bloch-wave
phases, having quasimomentum at the center or at the edge of the first Brillouin zone, and
a polarized Bloch-wave phase at intermediate quasimomenta. By calculating the critical
values of the Raman coupling and of the lattice strength at the transitions among the
various phases, we show the existence of a tricritical point where the mixed, the polarized
and the edge-quasimomentum phases meet, and whose appearance is a consequence of
the spin-dependent interaction. Furthermore, we evaluate the excitation spectrum in the
unmixed regime and we characterize the behavior of the phonon and the roton modes,
pointing out the instabilities occurring when a phase transition is approached.

[1] G.I. Martone, T. Ozawa, C. Qu, and S. Stringari, Phys. Rev. A 94, 043629 (2016).
[2] G.I. Martone, submitted to J. Low Temp. Phys.
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The quasi two-dimensional electron liquid (q2DEL), at the (001) interface between band
insulators LaAlO3 and SrTiOs, undergoes Lifshitz transition as the interface is doped
with carriers. At a critical carrier density, two new orbitals populate the Fermi level,
with a concomitant changes in the Fermi surface topology. Using dynamical mean-field
theory, formulated within a realistic three-orbital model, we study the influence of the
Lifshitz transition (LT) and local electron correlations on the electronic and transport
properties, viz., thermal conductivity, optical conductivity, Seebeck coefficient and angle
resolved photoemission spectra. We find that at a critical density, both the thermal and
dc conductivities rise sharply while the Seebeck coefficient shows a cusp. The inter-orbital
electron-electron interaction transfers spectral weight near the I' point towards lower en-
ergy, thereby reducing the critical density for LT. In the presence of external magnetic
field, the critical density further reduces due to exchange splitting. Beyond a sufficiently
large field, multiple cusps appear in the Seebeck coefficient revealing multiple LT. The
q2DEL shows another intriguing phenomenon at the interface - a positive magnetocon-
ductance (MC), i.e. decrease in electrical resistance in the presence of parallel electric (E)
and magnetic (B) fields (i.e., E x B = 0, the conventional magnetoresistance vanishes).
Interestingly, the MC undergoes a change of sign from negative to positive by tuning the
gate voltage. The physical origin of this novel phenomenon at the interface is still unclear.
In this work we use multi-orbital dynamical mean-field theory (MO-DMFT), formulated
within a realistic three-orbital model, and calculate the longitudinal MC using Kubo-
Greenwood formula. We show that the Rashba spin-orbit coupling and the multi-orbital
scattering play significant roles in determining MC.

[1] A. Joshua, J. Ruhman, S. Pecker, E. Altman and S. Ilani, Proceedings of the National
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Influence of transition metal doping on the electronic and optical properties of ReS2 and
ReSe2 monolayers

Kingsley Onyebuchi Obodo, Cecil Napthaly Moro Ouma, Joshua Tobechukwu Obodo and

Moritz Braun.

We investigate the structural, electronic and optical properties of transition metal doped
triclinic monolayered rhenium disulfide and diselenide (ReS2 and ReSe2) by means of
guantum mechanical calculations. The calculated electronic band gaps for ReS2 and ReSe2
monolayers are 1.43 eV and 1.23 eV, respectively, with both having a non-magnetic ground
state. The calculated dopant substitutional energies under both Re-rich and X(S or Se)-rich
conditions show that it is possible to experimentally synthesize transition metal doped ReX2
(where Xis S or Se) monolayer systems. We found that the presence of dopant ions (such as
V, Cr, Mn, Fe Co, Nb, Mo, Ta and W) in the ReS2 and ReSe2 monolayers significantly
modifies their electronic ground states with consequent introduction of defect levels and
modification of the density of states profile. However, it was found that Mn doped
structures show a very minute reduction of the electronic band gap. We found that a ferro-
or a non- magnetic ground state configuration was obtained depending on the choice of
dopant ions in ReS2 and ReSe2 monolayers. Cr, Fe and Co doping result in a ferro-magnetic
ground state configuration of the ReX2 structures. The calculated absorption and reflectivity
spectra show that this class of dopants causes a general increase in the absorption spectral
peaks but only a minute influence on the reflectivity. Optical anisotropy was observed
depending on whether the direction of polarization in the xy-plane is either parallel or
perpendicular.
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ABSTRACT

Strong correlation of interacting electrons has been widely studied under the single band Hubbard
model with the aid of several techniques. These numerous studies have been carried out at different
band filling. In this work, the ground state energy away from half filling in one dimension is studied
employing a simplified modification of the Lanczos technique with particular interest in how the
ground state energy affects anti-ferromagnetism. Several interaction strengths are considered both
in the positive u limit and negative u limit and the interesting case of no interaction.



Second Sound in Two-Dimensional Bose Gas: From Weakly
Interacting Regime to Strongly Interacting Regime
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Second sound is a phenomenon arising from the two-fluid nature of a superfluid, corre-
sponding to an entropy wave in which the normal component and the superfluid compo-
nent oscillate in opposite phases, propagating with a velocity which is directly related to
the superfluid fraction.

In this work, we theoretically investigate first and second sound propagating in a uni-
form two-dimensional Bose gas, using Landau’s theory of two-fluid hydrodynamics [1]
and universal thermodynamics [2]. We study the temperature and interaction strength
dependence of both sound modes and show that their behavior substantially changes as
the gas evolves from the weakly interacting to the strongly interacting regime. In partic-
ular, we find that observation of second sound from a density perturbation of the system
becomes more difficult as the interaction strength increases. We show that the behavior
of sound modes, including the discontinuity of both velocities at the critical tempera-
ture arising from the Berezinskii-Kosterlitz-Thouless jump of the superfluid density [3], is
closely related to the thermal expansion coefficient.

Since second sound provides information about the superfluid density, our results would
be useful for the experimental measurement of the superfluid density in two-dimensional
quantum gases, a purpose which has not been realized so far.

[1] L. D. Landau, J. Phys. USSR, 5, 71 (1941).
[2] N. Prokof’ev, B. Svistunov, Phys. Rev. A., 66, 043608 (2002).
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On the mode evolution study of segregated condensate mixtures in quasi-2D confinement

We present new features of low energy Bogoliubov quasiparticle excitations of a two component Bose-
Einstein condensate (TBEC) in quasi-2D geometry at zero temperature using Hartree-Fock-Bogoliubov (HFB)
formalism. We, in particular, consider the TBECs of 85Rb -*"Rb, and show specific features in the low energy
excitation spectrum as a function of the interaction strength. The appearance of a new zero energy mode is
observed due to the growth of dynamic instability in the system. Also We study the effect of anisotropic trap
geometry on the low energy Bogoliubov quasiparticle excitations of 85Rb -5"Rb TBEC at zero temperature. We
show that the introduction of radial anisotropy modifies the structure of the interface from circular to planar.

PACS numbers: 03.75.Mn,03.75.Hh,67.60.B¢,67.85.Bc



Structural, electric and transport properties of borophene and fully
hydrogenated borophene within density functional theory
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Borophene, monolayer of boron atoms, is a new two-dimensional structure that
recently has attracted attentions. I have investigated borophene and two structure
of borophane, fully hydrogenated borophene, using density functional theory with
generalized gradient approximation. Structure, projected density of states, charge
transfer, bandstructure, Fermi velocity, current-voltage diagrams and quantum
conductance of borophene and borophane are studied and compared. The results
show that borophene and table-like borophane are metal and chair-like borophane
is a semimetal with linear dispersion relation near Fermi Energy. Also, the current-
voltage characteristics show Ohmic behavior. Boron atoms of borophane are donor
and hydrogen atoms are acceptor. High Fermi velocity in chair-like borophane
makes it suitable for application in nanoelectronic devices.

[1]Z. Wang, T.-Y. Li, H.-Q. Wang, Y.-P. Feng, J.-C. Zheng, ° High anisotropy of fully
hydrogenated borophene’ Physical Chemistry Chemical Physics, vol. 18, pp. 31424, 2016.
[2]Jos¢ Eduardo Padilha, Roberto Hiroki Miwa and Adalberto Fazzio, ° Directional
dependence of the electronic and transport properties of 2D borophene and borophane’ Phys.
Chem. Chem. Phys., vol. 18, pp. 25491-25496, 2016.
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Orbital Magnetic Field on Correlated Systems in Two
Dimensions
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Non-interacting lattice fermions in a two-dimensional lattice under the presence of strong
magnetic field are found to behave strangely: a Hofstadter butterfly spectrum, a fractal
structure in quantum mechanics, arises. The spectrum depends critically [1] on the ratio
a = p/q; p and ¢ are positive integers, the ratio of the magnetic flux per plaquette to
the flux quantum). If g is a rational number, each energy band is split into ¢ subbands
by the magnetic field, revealing a recursive structure. What happens to this fractal
structure in a non-bipartite lattice such as triangular lattice and in presence of Coulomb
interaction (U)? We present one such example [1]. The magnetic field induces a charge-
gap (largest at a = 0.5) even in the absence of correlation, highlighting localization by
orbital magnetic field. Remarkably, this gap is initially suppressed by correlation (zero at
a = 0.5) and reappears for larger U in the Falicov-Kimball model (FKM). In an extended
FKM, the condensation of preformed exciton is affected by competing terms «, U and
hybridization V: interaction U exponentially enhances [2,3,4] the excitonic average (A),
field « has a localizing effect leading to a drop in A. Although, in the small V' limit there
is different role of orbital field which favours the formation of an exciton at o = 1/3 per
plaquette, thereby opening the possibility of tuning ferro-electricity via magnetic field.
We investigate the orbital effects of a strong external magnetic field on the ground-state
properties of a two-dimensional (2D) Holstein polaron, employing variational approaches
based on exact diagonalization. From the ground-state energy and the wave function,
we calculate the electron-phonon correlation function, the average phonon number, and
the Drude weight and investigate the evolution of a 2D Holstein polaron as a function of
the magnetic flux. Although the external magnetic field affects the polaron throughout
the parameter regime, we show that the magnetic field has a stronger effect on a loosely
bound (spatially extended) polaron [5]. We also find that the magnetic field can be used
as a tuning parameter, particularly for a weakly coupled polaron, to reduce the spatial
extent of a large polaron.

[1] S. Pradhan; J. Phys.: Condens. Matter 28 505502 (12pp) (2016).
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We calculate ground-state properties of fermions on a two-dimensional square lattice in
the range from few to many particles. Using first-principles quantum Monte Carlo (QMC)
methods, we determine the ground-state energy, Tan’s contact, momentum distribution,
and single-particle correlation function. We investigate those properties for systems of
N = 2.4,---,20 particles per spin flavor and for a wide range of attractive couplings.
Extending these valuable insights towards spin-polarized and mass-imbalanced fermions
proves to be a challening task, as QMC methods are subject to a sign problem in these
cases. To address this issue, we present a Complex Langevin (CL) approach to tackle such
systems based on recent methodological developments.

[1] L. Rammelmiiller, W.J. Porter, J.E. Drut, Phys. Rev. A 93(3), 033639 (2016).
[2] L. Rammelmiiller, W.J. Porter, J.E. Drut, J. Braun, arXiv:1708.03149.



Dynamical Electrical Conductivity of Graphene
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For graphene, it has been theoretically predicted and experimentally observed that DC
resistivity is proportional to 7% when the temperature is much less than Bloch-Griineisen
temperature (©pg) and T-linear in opposite case (T' > Opa) [1, 2, 3, 4, 5]. Going beyond
this case, we investigate the dynamical electrical conductivity in graphene using the pow-
erful methods the memory function formalism [6]. In the zero frequency regime, we obtain
the above mentioned behavior which was previously obtained using the Bloch-Boltzmann
kinetic equation. In the finite frequency regime, we obtain several new results: (1) the
generalized Drude scattering rate, in the zero temperature limit, shows w* behavior at
low frequencies (w < kp©pg/h) and saturates at higher frequencies. We also observed
the Holstein mechanism, however, with different power laws from that in the case of met-
als; (2) At higher frequencies, w > kp©Opg/h, and higher temperatures T' > Opq, we
observed that the generalized Drude scattering rate is linear in temperature. In addition,
several other results are also obtained. With the experimental advancement of this field,
these results should be experimentally tested.
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Finite temperature expansion dynamics of annular condensates
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We explore the effects of finite temperature on the dynamics of Bose-Einstein conden-
sates (BECs) after it is released from the confining potential. In addition, we examine the
variation in the expansion dynamics of the BECs as the confining potential is transformed
from a multiply to a simply connected geometry. To include the effects of finite temper-
atures we use the frozen thermal cloud approximation, and observe unique features of
the condensate density distribution when released from the confining potential. We find
that at 7" # 0, during the initial stages of expansion, the multiply connected condensate
has more pronounced interference rings compared to the case of zero temperature. Such
difference in the dynamical evolution is also evident for simply connected condensates.

[1] A. Roy and D. Angom, Phys. Lett. A 381, 2483 (2017).
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We have employed the diffusion Monte Carlo method, under fixed node approximation, to
investigate various ground state properties of mass-asymmetric electron-hole bilayer sys-
tem. Particularly, we have calculated the ground state energy, the condensation fraction
c and the pair correlation function g(r) at density rs = 5 a.u. for inter-planer distance d <
0.5 a.u. Based on the characteristics of condensate faction and pair correlation functions,
we found the phase transition from excitonic fluid phase to biexcitonic fluid phase at d =
0.24 a.u. Also, we have analytically calculated critical layer separation d..; for biexciton
stability whose value was almost double than the d = 0.24 a.u.
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Quantum anomalous Hall (QAH), theoretically predicted in Ref. [5], was experimentally
realized in magnetically doped TT thin films [6, 7]. In fact, magnetic ordering in TI thin
films leads to a band topology at zero external magnetic field. Although this effect has
been confirmed by other experimental groups, the theoretical background especially the
mechanism emerging such a ferromagnetism is still under debate [3, 5, 8, 9, 10, 11, 12,
13, 14]. Since the QAH experiment has been done at zero chemical potential, the role
of impurity bands in both transport properties and also mechanism of coupling between
impurities is of much importance when the chemical potential lies inside the gap.

We address the electronic structure of the surface states of topological insulator thin
films with embedded local non-magnetic and magnetic impurities. By using the T-matrix
[1, 2, 4, 15, 16, 17] to obtain the local density of electrons states and corresponding
spin resolved densities, we find that a sufficiently strong potential associated with the
single impurity generates states inside the gap. Hence, for many impurities with different
potentials one can expect the gap to be filled or, at least, strongly modified [3, 4]. We show
that the effects of the impurities can be tuned by applying an electric field between the
surface layers. The emerging magnetic states are expected to play an important role both
in ferromagnetic mechanism of magnetic topological insulators as well as in its transport
properties. The existence of these new states becomes more important when one considers
their relaxation time. The relaxation time of the impurity states is proportional to the
inverse of their self-energy which in the first Born approximation is proportional to the
bare density of states of the system. The appearance of these new peaks inside the gap
indicates that they are stable with relatively long life-times compared to bound states
outside the gap of materials known as virtual bound states.
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In this poster we present techniques central to our creation and investigation of homoge-
neous two-dimensional Fermi gases [1]. To load 2D Fermi gases both in single and double
layer configuration, we developed a method to detect the occupation of the different layers
in a single shot measurement. A repulsive ring-shaped potential with variable size and
height and minimal pertubation inside is crucial to confine the homogeneous gases. This
can be achieved with an optical setup employing three axicons. We demonstrate how the
in plane momentum distributions can be obtained using matter wave focusing and how
spin removal can mitigate interaction effects during time of flight.

Finally, we report on a novel method to calibrate high intensity absorption imaging
to high precision using relative measurements of the momentum transferred to the atoms
by the imaging light [2].

[1] Klaus Hueck, Niclas Luick, Lennart Sobirey, Jonas Siegl, Thomas Lompe, Henning Moritz,
arXiv:1704.06315.
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We examine the ground-state density distributions and collective excitations of two-
species Bose-Einstein condensates (TBECs) confined in quasi-two-dimensional (quasi-2D)
optical lattices. For this we employ the Hartree-Fock-Bogoliubov theory with Popov
approximation in the Bose-Hubbard model to analyze the quasiparticle mode evolution,
structure of mode functions and dispersion curves. We observe that the TBECs acquire
a side-by-side profile when the system is tuned from miscible to immiscible phase. The
quasiparticle energies are softened on approaching phase separation, but harden after
the phase separation and mode degeneracies are lifted. The dispersion curve of miscible
phase shows a discernible trend due to azimuthal symmetry whereas that is not the
case for the immiscible phase [1]. In addition, we show that the thermal fluctuations
enhance the miscibility of condensates and at a characteristic temperature the system
becomes miscible. The temperature driven immiscible-miscible transition is accompanied
by a discontinuity in the excitation spectrum and low-lying quasiparticle modes become
degenerate at the characteristic temperature [2].
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[2] K. Suthar, D. Angom, Phys. Rev. A 95, 043602 (2017).



Density-Wave Instability and Collective Modes in Bilayer
Dipolar Systems

B. Tanatar!, E. Akatur!, and S. H. Abedinpour?

Y (Presenting author underlined) Department of Physics, Bilkent University, Bilkent,
06800 Ankara, Turkey
2Department of Physics, Institute for Advanced Studies in Basic Sciences (IASBS),
Zanjan 45137-66731, Iran

We consider a bilayer of dipolar particles in which the polarization of dipoles is perpendic-
ular to the planes, in the antiparallel configuration. Using accurate static structure factor
S(q) data from hypernetted-chain and Fermi hypernetted-chain calculations, respectively
for an isolated layer of dipolar bosons and dipolar fermions, we construct effective screened
intralayer interactions. Adopting the random-phase approximation for interlayer interac-
tions, we investigate the instability of these homogeneous bilayer systems towards the
formation of density waves by studying the poles of the density-density response function.
We have also studied the collective modes of these systems and find that the dispersion of
their antisymmetric collective mode signals the emergence of the density wave instability
as well.
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In the work we present [1], we addressed the problem of how to treat the dimen-
sional crossover, from 3D to 2D, in a ultracold strongly interacting atomic Fermi gas.
The experimental research [2, 3] on this topic opened up the issue of finding a criterion
to characterize whether a Fermi system can be considered confined in a proper two di-
mensional regime. Due to fluctuations, highly desruptive in the low-dimensional regimes,
we proposed the interplay of hard-wall confinement, along the axial direction, partially
treated with periodic boundary conditions, while the fluctuations are included using a
beyond mean-field theory.

In the presence of strong interactions, we map out a dimensional crossover diagram in
which we derived a new criterion to distinguish the dimensional regime and the position
in the BCS-BEC crossover. The location of the maximum of the critical velocity, in the
BCS-BEC crossover is used to establish both the dimensional and interacting regimes, in
such a way the results are independent from the position of unitarity in 3D.

Moreover, we provided an experimentally viable method to probe the dimensional
crossover diagram via the density dynamic structure factor, which characterizes the low-
energy excitations of the system. Bragg spectroscopy is a viable technique to test our the-
oretical predictions, which are directly applicable to an interacting dimensional crossover
Fermi gas realized by imposing a box trapping potential in the tight confinement direc-
tion [4].
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