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Ion-induced interactions in a Tomonaga-Luttinger liquid
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We investigate the physics of a Tomonaga-Luttinger liquid of spin-polarized fermions superimposed on an
ion chain. This compound system features (attractive) long-range interspecies interactions. By means of density
matrix renormalization group techniques we compute the Tomonaga-Luttinger-liquid parameter and speed of
sound as a function of the relative atom/ion density and the two quantum defect parameters, namely, the even
and odd short-range phases which characterize the short-range part of the atom-ion polarization potential. The
presence of ions is found to allow critical tuning of the atom-atom interaction, and the properties of the system are
found to depend significantly on the short-range phases due to the atom-ion interaction. These latter dependencies
can be controlled, for instance, by manipulating the ions’ internal state. This allows modification of the static

properties of the quantum liquid via external driving of the ionic impurities.

DOI: 10.1103/PhysRevB.100.205427

I. INTRODUCTION

The quantum physics of one-dimensional (1D) interacting
systems is rather peculiar as quantum fluctuations are strong
and only collective excitations are possible, i.e., there are no
single-particle excitations typical of Fermi liquids. Because
of this, when the transverse degrees of freedom are frozen
and a system acts as if one-dimensional, counterintuitive
phenomena occur, such as fermionization (bosonization) of
bosons (fermions) [1,2], perfect “collisional transparency” of
particles [3] (equivalent to zero crossing of the two-body cou-
pling constant), enhanced interparticle interactions in a bal-
listic expansion [4], and unusual cooling mechanisms [5,6],
to mention a few. While decades ago such manifestations
were regarded as mere mathematical curiosities, the advent
of degenerate atomic quantum gases has allowed the verifi-
cation of such predictions, as the atomic confinement can be
designed via optical laser fields [7] or, alternatively, magnetic
field landscapes can be engineered by means of tailored
configurations of current-carrying wires in atom chips [8]. The
understanding of the fundamental underlying mechanisms be-
hind such phenomenology is not only of academic interest, but
also has important practical applications, as the progressive
miniaturization of electronic devices is such that, for instance,
any quantitative description of transport in extremely reduced
spatial dimensions and extremely low temperatures must be
quantum mechanical.

Very recently, experimental advances in bringing different
atomic systems together to form a hybrid quantum system
have opened new possibilities for quantum physics research
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[9]. For instance, Rydberg [10—12] or other neutral impurities
[13-20] in quantum gases allow us to study the dressing
of the atomic impurities with gas excitations and of medi-
ated interactions [21-27] as well as to utilize impurities to
probe bath correlations and temperature [28-31]. In addition,
charged or dipolar impurities in degenerate atomic gases
allow us to study polarons in the strong coupling regime
[32], to quantum simulate Frohlich-type Hamiltonians [33] as
well as extended Hubbard [34-37] and lattice gauge theories
[38]. Experiments with an ion immersed in a Bose-Einstein
condensate [39—45], and in a Fermi gas [46—49] have been
realized in recent years, albeit not yet in the deep quantum
regime of atom-ion collisions. Specifically, low-dimensional
quantum physics with impurities exhibits a variety of unusual
quantum phenomena. A few examples of this are as follows:
Bloch oscillations experienced by a moving impurity in a
strongly correlated bosonic gas without the presence of an
optical lattice potential [50], quantum flutters [51] (namely,
injected supersonic impurities that never come to a full stop),
so-called infrared-dominated dynamics [52], and clustering of
impurities [27].

Motivated by these advances and by recent experiments
that combine ytterbium ions with fermionic lithium atoms'
[47,48], we investigate the ground-state properties of a spin-
polarized fermionic quantum gas that is superimposed on an
ion chain (see Fig. 1), where the latter is treated statically.
Given the fact that the motion of the ions and their internal
states can be precisely controlled in experiments, atom-ion

"We note that currently the atom-ion species Li/Ca™ is also under
intense experimental investigations [90].
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FIG. 1. Sketch of the physical system considered in this work.
A linear ion crystal, whose ions are positively charged (big blue
spheres) and separated by a distance D, and a Tomonaga-Luttinger
liquid of ultracold atoms (indicated by the red cloud with small
spheres) that overlaps the crystal.

scattering properties can thus be manipulated. This can be use-
ful, e.g., for inducing macroscopic self-trapping or tunneling
dynamics in a bosonic Josephson junction [53-55]. Here, we
are interested in the impact of the long-ranged atom-ion polar-
ization potential on the 1D quantum fluid statical properties.
Specifically, we employ density matrix renormalization group
techniques to extract the Tomonaga-Luttinger-liquid (TLL)
parameter and the speed of sound, which fully characterize
the low-energy physics of the atomic fluid. We find that
these quantities have a significant dependence on the short-
range physics of the atom-ion scattering (i.e., short-range
phases), which can be controlled, for instance, by so-called
confinement-induced [56-58] or Fano-Feshbach resonances
[59,60]. Thus, our findings demonstrate that the quantum fluid
properties not only can be tuned by manipulating the ion
quantum state, but also that this dependence is strong. As has
been previously discussed, TLL’s of 1D Bose-Fermi mixtures
reveal a rich phase diagram [61] and our goal is to understand
how long-ranged interactions can affect the picture.

II. THEORETICAL FRAMEWORK

In this section we describe the system we study, the in-
teraction between the two atomic species and between the
fermionic atoms, as well as provide the basic ingredients of
TLL theory that will be used later in the paper.

A. System Hamiltonian

We consider an ensemble of identical ultracold atoms,
which are spin-polarized fermions, confined to one spatial
dimension in the background of an ion chain with the ions
organized as an evenly spaced Coulomb crystal. The ions are
considered static, namely, their motion is neglected, e.g., be-
cause of tight confinement or heavy ions and light atoms. We
use realistic atom-ion interactions via an accurate mapping
of quantum defect theory (QDT) to an effective interaction
potential that also includes the asymptotic power-law tail
of the atom-ion forces. For the atom-atom interactions, we
use instead effective field theory (EFT), which is valid at
low energies and amenable to numerical treatment [62]. The
Hamiltonian for N atoms in the presence of an ion chain with
N ions takes the form

Na D
1= | 2 ruw
=1 2mA
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where my, is the atom mass, p; is the atomic momentum,
U(x) is the external trap (specifically a boxlike potential),
Var(xx — X;) is the atom-ion interaction with x; and X; denot-
ing the kth atom position and the jth ion position, respectively,
and Vaa (x; — x;) is the atom-atom interaction. The atom-ion
polarization potential is caused by the interaction between the
ion electric field and the induced electric dipole of the atom.
At long distances and in quasi-1D, it can be shown that the
interaction takes the form [56]

0[62

2(x — X))
where e is the electron charge and « is the static polarizability
of the atom. The potential, which is attractive and supports

ion-bound atom states, is characterized by a characteristic
length R* and energy E*,

Varlx — X) = (2)

2 2
P L S 3)
hi 2/u(R*)?

where u is the reduced atom-ion mass. Hereafter, all lengths
are rescaled with respect to R*. As we already pointed out,
we focus on the static ion scenario and a very favorable
choice for the atom-ion pair is ®Li/!"*Yb™. This pair appears
to be the most promising to attain the ultracold regime in
radio-frequency traps [63,64], i.e., s-wave collisions between
atoms and ions. For this pair we have E*/h ~ 178.6 kHz,
R* >~ 69.8 nm, and ma /m; >~ 0.035.

Finally, the atom-atom interaction can be treated as short-
range two-body interaction with lattice EFT [62], where the
first natural nonzero term affecting spin-polarized fermions
is the lowest-order odd-wave interaction [65]. The lattice,
with a finite spacing, provides a regularization of the Cheon-
Shigehara interaction [62,66], and its coupling constant is
renormalized by fixing the atom-atom odd-wave scattering
length a,.

B. Model atom-ion potential

The previously introduced polarization potential (2) is
state independent, in that its form does not depend on the
internal electronic configuration of the atom and the ion, only
the polarizability. However, at short distances, below a few
nanometers, the form of the interaction changes to a generally
unknown form.

At that spatial range, the electronic configurations of the
two particles enter into play and render the interaction state
dependent. Such a reliance is included theoretically by assum-
ing that the only effect of the short-range part of the potential
on the atom-ion wave function is to induce phase shifts. This
effect is accounted for by introducing short-range phases ¢, ,,
which correspond to quantum defect parameters in the con-
text of quantum defect theory [56,67]. Practically, this is
handled by imposing appropriate boundary conditions in the
limit |x — X| — 0. In this limit, the polarization potential
becomes extremely dominant so that all other energies can be
neglected. In 1D such conditions are given by (X = 0) [56]

Yo(x) = |x| sin(1/]x] + ¢.), x < (R*q)~"/? @

%(x) = xsin(]/|x| + ¢0)7 x K (R*q)—]/z (5)
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with ¥, ,(x) being the even (e) and odd (o) solutions of
the scattering, respectively, and g = /2E /h* with E being
the collisional energy at threshold. The short-range phases
are free parameters which must be fixed to reproduce the
scattering phase shifts found in experiment. Furthermore, the
short-range phases fix the values of the even- and odd-wave
scattering lengths as

ajy = R* cot(¢e.o). 6)

Hence, tuning the short-range phases means to control the
above scattering lengths, and therefore the effective 1D atom-
ion interaction strength. The above QDT is cumbersome to
implement in a many-body Hamiltonian formalism. In order
to circumvent this difficulty, we use an effective interaction
that faithfully reproduces the long-distance tail of the atom-
ion potential, as well as the low-energy phase shifts. In
particular, we use the model potential [68]

1

Var(x) = voe 7 — ——
Ar(x) = vo T 1w

@)
which is characterized by three parameters: vy, y, and w. We
fix vy at 3w so that the atom wave function (almost) vanishes
atx = 0, and y is chosen such that

14 > Ymin = 4v10w. (8)

In this way, the Gaussian is kept from interfering with the
long-range part. We can systematically map the free parameter
w and the semirestricted parameter y to the quantum defect
parameters (¢., ¢,) (see Appendix A for more details). This
means that we can use this potential for numerical modeling,
while still considering the quantum defect parameters the
tunable parameters of the system.

C. Atom-atom interaction and discretization

We shall solve the many-body problem by discretizing it in
an equally spaced grid with N; sites and spacing d, giving a
total system length of L = d(N; — 1). This will be evaluated
in the continuum limit where L remains finite while d — 0.
The discrete Hamiltonian H, is chosen so that
H = lim H;.
R ®
On the lattice (grid), the kinetic part ﬁo,d becomes (as for a
Hubbard-type model)

L—-1
Hoa = —1(d) ) (@fej1 +¢l,,¢)), (10)
j=1

where we have in the continuum limit
2

h
1(d) = ——,
( ) ZmAd2

an

and ¢; (é;) is the fermionic annihilation (creation) operator at
position x;, respectively. We will consider the atoms as inter-
acting through van der Waals forces. These can be treated as
short-range two-body interactions with lattice EFT, where the
first natural nonzero term affecting spin-polarized fermions is
the lowest-order odd-wave interaction [62]. In our choice of
lattice discretization, this corresponds to a nearest-neighbor

interaction between the atoms,

v 2 N4

AA.d - AAAA

— A 12
1(d) 1—d/ap;”]”]+1 (12)

where ﬁ;\/ 'is the number operator for atoms/ions. The in-
teraction strength is related to the tunneling rate, the lattice
spacing, and the p-wave (odd-wave) scattering length a,, via

—2t(d)

Vaald) = m-
P

13)
In our calculations we work with @, = —0.1R*, corresponding
to an attractive interaction without bound states which has
strength Vaa/t =~ —1.7 (see Appendix B for details). This
particular value was chosen since it gives significant effects
while keeping numerical stability. Note that odd-wave inter-
actions may be tuned through, e.g., Feshbach resonances or
confinement-induced resonances [3,69-73].

To evaluate the ground state of the discrete Hamiltonian,
we will employ numerical variational calculations using the
density matrix renormalization group (DMRG) [74,75]. For
such calculations it is convenient to express the Hamiltonian
in the characteristic energy ¢(d ), where we combine Egs. (3)
and (11) to find the conversion factor

* 2 2
E _ (tma/md” 3456 4
t(d) (R*)? (R*)?

The effective atom-ion potential is discretized by introducing
xjj = d|i — j| and thus the full discretized Hamiltonian is

(14)

O L—1 ) N-1
a At A At A ~ SASA
=— CiCiy1+C; Cj)+ n;n;
t(d) ( J J+1 Jj+1 J) 1— d/a,, Jj i+l

which satisfies Eq. (9) up to a constant energy shift.

For the range of QDT parameters we investigate, the atom-
ion interaction supports one or two two-body bound states.
For ions in a finite lattice with open boundaries, this means we
have two type of states (see Fig. 2): states deep in the effective
atom-ion potential which would not exist in a flat potential,
corresponding to ion-bound (IB) atoms, and a discrete set
of states above the IB states similar to those found in a 1D
quantum well, which we will call trap bound (TB) since the
discretization is due to the presence of the (boxlike) trap. Note
that the TB states are still affected by the presence of the ions.
We will consider two different Na /N fillings of the system.
An fip filling, where No = N, and each atom will occupy an
IB state, and two frp fillings, where all IB states are filled
and Np atoms are added, which, because of quantum statistics,
occupy N; TB states. Two such fillings must be considered to
take into account the difference in the number of IB states.

D. Tomonaga-Luttinger-liquid theory

A system of interacting fermions in one dimension is fully
characterized at low energy by the renormalized speed of
sound u and the TLL parameter K, which is a dimensionless
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FIG. 2. A diagram of the effective potential generated by two
ions. The black line shows the total potential, in this case a box
with two ions as described by the model potential, whereas the blue
horizontal lines indicate the energy of a specific eigenstate. A blue
circle on a blue line indicates that this eigenstate has been occupied
by a fermion. The number of ion-bound states per ion depends on the
model parameters. The upper diagram shows the ion-bound (IB) and
trap-bound (TB) filling types for the case of one ion-bound state, the
lower for the case of two ion-bound states.

parameter with K < 1 for repulsive fermions, K = 1 for non-
interacting fermions, and K > 1 for attractive fermions. The
goal of our study is to investigate the impact of an ion lattice
on such parameters. From the previous discussion on fillings
we would expect the ions to act as attractive wells in the low-
filling cases fig. As the filling rises, the attraction becomes
screened by the atoms, and at high filling, frg, the atom-ion
potentials effectively become soft barriers as shown pictori-
ally in Fig. 3. The expected effects are that in the fig case,
the atoms are forced closer together, effectively increasing
their mutual attraction, i.e., the value of K would rise. In the
JfrB case, the atom-ion potential is repulsive, and the expected
effect is an induced repulsion between atoms, corresponding
to a lowering of the value of K. In all cases we would expect
a lowering of the speed of sound due to the introduction of
barriers in the fluid, corresponding to a higher effective atomic
mass. However, none of these behaviors follow trivially from
the shape of the potential. Note that the degree of all these
effects will depend on the nature of the atom-ion interaction
as determined through the short-range phases ¢ ,.

The ground-state properties of the quantum fluid can be
analyzed through the bosonized Hamiltonian

.1 o 2
H= E/ I:MK(E)X@)(X) + E(aﬁﬁ)(x) ]dx, (16)

where 6 and ¢ are the standard bosonic fields. This effective
Hamiltonian is a linearization of Eq. (1) around the Fermi
points. We will extract # and K as functions of the quantum
defect parameters, by treating the microscopic Hamiltonian
(1), in a DMRG calculation and evaluating the ground-state

Mw\//k/

T x
\
T x

FIG. 3. Filling of the lower-energy states will correspond to a
screening of the attractive part of the atom-ion potential. As shown on
this diagram, this can be understood microscopically as an effective
cancellation of the wells on either side of the ion, ultimately only
leaving a soft barrier. The expected effect in TLL terms would
be a raising of the value of K for low filling, corresponding to
induced attraction, and a lowering of the value of K for high fillings,
corresponding to induced repulsion.

A

X

properties of systems with varying quantum defect parame-
ters. This will allow us to extract the TLL parameters using
the methods outlined below. Let us stress here that the dis-
cretization has no physical significance, but it is done merely
to allow a numerical treatment of the continuous system.

Specifically, we consider that on the Nj sites of our system
there are Ny atoms and N; ions. When Na, Nf < Ny and
d < R* (i.e., low-filling factor), we can use DMRG on the
discretized system to approximate the d — 0 continuum
limit [76,77]. When we approach the thermodynamic limit
numerically

N; — 00, d = const, Na,/N; = const, 17

we can extract K from the momentum-space density-density
correlation function for the minimum lattice momentum
ko = 21 /N as [78]

K = lim 2((ako)(—ko)) — (1(ko)){fi(ko)))- (18)

Here, the expectation value is with respect to the ground
state ¢y of the fermionic system. We have used the
Fourier-transformed number operator

N
k) = flT(—k) — Ze_ik(j_j()éj'éjv (19)
j=1

with k being lattice momentum, j being the lattice site index,
and j. being the central site. To reach this limit, we use
Eq. (18) on a number of finite systems with increasing size
and constant lattice spacing, atom density, and ion density.
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We then extrapolate K to the infinite-size limit using a linear
fit (see Appendix B for further details).

In order to find u, we estimate the compressibility « of the
system, whose inverse is related to TLL theory [Eq. (18)] as
[79]

1 ur Ld’E

Kk K 2dN?
N £<E(NA +2)+EWNA—2) — 2E(NA)) 20)
T2 4 ’

where E(N,) is the energy of a system with Ny atoms. The
factor % in the second line of Eq. (20) accounts for the spin
polarization. The derivative must be approximated as a finite
difference since the number of particles is discrete, and we
use a difference of two atoms to avoid any effects which might
arise due to the differences between having an odd and an even
number of particles. By computing the ground-state energy of
the system for different numbers N, of fermions, we can thus
calculate both TLL parameters by using Eqs. (18) and (20).

Since the ions in our systems are equally spaced, effec-
tively forming a periodic potential, the noninteracting variant
can be accurately described using Bloch waves and band the-
ory [36] in the thermodynamic limit. Such a system contains
gaps between the bands at integer fillings, i.e., Ny = nV;
where n is an integer. If our system is in such a gapped
state, it cannot be modeled using TLL theory. However, we
are considering a system of interacting atoms, where the
lattice model of the atom-atom interaction (12) is inversely
proportional to the lattice spacing. By approximating the con-
tinuum with a small lattice spacing, the interaction becomes
comparably large, which can lead to a closing of said gaps,
and ensure noninsulating behavior. However, an interacting
system might still be a Mott insulator. To classify the behavior
of the systems treated, we have calculated « for each system
and extrapolated it to the thermodynamic limit. In this limit,
k — 0 for any type of insulator since the energy gap causes
the energy difference in Eq. (20) to remain finite at infinite
length. It was found that none of the systems treated exhibited
such behavior, with the smallest extrapolated value being
k = 0.16(3)(R*E*)~". From this we conclude that all systems
considered can be accurately modeled using TLL theory.

In the rest of the paper we will assume an ion density of
Ni/L = 0.25/R*. This means that in the thermodynamic limit,
the ions have a separation of D = 4R*, which for the atom-ion
pair °Li/""*Yb™ corresponds to 279.2 nm. In the case of Nj =
7, the ion spacing is D = 4.6R*, corresponding to 321.1 nm.
For the atom-ion pair “°K/!"*Yb", the ion spacing would
correspond to 1.1 um. For instance, for a "*Yb™ ion chain
with N = 7 ions and a radio frequency of 27 x 2 MHz, the
minimal separation is about 1.2 um, whereas with a radio
frequency of 2w x 10 MHz it is 398.22 nm [80]. Although
the latter frequency is higher than typical values encountered
in experiments, the quoted separations can be obtained by
just generating time-dependent fields of higher frequency.
Attempts at reaching ion separations that are currently at-
tained in trapped-ion experiments are beyond the capabilities
of our DMRG calculations. Nonetheless, since the smaller ion
separation we have considered, i.e., D = 4R*, is large enough
that the atom-ion potentials have negligible overlap (see also

TABLEI. Number of ion-bound atomic states per ion for those of
the model parameter combinations considered in this study involved
in the transition from one to two such states. This transition is marked
schematically by a dashed line in Figs. 4 to 7.

)//Vmin
w/(R*)™ 1 2 5 10
4 1 1 1 1
6 1 2 2 2
8 2 2 2 2

Fig. 2), we do not expect any qualitative differences from
increasing the separation.

III. RESULTS

The following results were obtained by using the DMRG
algorithm as outlined above. Errors on K are the 2o confi-
dence intervals in the linear fits used for extrapolation. To en-
sure the correct implementation of our method, we tested the
calculation without ions. For a,, = 0 we find the free-fermion
limit K = 1.0000(2), as expected for noninteracting atoms,
while the slightly attractive interaction a, = —0.1R* gives
K = 1.0525(9). This is similar to the result we get by ap-
proximating the fermions as hard rods [81] with length a,, in a
system with fermionic density p, Kns = (1 — pa,)* = 1.0506.
When comparing the calculated speed of sound for a free-
fermion gas with the Fermi velocity vr of the same system, we
find u/vp = 1.03(5), where the error is due to discretization.

The parameter space which gave significant effects while
being numerically feasible was found to be [82]

4

w
1< ——, — <10, 21
= (R*)74 Ymin = ( )
where the combinations
Y _2.4,6810, X =1,2,510 (22
(R*)74 Ymin

give a relatively even spread of quantum defect parameters.
Importantly, there is a transition in the number of bound states
per ion within this parameter space (see Table I). In the rest of
the text, the systems with two bound states will be said to be in
the “strong”-ion domain (since the potential has deeper wells
and higher central Gaussian), while the systems with one
bound state will be said to be in the “weak”-ion domain. In the
QDT parameter plots, Figs. 4 to 7, this transition is schemati-
cally marked with a dashed line. This is particularly relevant
for the investigation of TB states, and will be discussed
further in Sec. III B below. Note that ions located on an edge
site will always have one bound state, which is a finite-size
effect. Further technical details can be found in Appendix B.
Finally, for all plots in the following section, the points signify
calculation results and the surface is a linear interpolation.

A. Ton-bound atomic states

In Fig. 4 we show the speed of sound u of the system
of interacting atoms and ions. Generally, the presence of the
ions lowers this speed considerably compared to the Fermi
velocity of a free-fermion system, with the clearest effects
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FIG. 4. Speed of sound for ion-bound states of a system of
ions and interacting fermionic atoms with Ny = N;. All points have
errors of +0.05. The dashed line schematically marks the transition
from the weak-ion domain (above the dashed line) the strong-ion
domain (below the dashed line) (see the text for further details). The
ions significantly lower the speed, corresponding to a hindering of
collective excitations, especially in the strong domain (below the
dashed line).

in the strong domain. Since we are effectively introducing
potential wells and barriers into the system, it is to be expected
that collective excitations across the systems will be damped
by these “obstacles,” corresponding to a lower speed of sound,
or equivalently a higher effective mass of the fermions. The
introduction of ions into our system of interacting fermions
induces a significant effective attraction between the interact-
ing atoms, as shown in Fig. 5, where the K parameter varies
approximatively from 1.20 to 1.58, with a dip to 1 in the deep
weak domain (above the dashed line). This depends mostly
on ¢,, and peaks for —0.3 < ¢./m < —0.2. For values larger
than this, we see hints at a sharp dip toward the noninteracting
limit.

0.1 —
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FIG. 5. TLL parameter for a range of QDT parameters in systems
of ions and interacting fermionic atoms with filling Ny = N;. All
results have errors less than 0.02.
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FIG. 6. Luttinger-liquid parameter for a range of QDT parame-
ters in systems of ions and interacting fermionic atoms with filling
Na = 2N;. All results have errors less than £0.02.

B. Trap-bound atomic states

Due to the previously mentioned transition in the number
of IB states per ion, in order to study the behavior of a
system of TB states, we must consider different fillings in the
different domains. In the weak domain we consider the frp |
filling No = 2Ny, while in the strong domain we consider the
S filling Ny = 3Ny — 2, where two states are subtracted
due to the fact that the ions at the edges can only host one
odd-wave bound state. Figure 6 shows the frp; filling over
both domains, and with K varying between approximatively
between 1.03 and 1.08, we see that the ions barely tune it
away from the 1.05 value from the system with no ions,
with slightly induced attraction in the weak domain. Figure 7
shows the frp, filling over both domains, and with K varying
from 0.56 to 0.95 we can see a strong induced repulsion.
Remarkably, there is a smooth transition between domains
for both fillings, but drastically different K values between
the fillings, suggesting that the deciding factor in the value
of K is not the density of TB or IB states, but rather the
total number of atoms per ion. The smooth transition between

0.1

0.05+

-0.05

Odd phase ¢,/m
S

-0.15

-0.2 ‘ ‘ :
05  -04  -03 02 -0.1

Even phase ¢./m

FIG. 7. Luttinger-liquid parameter for a range of QDT parame-
ters in systems of ions and interacting fermionic atoms with filling
Na = 3Ny — 2. All results have errors less than +0.05.
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domains indicates that the difference between a low TB state
and a shallow IB state has very little influence on the physics
of our system.

C. Discussion

Taken together, Figs. 5 to 7 indicate that the effect of the
ions on the atom-atom interaction can be separated into three
different categories:

(1) Stronger attraction. This is the case when Ny = N,
and the atoms are bound relatively deep in the atom-ion
potential.

(2) No effect or slightly stronger attraction. This is the
case when Ny = 2Ny, with slightly more attraction in the weak
domain.

(3) Shift to repulsive interaction. This is the case when
Na = 3N, — 2 in the strong-ion domain, with tendency toward
the noninteracting limit in the weak domain.

As predicted in Sec. IID, we have induced attraction at
low fillings (cat. 1), which transitions over a cancellation of
attractive and repulsive effect (cat. 2) to induced repulsion at
high fillings (cat. 3). A remarkable result is the shift of K from
K > 1to K < 1, meaning that the introduction of ions causes
the initially attractive atoms to have an effectively repulsive
interaction. These results are in clear contrast to the behavior
of a TLL in a flat potential, where changing the atomic density
cannot tune the effective interaction across the free-fermion
limit [83]. To tune an initially attractive TLL into a repulsive
TLL through a change in the atom density thus requires an
inhomogeneous potential such as the one generated by an ion
chain.

The fact that the ions induce repulsion between the
fermions indicates that the atomic gas has a tendency to form
a so-called charge density wave, i.e., an ordered state. In our
setting, this means a density wave of fermionic atoms. A
similar phenomenon has been observed for a 1D Fermi gas
coupled parallel to an ion chain [33,84], where the (transverse)
atom-phonon coupling induces a Peierls instability below a
critical separation between the two quantum systems.

Current experiments with ytterbium ions and lithium atoms
[47] show very low Langevin collisional rates, thus indicating
that atoms do not occupy bound states within the ions, and so
the points 2 and 3 above are the most experimentally relevant.
Note that these effects are genuinely induced by the atom-ion
scattering physics, that is, the occurrence of one or two bound
states at threshold is a physical effect tunable by Feshbach or
confinement-induced resonances.

IV. CONCLUSIONS AND OUTLOOKS

We have investigated the ground-state properties of a
fermionic quantum fluid superimposed on a uniform ion
chain. Particularly, we have assessed the Luttinger-liquid pa-
rameters K and u, which fully characterize the ground state of
the spin-polarized Fermi gas and its low-energy excitations.
Our goal was to analyze the reliance of the TLL parameters
on the short-range phases of the atom-ion scattering. To this
aim, we performed numerical density matrix renormalization
group simulations on a high-resolution discretized fermionic
Hamiltonian modeling a static linear ion chain. Thus, we

have been able to map the Luttinger-liquid parameters to the
two short-range phases characterizing the atom-ion polariza-
tion potential. By changing these scattering parameters, e.g.,
via external driving of the ionic impurities, we have shown
that the Luttinger-liquid parameters can be tuned within a
broad range of values. While the speed of sound is generally
decreased, corresponding to a hindering of collective exci-
tations by the ions, the interaction as measured by K has
a more intricate behavior. Depending on the density of the
initially weakly attractive atoms, changing the ion scattering
parameters can tune the interaction within a repulsive regime,
an attractive regime, or have completely negligible effect.
The result of most immediate experimental relevance is the
induced repulsion.

Finally, future work could address the dimensional
crossover by replacing the setup we investigated purely in
1D with an atomic waveguide, where the motional transverse
degrees of freedom are taken into account, too. Recently
the analytical solution of the 3D scattering problem of a
trapped atom interacting with an array of contact potentials,
i.e., representing the static scattering centers akin to the ions,
was presented [85]. Hence, one could solve the many-particle
problem using this analytical solution and investigate the
impact of the transverse confinement of the atoms on the TLL
parameters and excitation spectrum of the liquid in order to
understand the interplay between external confinement and
impurity-atom scattering characteristics. An alternative ap-
proach could be by means of bosonization techniques, where
the transverse modes are coupled [86]. Moreover, another
interesting research direction is to study the role of spatial
inhomogeneities in the impurity-atom interaction strength,
thus adding controlled disorder in the system.
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APPENDIX A: MODEL POTENTIAL

For the sake of numerical efficiency, we have chosen the
atom-ion model potential parameters within the range

4

w
1< —, — < 10.
= (R*)74 Ymin =

(A1)

2See https://hpc.uni.lu
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The mapping between the QDT parameters, i.e., short-range
phases, and model potential parameters is performed by fol-
lowing this procedure:

(1) We choose some values for w and y within the range
outlined above as well as E = k? (all parameters are in units of
E* and R*), the latter of which must be small (i.e., in the low-
energy limit), but positive. We then use the Numerov method
[88] to solve the Schrodinger equation for the two-body atom-
ion problem for this potential by iterating the wave function
from x = 0 to x > R*.

(2) We determine the phase shifts &, of the solution
at large distances, i.e., far from the ion, by comparing the
logarithmic derivative of the solution to a plane-wave solution
atx = xo > R¥,

k4 A, cot(kxo)
cot(§..0) = —Aco + kcot(kxy)’ "
a = esydy| 3
! 1/fe,o(x) X=X

(3) We test QDT solutions of different ¢, , and determine

the corresponding phase shifts as in the previous step 2.

(4) We compare the phase shift, &, ,(¢.,), obtained via
QDT for a certain pair of short-range phases ¢, , with the
sample of phase shifts &, ,(w, ), obtained with the model
potential for various parameters w, y. The one that is most
similar to &, ,(¢.,,) gives the mapping.

We note that the last step of this procedure always yields
a numerical error, i.e., the difference between the QDT result
and the model potential will be around 10~'2. We also note
that for perfect precision in the mapping, the atom-ion wave
function would have to be zero at the ion position. This is only
true for the model potential to a good approximation since the
model parameter vy is finite.

APPENDIX B: DMRG CALCULATIONS AND
EXTRAPOLATION

The DMRG solutions were found by using the implemen-
tation from the ITENSOR library [89]. The time taken and ac-
curacy achieved depends on a number of supplied parameters:

Sweeps. The number of sweeps to achieve convergence
depends heavily on the size and complexity of the system of
interest, ranging from ~100 for small atom-only systems with
simple interactions, to 1000-2000 for large atom-ion systems
with many atoms and all interactions turned on.

Cutoff. DMRG uses a singular value decomposition (SVD)
procedure, where all singular values below this cutoff
value are truncated. The value was kept similar to that of
Refs. [76,77], namely, ~10713.

Maximum bond dimension. It was found that setting this
value at 1000 gives a good convergence time.

The ITENSOR implementation automatically converts com-
mon operators into matrix product operators (MPOs). This
renders the implementation of the Hamiltonian as well as the
extraction of the ground-state energy and the density profile

. ele
(p(x;)) = WolTllﬂo)

rather simple. A straightforward way to confirm that the algo-
rithm has converged is to check the symmetry of the density

(B1)

1 : : - .
O DMRG data
0.9F| — — Linear fit ]
- /O/
g 0.8} o =) 4
= 0.7} DOD@ 1
W -0
06 — — J
|
0.5679 + 0.01689
0.5} 4
0 2 4 6 8
1/N; x1074

FIG. 8. An example of values of K(N;) for trap-bound systems
with constant atom and ion densities, constant lattice separation,
and different sizes (as measured by number of lattice points Nj).
To calculate K = limy,_,o K(N;) we apply to finite systems and
extrapolate the results to the infinite-size limit 1/N; — O using a
linear fit. The value of K in the limit is shown with an error which
is the 20 confidence interval on the fit. This example has w =
10(R*)™, ¥ = ¥min» and @ = 0.1R*, and Ny = 3NV, — 2.

profile. The true ground state will be completely symmetric
around the center of the trap, but it was found that the DMRG
algorithm would only return states with symmetric density
profiles once it had completely converged.

The parameter space which gave significant effects while
being numerically feasible was found to be (21), whereas
the combinations (22) give a nice spread of quantum defect
parameters. Smaller parameters would make the features of
the potential too weak, while larger parameters tend to give
a nonsmooth potential, requiring a finer lattice to properly
resolve. Within this parameter range it was found that a
lattice constant of d ~ 0.01R* with ~400 sites per ion was
a minimum for reliable calculations. Extrapolation was done
from the results of calculations with 5 to 12 ions, a density of
Ni/L = 0.25/R*, and a lattice separation of d = 0.01667R*
(see Fig. 8). Since the data points cluster closer together
toward 1/N; — 0, and to have more efficient calculations,
it was chosen to only extrapolate using Ny =5,6,7,9, 12,
which still gives a reliable extrapolation. For w/(R*)™* < 5,
the N; = 5 results were found to be unreliable and had to
be excluded from the extrapolation. The remaining points
sufficed for reliable extrapolation.

The main system of interest in this paper is that with
trap-bound filling and nonzero atom-atom interactions. It is,
however, noteworthy that the extrapolation procedure failed
for the ion-bound filling when atom-atom interactions were
neglected (i.e., Vaa = 0). One would expect this to be a
simpler system to work with, but our numerical procedure
failed in this case. Extraction of K using Eq. (18) can be
readily done by seeing that the sum is symmetric around j,,
meaning the imaginary parts of the exponential cancel, and
one is left with

Ny
ak) = A(—k) = ) coslk(j — joleje;.  (B2)
j=1
which is real and even, and which can be converted to an MPO

and applied to the ground state before calculating the overlap
in Eq. (18).

205427-8



ION-INDUCED INTERACTIONS IN A ...

PHYSICAL REVIEW B 100, 205427 (2019)

[1] M. D. Girardeau, J. Math. Phys. 1, 516 (1960).

[2] M. D. Girardeau and A. Minguzzi, Phys. Rev. Lett. 96, 080404
(2006).

[3] M. Olshanii, Phys. Rev. Lett. 81, 938 (1998).

[4] E. H. Lieb and W. Liniger, Phys. Rev. 130, 1605 (1963).

[5] B. Rauer, P. Grisins, 1. E. Mazets, T. Schweigler, W. Rohringer,
R. Geiger, T. Langen, and J. Schmiedmayer, Phys. Rev. Lett.
116, 030402 (2016).

[6] M. Schemmer and 1. Bouchoule, Phys. Rev. Lett. 121, 200401
(2018).

[7]1 R. Grimm, M. Weidemiiller, and Y. B. Ovchinnikov, Adv. At.
Mol. Opt. Phys. 42, 95 (2000).

[8] Atom Chips, edited by J. Reichel and V. Vuletic (Wiley, Wein-
heim, 2011).

[9] M. Tomza, K. Jachymski, R. Gerritsma, A. Negretti, T. Calarco,
Z. ldziaszek, and P. S. Julienne, Rev. Mod. Phys. 91, 035001
(2019).

[10] R. Schmidt, H. R. Sadeghpour, and E. Demler, Phys. Rev. Lett.
116, 105302 (2016).

[11] F. Camargo, R. Schmidt, J. D. Whalen, R. Ding, G. Woehl,
S. Yoshida, J. Burgdorfer, F. B. Dunning, H. R. Sadeghpour,
E. Demler, and T. C. Killian, Phys. Rev. Lett. 120, 083401
(2018).

[12] R. Schmidt, J. D. Whalen, R. Ding, F. Camargo, G. Woehl,
S. Yoshida, J. Burgdorfer, F. B. Dunning, E. Demler, H. R.
Sadeghpour, and T. C. Killian, Phys. Rev. A 97, 022707 (2018).

[13] N. Spethmann, F. Kindermann, S. John, C. Weber, D.
Meschede, and A. Widera, Phys. Rev. Lett. 109, 235301 (2012).

[14] J. Catani, G. Lamporesi, D. Naik, M. Gring, M. Inguscio,
F. Minardi, A. Kantian, and T. Giamarchi, Phys. Rev. A 85,
023623 (2012).

[15] M. Cetina, M. Jag, R. S. Lous, J. T. M. Walraven, R. Grimm,
R. S. Christensen, and G. M. Bruun, Phys. Rev. Lett. 115,
135302 (2015).

[16] M. Cetina, M. Jag, R. S. Lous, I. Fritsche, J. T. M. Walraven, R.
Grimm, J. Levinsen, M. M. Parish, R. Schmidt, M. Knap, and
E. Demler, Science 354, 96 (2016).

[17] N. B. Jgrgensen, L. Wacker, K. T. Skalmstang, M. M. Parish, J.
Levinsen, R. S. Christensen, G. M. Bruun, and J. J. Arlt, Phys.
Rev. Lett. 117, 055302 (2016).

[18] M.-G. Hu, M. J. Van de Graaff, D. Kedar, J. P. Corson,
E. A. Cornell, and D. S. Jin, Phys. Rev. Lett. 117, 055301
(2016).

[19] M. Hohmann, F. Kindermann, B. Génger, T. Lausch, D. Mayer,
F. Schmidt, and A. Widera, EPJ Quantum Technol. 2, 23 (2015).

[20] F. Schmidt, D. Mayer, Q. Bouton, D. Adam, T. Lausch, N.
Spethmann, and A. Widera, Phys. Rev. Lett. 121, 130403
(2018).

[21] J. Chen, J. M. Schurer, and P. Schmelcher, Phys. Rev. Lett. 121,
043401 (2018).

[22] J. Chen, J. M. Schurer, and P. Schmelcher, Phys. Rev. A 98,
023602 (2018).

[23] J. J. Kinnunen, Z. Wu, and G. M. Bruun, Phys. Rev. Lett. 121,
253402 (2018).

[24] A. Camacho-Guardian and G. M. Bruun, Phys. Rev. X 8,
031042 (2018).

[25] A. Camacho-Guardian, L. A. Pefia Ardila, T. Pohl, and G. M.
Bruun, Phys. Rev. Lett. 121, 013401 (2018).

[26] S. I. Mistakidis, G. C. Katsimiga, G. M. Koutentakis, and P.
Schmelcher, New J. Phys. 21, 043032 (2019).

[27] A. S. Dehkharghani, A. G. Volosniev, and N. T. Zinner, Phys.
Rev. Lett. 121, 080405 (2018).

[28] Y. Sherkunov, B. Muzykantskii, N. d’Ambrumenil, and B. D.
Simons, Phys. Rev. A 79, 023604 (2009).

[29] C. Kollath, M. Kohl, and T. Giamarchi, Phys. Rev. A 76, 063602
(2007).

[30] J. F. Rodriguez-Nieva, K. Agarwal, T. Giamarchi, B. L
Halperin, M. D. Lukin, and E. Demler, Phys. Rev. B 98, 195433
(2018).

[31] M. Mehboudi, A. Lampo, C. Charalambous, L. A. Correa,
M. A. Garcfa-March, and M. Lewenstein, Phys. Rev. Lett. 122,
030403 (2019).

[32] W. Casteels, J. Tempere, and J. Devreese, J. Low Temp. Phys.
162, 266 (2011).

[33] U. Bissbort, D. Cocks, A. Negretti, Z. Idziaszek, T. Calarco,
F. Schmidt-Kaler, W. Hofstetter, and R. Gerritsma, Phys. Rev.
Lett. 111, 080501 (2013).

[34] G. Pupillo, A. Griessner, A. Micheli, M. Ortner, D.-W. Wang,
and P. Zoller, Phys. Rev. Lett. 100, 050402 (2008).

[35] M. Ortner, A. Micheli, G. Pupillo, and P. Zoller, New J. Phys.
11, 055045 (2009).

[36] A. Negretti, R. Gerritsma, Z. Idziaszek, F. Schmidt-Kaler, and
T. Calarco, Phys. Rev. B 90, 155426 (2014).

[37] S. Baier, M. J. Mark, D. Petter, K. Aikawa, L.. Chomaz, Z. Cai,
M. Baranov, P. Zoller, and F. Ferlaino, Science 352, 201 (2016).

[38] A. S. Dehkharghani, E. Rico, N. T. Zinner, and A. Negretti,
Phys. Rev. A 96, 043611 (2017).

[39] C. Zipkes, S. Palzer, C. Sias, and M. Kohl, Nature (London)
464, 388 (2010).

[40] S. Schmid, A. Hirter, and J. H. Denschlag, Phys. Rev. Lett. 105,
133202 (2010).

[41] A. Hirter, A. Kriikkow, A. Brunner, W. Schnitzler, S. Schmid,
and J. H. Denschlag, Phys. Rev. Lett. 109, 123201 (2012).

[42] K. S. Kleinbach, F. Engel, T. Dieterle, R. Low, T. Pfau, and F.
Meinert, Phys. Rev. Lett. 120, 193401 (2018).

[43] F. Engel, T. Dieterle, T. Schmid, C. Tomschitz, C. Veit, N.
Zuber, R. Low, T. Pfau, and F. Meinert, Phys. Rev. Lett. 121,
193401 (2018).

[44] Z. Meir, T. Sikorsky, R. Ben-shlomi, N. Akerman, Y. Dallal,
and R. Ozeri, Phys. Rev. Lett. 117, 243401 (2016).

[45] Z. Meir, M. Pinkas, T. Sikorsky, R. Ben-shlomi, N. Akerman,
and R. Ozeri, Phys. Rev. Lett. 121, 053402 (2018).

[46] L. Ratschbacher, C. Sias, L. Carcagni, J. M. Silver, C. Zipkes,
and M. Kohl, Phys. Rev. Lett. 110, 160402 (2013).

[47] H. First, T. Feldker, N. V. Ewald, J. Joger, M. Tomza, and R.
Gerritsma, Phys. Rev. A 98, 012713 (2018).

[48] J. Joger, H. Fiirst, N. Ewald, T. Feldker, M. Tomza, and R.
Gerritsma, Phys. Rev. A 96, 030703(R) (2017).

[49] N. V. Ewald, T. Feldker, H. Hirzler, H. A. Fiirst, and R.
Gerritsma, Phys. Rev. Lett. 122, 253401 (2019).

[50] F. Meinert, M. Knap, E. Kirilov, K. Jag-Lauber, M. B.
Zvonarev, E. Demler, and H.-C. Nigerl, Science 356, 945
(2017).

[51] C.J. M. Mathy, M. B. Zvonarev, and E. Demler, Nat. Phys. 8,
881 (2012).

[52] A. Kantian, U. Schollwock, and T. Giamarchi, Phys. Rev. Lett.
113, 070601 (2014).

[53] R. Gerritsma, A. Negretti, H. Doerk, Z. Idziaszek, T.
Calarco, and F. Schmidt-Kaler, Phys. Rev. Lett. 109, 080402
(2012).

205427-9


https://doi.org/10.1063/1.1703687
https://doi.org/10.1063/1.1703687
https://doi.org/10.1063/1.1703687
https://doi.org/10.1063/1.1703687
https://doi.org/10.1103/PhysRevLett.96.080404
https://doi.org/10.1103/PhysRevLett.96.080404
https://doi.org/10.1103/PhysRevLett.96.080404
https://doi.org/10.1103/PhysRevLett.96.080404
https://doi.org/10.1103/PhysRevLett.81.938
https://doi.org/10.1103/PhysRevLett.81.938
https://doi.org/10.1103/PhysRevLett.81.938
https://doi.org/10.1103/PhysRevLett.81.938
https://doi.org/10.1103/PhysRev.130.1605
https://doi.org/10.1103/PhysRev.130.1605
https://doi.org/10.1103/PhysRev.130.1605
https://doi.org/10.1103/PhysRev.130.1605
https://doi.org/10.1103/PhysRevLett.116.030402
https://doi.org/10.1103/PhysRevLett.116.030402
https://doi.org/10.1103/PhysRevLett.116.030402
https://doi.org/10.1103/PhysRevLett.116.030402
https://doi.org/10.1103/PhysRevLett.121.200401
https://doi.org/10.1103/PhysRevLett.121.200401
https://doi.org/10.1103/PhysRevLett.121.200401
https://doi.org/10.1103/PhysRevLett.121.200401
https://doi.org/10.1016/S1049-250X(08)60186-X
https://doi.org/10.1016/S1049-250X(08)60186-X
https://doi.org/10.1016/S1049-250X(08)60186-X
https://doi.org/10.1016/S1049-250X(08)60186-X
https://doi.org/10.1103/RevModPhys.91.035001
https://doi.org/10.1103/RevModPhys.91.035001
https://doi.org/10.1103/RevModPhys.91.035001
https://doi.org/10.1103/RevModPhys.91.035001
https://doi.org/10.1103/PhysRevLett.116.105302
https://doi.org/10.1103/PhysRevLett.116.105302
https://doi.org/10.1103/PhysRevLett.116.105302
https://doi.org/10.1103/PhysRevLett.116.105302
https://doi.org/10.1103/PhysRevLett.120.083401
https://doi.org/10.1103/PhysRevLett.120.083401
https://doi.org/10.1103/PhysRevLett.120.083401
https://doi.org/10.1103/PhysRevLett.120.083401
https://doi.org/10.1103/PhysRevA.97.022707
https://doi.org/10.1103/PhysRevA.97.022707
https://doi.org/10.1103/PhysRevA.97.022707
https://doi.org/10.1103/PhysRevA.97.022707
https://doi.org/10.1103/PhysRevLett.109.235301
https://doi.org/10.1103/PhysRevLett.109.235301
https://doi.org/10.1103/PhysRevLett.109.235301
https://doi.org/10.1103/PhysRevLett.109.235301
https://doi.org/10.1103/PhysRevA.85.023623
https://doi.org/10.1103/PhysRevA.85.023623
https://doi.org/10.1103/PhysRevA.85.023623
https://doi.org/10.1103/PhysRevA.85.023623
https://doi.org/10.1103/PhysRevLett.115.135302
https://doi.org/10.1103/PhysRevLett.115.135302
https://doi.org/10.1103/PhysRevLett.115.135302
https://doi.org/10.1103/PhysRevLett.115.135302
https://doi.org/10.1126/science.aaf5134
https://doi.org/10.1126/science.aaf5134
https://doi.org/10.1126/science.aaf5134
https://doi.org/10.1126/science.aaf5134
https://doi.org/10.1103/PhysRevLett.117.055302
https://doi.org/10.1103/PhysRevLett.117.055302
https://doi.org/10.1103/PhysRevLett.117.055302
https://doi.org/10.1103/PhysRevLett.117.055302
https://doi.org/10.1103/PhysRevLett.117.055301
https://doi.org/10.1103/PhysRevLett.117.055301
https://doi.org/10.1103/PhysRevLett.117.055301
https://doi.org/10.1103/PhysRevLett.117.055301
https://doi.org/10.1140/epjqt/s40507-015-0036-y
https://doi.org/10.1140/epjqt/s40507-015-0036-y
https://doi.org/10.1140/epjqt/s40507-015-0036-y
https://doi.org/10.1140/epjqt/s40507-015-0036-y
https://doi.org/10.1103/PhysRevLett.121.130403
https://doi.org/10.1103/PhysRevLett.121.130403
https://doi.org/10.1103/PhysRevLett.121.130403
https://doi.org/10.1103/PhysRevLett.121.130403
https://doi.org/10.1103/PhysRevLett.121.043401
https://doi.org/10.1103/PhysRevLett.121.043401
https://doi.org/10.1103/PhysRevLett.121.043401
https://doi.org/10.1103/PhysRevLett.121.043401
https://doi.org/10.1103/PhysRevA.98.023602
https://doi.org/10.1103/PhysRevA.98.023602
https://doi.org/10.1103/PhysRevA.98.023602
https://doi.org/10.1103/PhysRevA.98.023602
https://doi.org/10.1103/PhysRevLett.121.253402
https://doi.org/10.1103/PhysRevLett.121.253402
https://doi.org/10.1103/PhysRevLett.121.253402
https://doi.org/10.1103/PhysRevLett.121.253402
https://doi.org/10.1103/PhysRevX.8.031042
https://doi.org/10.1103/PhysRevX.8.031042
https://doi.org/10.1103/PhysRevX.8.031042
https://doi.org/10.1103/PhysRevX.8.031042
https://doi.org/10.1103/PhysRevLett.121.013401
https://doi.org/10.1103/PhysRevLett.121.013401
https://doi.org/10.1103/PhysRevLett.121.013401
https://doi.org/10.1103/PhysRevLett.121.013401
https://doi.org/10.1088/1367-2630/ab1045
https://doi.org/10.1088/1367-2630/ab1045
https://doi.org/10.1088/1367-2630/ab1045
https://doi.org/10.1088/1367-2630/ab1045
https://doi.org/10.1103/PhysRevLett.121.080405
https://doi.org/10.1103/PhysRevLett.121.080405
https://doi.org/10.1103/PhysRevLett.121.080405
https://doi.org/10.1103/PhysRevLett.121.080405
https://doi.org/10.1103/PhysRevA.79.023604
https://doi.org/10.1103/PhysRevA.79.023604
https://doi.org/10.1103/PhysRevA.79.023604
https://doi.org/10.1103/PhysRevA.79.023604
https://doi.org/10.1103/PhysRevA.76.063602
https://doi.org/10.1103/PhysRevA.76.063602
https://doi.org/10.1103/PhysRevA.76.063602
https://doi.org/10.1103/PhysRevA.76.063602
https://doi.org/10.1103/PhysRevB.98.195433
https://doi.org/10.1103/PhysRevB.98.195433
https://doi.org/10.1103/PhysRevB.98.195433
https://doi.org/10.1103/PhysRevB.98.195433
https://doi.org/10.1103/PhysRevLett.122.030403
https://doi.org/10.1103/PhysRevLett.122.030403
https://doi.org/10.1103/PhysRevLett.122.030403
https://doi.org/10.1103/PhysRevLett.122.030403
https://doi.org/10.1007/s10909-010-0286-0
https://doi.org/10.1007/s10909-010-0286-0
https://doi.org/10.1007/s10909-010-0286-0
https://doi.org/10.1007/s10909-010-0286-0
https://doi.org/10.1103/PhysRevLett.111.080501
https://doi.org/10.1103/PhysRevLett.111.080501
https://doi.org/10.1103/PhysRevLett.111.080501
https://doi.org/10.1103/PhysRevLett.111.080501
https://doi.org/10.1103/PhysRevLett.100.050402
https://doi.org/10.1103/PhysRevLett.100.050402
https://doi.org/10.1103/PhysRevLett.100.050402
https://doi.org/10.1103/PhysRevLett.100.050402
https://doi.org/10.1088/1367-2630/11/5/055045
https://doi.org/10.1088/1367-2630/11/5/055045
https://doi.org/10.1088/1367-2630/11/5/055045
https://doi.org/10.1088/1367-2630/11/5/055045
https://doi.org/10.1103/PhysRevB.90.155426
https://doi.org/10.1103/PhysRevB.90.155426
https://doi.org/10.1103/PhysRevB.90.155426
https://doi.org/10.1103/PhysRevB.90.155426
https://doi.org/10.1126/science.aac9812
https://doi.org/10.1126/science.aac9812
https://doi.org/10.1126/science.aac9812
https://doi.org/10.1126/science.aac9812
https://doi.org/10.1103/PhysRevA.96.043611
https://doi.org/10.1103/PhysRevA.96.043611
https://doi.org/10.1103/PhysRevA.96.043611
https://doi.org/10.1103/PhysRevA.96.043611
https://doi.org/10.1038/nature08865
https://doi.org/10.1038/nature08865
https://doi.org/10.1038/nature08865
https://doi.org/10.1038/nature08865
https://doi.org/10.1103/PhysRevLett.105.133202
https://doi.org/10.1103/PhysRevLett.105.133202
https://doi.org/10.1103/PhysRevLett.105.133202
https://doi.org/10.1103/PhysRevLett.105.133202
https://doi.org/10.1103/PhysRevLett.109.123201
https://doi.org/10.1103/PhysRevLett.109.123201
https://doi.org/10.1103/PhysRevLett.109.123201
https://doi.org/10.1103/PhysRevLett.109.123201
https://doi.org/10.1103/PhysRevLett.120.193401
https://doi.org/10.1103/PhysRevLett.120.193401
https://doi.org/10.1103/PhysRevLett.120.193401
https://doi.org/10.1103/PhysRevLett.120.193401
https://doi.org/10.1103/PhysRevLett.121.193401
https://doi.org/10.1103/PhysRevLett.121.193401
https://doi.org/10.1103/PhysRevLett.121.193401
https://doi.org/10.1103/PhysRevLett.121.193401
https://doi.org/10.1103/PhysRevLett.117.243401
https://doi.org/10.1103/PhysRevLett.117.243401
https://doi.org/10.1103/PhysRevLett.117.243401
https://doi.org/10.1103/PhysRevLett.117.243401
https://doi.org/10.1103/PhysRevLett.121.053402
https://doi.org/10.1103/PhysRevLett.121.053402
https://doi.org/10.1103/PhysRevLett.121.053402
https://doi.org/10.1103/PhysRevLett.121.053402
https://doi.org/10.1103/PhysRevLett.110.160402
https://doi.org/10.1103/PhysRevLett.110.160402
https://doi.org/10.1103/PhysRevLett.110.160402
https://doi.org/10.1103/PhysRevLett.110.160402
https://doi.org/10.1103/PhysRevA.98.012713
https://doi.org/10.1103/PhysRevA.98.012713
https://doi.org/10.1103/PhysRevA.98.012713
https://doi.org/10.1103/PhysRevA.98.012713
https://doi.org/10.1103/PhysRevA.96.030703
https://doi.org/10.1103/PhysRevA.96.030703
https://doi.org/10.1103/PhysRevA.96.030703
https://doi.org/10.1103/PhysRevA.96.030703
https://doi.org/10.1103/PhysRevLett.122.253401
https://doi.org/10.1103/PhysRevLett.122.253401
https://doi.org/10.1103/PhysRevLett.122.253401
https://doi.org/10.1103/PhysRevLett.122.253401
https://doi.org/10.1126/science.aah6616
https://doi.org/10.1126/science.aah6616
https://doi.org/10.1126/science.aah6616
https://doi.org/10.1126/science.aah6616
https://doi.org/10.1038/nphys2455
https://doi.org/10.1038/nphys2455
https://doi.org/10.1038/nphys2455
https://doi.org/10.1038/nphys2455
https://doi.org/10.1103/PhysRevLett.113.070601
https://doi.org/10.1103/PhysRevLett.113.070601
https://doi.org/10.1103/PhysRevLett.113.070601
https://doi.org/10.1103/PhysRevLett.113.070601
https://doi.org/10.1103/PhysRevLett.109.080402
https://doi.org/10.1103/PhysRevLett.109.080402
https://doi.org/10.1103/PhysRevLett.109.080402
https://doi.org/10.1103/PhysRevLett.109.080402

MICHELSEN, VALIENTE, ZINNER, AND NEGRETTI

PHYSICAL REVIEW B 100, 205427 (2019)

[54] J. M. Schurer, R. Gerritsma, P. Schmelcher, and A. Negretti,
Phys. Rev. A 93, 063602 (2016).

[55] M. R. Ebgha, S. Saeidian, P. Schmelcher, and A. Negretti, Phys.
Rev. A 100, 033616 (2019).

[56] Z.1dziaszek, T. Calarco, and P. Zoller, Phys. Rev. A 76, 033409
(2007).

[57] V. S. Melezhik and A. Negretti, Phys. Rev. A 94, 022704
(2016).

[58] V. S. Melezhik, Z. Idziaszek, and A. Negretti,
arXiv:1908.01151 [Phys. Rev. A (to be published)].

[59] Z. 1dziaszek, T. Calarco, P. S. Julienne, and A. Simoni, Phys.
Rev. A 79, 010702(R) (2009).

[60] M. Tomza, C. P. Koch, and R. Moszynski, Phys. Rev. A 91,
042706 (2015).

[61] L. Mathey, D.-W. Wang, W. Hofstetter, M. D. Lukin, and E.
Demler, Phys. Rev. Lett. 93, 120404 (2004).

[62] M. Valiente and N. T. Zinner, Few-Body Syst. 56, 845 (2015).

[63] M. Cetina, A. T. Grier, and V. Vuleti¢, Phys. Rev. Lett. 109,
253201 (2012).

[64] J. Joger, A. Negretti, and R. Gerritsma, Phys. Rev. A 89, 063621
(2014).

[65] V. E. Barlette, M. M. Leite, and S. K. Adhikari, Am. J. Phys.
69, 1010 (2001).

[66] T. Cheon and T. Shigehara, Phys. Rev. Lett. 82, 2536 (1999).

[67] Z. 1dziaszek, A. Simoni, T. Calarco, and P. S. Julienne, New J.
Phys. 13, 083005 (2011).

[68] J. M. Schurer, P. Schmelcher, and A. Negretti, Phys. Rev. A 90,
033601 (2014).

[69] G. E. Astrakharchik, D. Blume, S. Giorgini, and L. P. Pitaevskii,
Phys. Rev. Lett. 93, 050402 (2004).

[70] B. E. Granger and D. Blume, Phys. Rev. Lett. 92, 133202
(2004).

[71] C. Chin, R. Grimm, P. Julienne, and E. Tiesinga, Rev. Mod.
Phys. 82, 1225 (2010).

[72] J. Zhang, E. G. M. van Kempen, T. Bourdel, L. Khaykovich, J.
Cubizolles, F. Chevy, M. Teichmann, L. Tarruell, S. J. J. M. E.

Kokkelmans, and C. Salomon, Phys. Rev. A 70, 030702(R)
(2004).

[73] S. Saeidian, V. Melezhik, and P. Schmelcher, J. Phys. B: At.
Mol. Opt. Phys. 48, 155301 (2015).

[74] S. R. White, Phys. Rev. Lett. 69, 2863 (1992).

[75] U. Schollwock, Rev. Mod. Phys. 77, 259 (2005).

[76] E. F. Bellotti, A. S. Dehkharghani, and N. T. Zinner, Eur. Phys.
J.D 71, 37 (2017).

[77] A. S. Dehkharghani, F. F. Bellotti, and N. T. Zinner, J. Phys. B:
At. Mol. Opt. Phys. 50, 144002 (2017).

[78] S. Ejima, F. Gebhard, and S. Nishimoto, Europhys. Lett. 70, 492
(2005).

[79] T. Giamarchi, Quantum Physics in One Dimension, st ed.
(Oxford University Press, Oxford, 2003), p. 147.

[80] D. James, Appl. Phys. B 66, 181 (1998).

[81] F. Mazzanti, G. E. Astrakharchik, J. Boronat, and J. Casulleras,
Phys. Rev. Lett. 100, 020401 (2008).

[82] A. B. Michelsen, Effect of an ion lattice on a one-dimensional
quantum liquid, Master’s thesis, Aarhus University, 2018.

[83] T. Giamarchi, Quantum Physics in One Dimension, 1st ed.
(Oxford University Press, Oxford, 2003), p. 48.

[84] T. Giamarchi, Quantum Physics in One Dimension, 1st ed.
(Oxford University Press, Oxford, 2003), p. 172.

[85] M. Sroczyriska, T. Wasak, K. Jachymski, T. Calarco, and Z.
Idziaszek, Phys. Rev. A 98, 012708 (2018).

[86] N. A. Kamar, A. Kantian, and T. Giamarchi, Phys. Rev. A 100,
023614 (2019).

[87] S. Varrette, P. Bouvry, H. Cartiaux, and F. Georgatos, in
Proceedings of the 2014 International Conference on High
Performance Computing & Simulation (HPCS 2014) (IEEE,
Bologna, Italy, 2014), pp. 959-967.

[88] B. R. Johnson, J. Chem. Phys. 67, 4086 (1977).

[89] E. M. Stoudenmire and Steven R. White, ITENSOR library,
version 2.1, http://itensor.org.

[90] S. Haze, M. Sasakawa, R. Saito, R. Nakai, and T. Mukaiyama,
Phys. Rev. Lett. 120, 043401 (2018).

205427-10


https://doi.org/10.1103/PhysRevA.93.063602
https://doi.org/10.1103/PhysRevA.93.063602
https://doi.org/10.1103/PhysRevA.93.063602
https://doi.org/10.1103/PhysRevA.93.063602
https://doi.org/10.1103/PhysRevA.100.033616
https://doi.org/10.1103/PhysRevA.100.033616
https://doi.org/10.1103/PhysRevA.100.033616
https://doi.org/10.1103/PhysRevA.100.033616
https://doi.org/10.1103/PhysRevA.76.033409
https://doi.org/10.1103/PhysRevA.76.033409
https://doi.org/10.1103/PhysRevA.76.033409
https://doi.org/10.1103/PhysRevA.76.033409
https://doi.org/10.1103/PhysRevA.94.022704
https://doi.org/10.1103/PhysRevA.94.022704
https://doi.org/10.1103/PhysRevA.94.022704
https://doi.org/10.1103/PhysRevA.94.022704
http://arxiv.org/abs/arXiv:1908.01151
https://doi.org/10.1103/PhysRevA.79.010702
https://doi.org/10.1103/PhysRevA.79.010702
https://doi.org/10.1103/PhysRevA.79.010702
https://doi.org/10.1103/PhysRevA.79.010702
https://doi.org/10.1103/PhysRevA.91.042706
https://doi.org/10.1103/PhysRevA.91.042706
https://doi.org/10.1103/PhysRevA.91.042706
https://doi.org/10.1103/PhysRevA.91.042706
https://doi.org/10.1103/PhysRevLett.93.120404
https://doi.org/10.1103/PhysRevLett.93.120404
https://doi.org/10.1103/PhysRevLett.93.120404
https://doi.org/10.1103/PhysRevLett.93.120404
https://doi.org/10.1007/s00601-015-0991-y
https://doi.org/10.1007/s00601-015-0991-y
https://doi.org/10.1007/s00601-015-0991-y
https://doi.org/10.1007/s00601-015-0991-y
https://doi.org/10.1103/PhysRevLett.109.253201
https://doi.org/10.1103/PhysRevLett.109.253201
https://doi.org/10.1103/PhysRevLett.109.253201
https://doi.org/10.1103/PhysRevLett.109.253201
https://doi.org/10.1103/PhysRevA.89.063621
https://doi.org/10.1103/PhysRevA.89.063621
https://doi.org/10.1103/PhysRevA.89.063621
https://doi.org/10.1103/PhysRevA.89.063621
https://doi.org/10.1119/1.1371011
https://doi.org/10.1119/1.1371011
https://doi.org/10.1119/1.1371011
https://doi.org/10.1119/1.1371011
https://doi.org/10.1103/PhysRevLett.82.2536
https://doi.org/10.1103/PhysRevLett.82.2536
https://doi.org/10.1103/PhysRevLett.82.2536
https://doi.org/10.1103/PhysRevLett.82.2536
https://doi.org/10.1088/1367-2630/13/8/083005
https://doi.org/10.1088/1367-2630/13/8/083005
https://doi.org/10.1088/1367-2630/13/8/083005
https://doi.org/10.1088/1367-2630/13/8/083005
https://doi.org/10.1103/PhysRevA.90.033601
https://doi.org/10.1103/PhysRevA.90.033601
https://doi.org/10.1103/PhysRevA.90.033601
https://doi.org/10.1103/PhysRevA.90.033601
https://doi.org/10.1103/PhysRevLett.93.050402
https://doi.org/10.1103/PhysRevLett.93.050402
https://doi.org/10.1103/PhysRevLett.93.050402
https://doi.org/10.1103/PhysRevLett.93.050402
https://doi.org/10.1103/PhysRevLett.92.133202
https://doi.org/10.1103/PhysRevLett.92.133202
https://doi.org/10.1103/PhysRevLett.92.133202
https://doi.org/10.1103/PhysRevLett.92.133202
https://doi.org/10.1103/RevModPhys.82.1225
https://doi.org/10.1103/RevModPhys.82.1225
https://doi.org/10.1103/RevModPhys.82.1225
https://doi.org/10.1103/RevModPhys.82.1225
https://doi.org/10.1103/PhysRevA.70.030702
https://doi.org/10.1103/PhysRevA.70.030702
https://doi.org/10.1103/PhysRevA.70.030702
https://doi.org/10.1103/PhysRevA.70.030702
https://doi.org/10.1088/0953-4075/48/15/155301
https://doi.org/10.1088/0953-4075/48/15/155301
https://doi.org/10.1088/0953-4075/48/15/155301
https://doi.org/10.1088/0953-4075/48/15/155301
https://doi.org/10.1103/PhysRevLett.69.2863
https://doi.org/10.1103/PhysRevLett.69.2863
https://doi.org/10.1103/PhysRevLett.69.2863
https://doi.org/10.1103/PhysRevLett.69.2863
https://doi.org/10.1103/RevModPhys.77.259
https://doi.org/10.1103/RevModPhys.77.259
https://doi.org/10.1103/RevModPhys.77.259
https://doi.org/10.1103/RevModPhys.77.259
https://doi.org/10.1140/epjd/e2017-70650-8
https://doi.org/10.1140/epjd/e2017-70650-8
https://doi.org/10.1140/epjd/e2017-70650-8
https://doi.org/10.1140/epjd/e2017-70650-8
https://doi.org/10.1088/1361-6455/aa7797
https://doi.org/10.1088/1361-6455/aa7797
https://doi.org/10.1088/1361-6455/aa7797
https://doi.org/10.1088/1361-6455/aa7797
https://doi.org/10.1209/epl/i2005-10020-8
https://doi.org/10.1209/epl/i2005-10020-8
https://doi.org/10.1209/epl/i2005-10020-8
https://doi.org/10.1209/epl/i2005-10020-8
https://doi.org/10.1007/s003400050373
https://doi.org/10.1007/s003400050373
https://doi.org/10.1007/s003400050373
https://doi.org/10.1007/s003400050373
https://doi.org/10.1103/PhysRevLett.100.020401
https://doi.org/10.1103/PhysRevLett.100.020401
https://doi.org/10.1103/PhysRevLett.100.020401
https://doi.org/10.1103/PhysRevLett.100.020401
https://doi.org/10.1103/PhysRevA.98.012708
https://doi.org/10.1103/PhysRevA.98.012708
https://doi.org/10.1103/PhysRevA.98.012708
https://doi.org/10.1103/PhysRevA.98.012708
https://doi.org/10.1103/PhysRevA.100.023614
https://doi.org/10.1103/PhysRevA.100.023614
https://doi.org/10.1103/PhysRevA.100.023614
https://doi.org/10.1103/PhysRevA.100.023614
https://doi.org/10.1063/1.435384
https://doi.org/10.1063/1.435384
https://doi.org/10.1063/1.435384
https://doi.org/10.1063/1.435384
http://itensor.org
https://doi.org/10.1103/PhysRevLett.120.043401
https://doi.org/10.1103/PhysRevLett.120.043401
https://doi.org/10.1103/PhysRevLett.120.043401
https://doi.org/10.1103/PhysRevLett.120.043401

