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Abstract

We use laser-cooled ion Coulomb crystals in the well-controlled environment of a harmonic radiofrequency ion
trap to investigate phase transitions and defect formation. Topological defects in ion Coulomb crystals (kinks) have
been recently proposed for studies of nonlinear physics with solitons and as carriers of quantum information. Defects
form when a symmetry breaking phase transition is crossed nonadiabatically. For a second order phase transition, the
Kibble-Zurek mechanism predicts that the formation of these defects follows a power law scaling in the rate of the
transition. We demonstrate a scaling of defect density and describe kink dynamics and stability. We further discuss the
implementation of mass defects and electric fields as first steps toward controlled kink preparation and manipulation.

Keywords: ion Coulomb crystals, kink solitons, topological defects, Kibble-Zurek mechanism

1. Introduction

The invention of the Paul trap in the 1950s [1]] en-
abled the controlled isolation of single ions or small
crystals of ions from their environment in a pseudopo-
tential created by oscillating electric fields. With the
development of laser cooling, these individually stored
ions can be Doppler cooled to minimum temperatures
below 1 mK, while more sophisticated cooling tech-
niques can even bring the ions to the quantum mechan-
ical ground state [2, |3]]. With these advances, individual
trapped ions became a well-controlled system that pro-
vided a very promising candidate for quantum compu-
tation [4]], as well as quantum simulation of solid state
and other systems [3].

When multiple ions are trapped and laser cooled to
energies well below the Coulomb potential energy, crys-

*email: tanja.mehlstacubler@ptb.de

tals form, known as Coulomb crystals [6]. This is anal-
ogous to the formation of Wigner crystals in ultra-cold
electron gases [7, 18,19, [10]. Ion Coulomb crystals have
been studied theoretically and experimentally since the
1980s [6} [11} 12} [13], and recently groups have started
to investigate their thermodynamic properties. Fish-
man et al. [14] studied the phonon modes in one- and
two-dimensional crystals, and showed that the transition
from the linear to zigzag phase in Coulomb crystals is
of second-order, identifying the order parameter and de-
riving the critical exponents using the Ginzburg-Landau
model. It was suggested in [[15] and described theoret-
ically in [[16} [17]] that topological defects could be cre-
ated while crossing this phase transition.

Triggered by the prospect of using laser-cooled ions
as a system for quantum computation [[18}[19]], trap tech-
nology has experienced great advancements in the last
years. These advances have allowed trapping of large
crystals in a highly controlled way [20]. Such crys-
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tals can be manipulated by varying trap parameters, im-
plementing electric and magnetic fields, and perform-
ing laser spectroscopy. Individual ions can be observed
using fluorescence techniques combined with spatially
resolved camera imaging. This opens up ion Coulomb
crystals as a test platform for non-equilibrium statistical
mechanics, e.g. to study phase transitions, thermaliza-
tion, friction, etc. When controlled sufficiently well (i.e.
with minimized micromotion) such crystals can be used
as a high-stability atomic frequency standard [21] 22].
With this evolved experimental system, it has recently
become possible to create topological defects in the lab-
oratory [23} 24} 25! 26]. Such defects have been pro-
posed for storage of quantum information, and for stud-
ies of the nonlinear physics of solitons and phase tran-
sitions [[15} [17, 27, 28, [29].

In this paper we present experiments in which we trap
up to 50 ions and drive nonadiabatic quenches across the
phase transition from linear to zigzag. We discuss the
creation, properties, and behavior of different types of
topological defects that arise during this transition. Fi-
nally, we describe ways to control and manipulate these
kink solitons using varied trap parameters, mass impu-
rities, and electric fields.

2. Topological defect creation and dynamics

Our experimental system consists of a linear Paul trap
in which the radial confinement of the linear crystal can
be varied by changing the RF trap voltage, and the axial
confinement can be varied by adjusting the DC voltages
on the endcap electrodes. We image the ions directly
onto an Electron Multiplying Charge-Coupled Device
(EMCCD) camera chip using a home-built lens system,
and with a beam-splitter we optionally also send fluo-
rescence to a Photo-Multiplier Tube (PMT). Details of
the experimental setup can be found in [21].

Trap Potential

AN

Figure 1: Three phases (linear, zigzag, helix) of ion Coulomb crystals
in our experiment. The inhomogeneous nature of the axial confine-
ment can be seen in the 2D and 3D crystals where the central ions
undergo the transition to the next phase before the rest of the crystal.
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Figure 2: Defect formation. (a) Symmetry-breaking phase transition.
The ions take on one of two possible zigzag configurations when the
radial confinement is reduced and the rotational symmetry is broken.
(b) The radially confining potential well becomes a double-well at the
phase transition, and the ions must select one of the new minima. (c)
Two types of kinks form in our system between incompatible zigzag
domains; the odd kink (left) or the extended kink (right). Switching

between these configurations is accomplished by changing the ratio
VelV;.

In this laboratory system we trap crystals of 1 to 50
172Yb* ions and observe three different phases. Depend-
ing on the ratio of the radial to axial confinement, given
by the ratio v, /v, of the secular frequencies at which the
ions oscillate in the trap, the Coulomb crystal takes on
different forms, as shown in Figure [l When the radial
confinement is weakened below a critical value so that
v /v, <0.73 x NO86 where N is the number of ions [4],
the crystal undergoes the phase transition from a one-
to a two-dimensional crystal. In the case of harmonic
axial confinement, the phase transition spreads through
the crystal from the center, where the charge density is
highest. The crystal then stabilizes in a two-dimensional
zigzag geometry. As the ratio is further decreased, the
ions at the center of the trap are further pushed out into
3 dimensions, forming a helix.

We focus on the transition from linear to zigzag,
which is of second order [14]]. Here the symmetry of
the linear crystal is broken and the ions must choose
between two possible zigzag states when the single-
well radial potential becomes a double well (see Figure
,b). When this transition is crossed non-adiabatically,
topological defects can form in the crystal with a cer-
tain probability when different domains of the crystal
choose incompatible states (see Figure[2k). The defects,
or kinks, are realized at the border between these incom-
patible domains. We create defects by quenching the
radial confinement while holding the axial confinement
constant. The quenches must be fast on a timescale
given by the axial secular frequency as 1/v,, which de-
termines the speed of sound in the crystal. This cor-
responds to ramp times on the order of 10 to 100 mi-
croseconds.
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Scaling of defect density with quench rate. According
to the Kibble-Zurek mechanism (KZM) [30, 31], the
density of defects created while crossing the phase tran-
sition should follow a power-law scaling with varying
quench rate (see [32] for a recent review). The same
scaling is expected for any system in the same universal-
ity class undergoing a second-order phase transition and
is determined by the critical exponents in the Ginzburg-
Landau theory [14} [16l]. We observe such a scaling in
our system, however our system has two main character-
istics that deviate from the standard KZM theory: first,
our system, which uses a harmonic trap, is not homoge-
neous, and second, the crystal is finite in size. Account-
ing for these characteristics requires modifications to
the theory and the expected scaling as explained in de-
tail in [23]]. A different mathematical description of this
that is rigorous without appealing to physical principles
has been recently put forward [33]]. Furthermore, defect
losses discussed in a later section on kink stability limit
our ability to measure the number of defects created dur-
ing the phase transition. In particular, at high quench
rates, a large amount of kinetic energy is introduced into
the system due to the nonadiabatic quench, leading to
losses. Thus we can make reliable measurements only
within a specific range of quench rates where losses do
not artificially influence the results. Figure[3a shows the
observed kink density vs. quench rate, with the scal-
ing fitted only in the green region, where we could ver-
ify using numerical simulations that there are no such
losses. In Figure [3p, the kinetic energy that is intro-
duced into the system by the quench is given as a func-
tion of quench rate. These numerical results have been
obtained from molecular dynamics simulations which
account for the trapping and laser cooling dynamics in
the time-averaged ponderomotive trap potential [23]].

Types of defects. The type of defect which is stable for a
certain ion configuration depends on the value of v, /v_,
and as this ratio is changed, the configurations of both
the crystal and the stable kinks can be transformed from
one type to another (see Figure [2c). By varying the
ratio of the two different radial trap axes v,,/v,,, even
more types of kinks can be realized, such as quasi-3d
kinks [24]. The different families of kinks that can be
produced in the dual parameter space has recently been
theoretically investigated [34].

During a radial quench in our system, when the crys-
tal first stabilizes into a zigzag, a defect takes the form of
an “odd” kink (Figure E}:, left), where one ion is located
at the center between the two rows forming the zigzag.
In this formation, mobility of the defect occurs through
radial movement of the ions (Figure E}a). When the ra-
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Figure 3: (a) Defect formation vs. quench parameter. The scaling
is fitted only in the green region which is free of losses. The black
fitted line gives the measured scaling. In the blue region, losses be-
come apparent in the experimental data (black points), verified by nu-
merical simulations (blue symbols) for experimental parameters. (b)
Peak kinetic energy after the quench as a function of quench parame-
ter (1/v,7p where 7¢ is the length in time of the quench). The solid
line indicates the depth of the odd kink PN central barrier (see Fig-
ure3). The dashed line indicates the depth of the extended kink PN
barrier. When the kinetic energy of a kink is close to or above these
boundaries, losses are observed. The red and blue symbols indicate
different laser cooling parameters.

dial confinement is ramped to lower values, the defect
transforms from odd to the “extended” formation (Fig-
ure Ek, right), where the kink center is identified by ions
from the upper and lower rows being located one on top
of the other. In this configuration the kink can be trans-
ported through the crystal by axial motion of the ions,
since the two rows of the zigzag are now more separated
and can move almost independently (Figure db). At the
intermediate stage between these formations, the kink
can behave as either an odd or extended kink, and the
mode of motion involves both axial and radial move-
ment of individual ions.

The topological defects discussed here can be mathe-
matically described using discrete soliton models [35}
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Figure 4:  Mode of motion of the two types of kinks, as captured
during a long camera exposure. (a) The odd kink leaves the crystal
through radial motion of the comprising ions. (b) The extended kink
moves out of the crystal through axial motion of the two separated
TOWS.

36]. They behave as quasiparticles having many of
the same physical properties as solitons, e.g. effective
mass, eigenfrequencies, and modes of motion, and their
dynamics can be described by calculating the Peierls-
Nabarro potential [37].

Defect stability. Structural defects are topologically
protected for a theoretical, infinite crystal. However,
due to the finite nature of our system, they can still leave
the crystal through its ends. Understanding losses of
kinks that are created at the phase transition, which oc-
cur on a microsecond timescale, is critical for interpret-
ing experimental data, which is measured on the scale
of milliseconds. Several factors can lead to losses, and
these losses must be understood through simulations
and by evaluating the potential experienced by the de-
fect. This is the Peierls-Nabarro (PN) potential which
changes during the quench as illustrated in Figure[Sh for
a model using our experimental parameters. It is calcu-
lated by moving a simulated kink through the crystal,
and evaluating the total potential energy of the configu-
ration with the kink at each point [335].

During a quench across the phase transition, when the
kink first appears, the PN potential has a global maxi-
mum at the center of the crystal, encouraging a kink to
move to the end of the trap where it is lost. However, as
the ratio v, /v, reaches the regime of an odd kink, local
minima form where an odd kink can be stabilized, but
the global maximum persists which allows odd kinks
with a certain energy to be lost. For example, an odd
kink with a kinetic energy (Exin/kp) of 10 mK can es-
cape the deepest wells and leave the crystal; the thermal
spread of kink energies causes losses to occur for con-
siderably lower system temperatures. As the radial con-
finement is lowered toward the extended kink regime,
the shape of the PN potential evolves through the inter-
mediate regime to become a globally confining potential
that is realized for extended kinks. For our experimental
parameters shown in Figure[Sp, the energy barrier for an
extended kink to leave the crystal is already more than a
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Figure 5: (a) Peierls-Nabarro potentials as a function of kink position
for different values of v, /v;, and thus for different kink configurations:
odd (black), intermediate (red), and extended (blue). The absolute en-
ergy value for the different configurations is arbitrary. (b) Probability
that a prepared extended kink remains in the crystal after 200 us with
increasing temperature.

factor of 2 higher than for the odd kink case. Due to this
confining PN potential, extended kinks provide a signa-
ture of the number of kinks created during a quench that
is detectable at longer time scales. However, due to the
global minimum of the extended kink potential, one can
only observe single extended kinks since pairs of these
kinks will be attracted to the center of the crystal and
annihilate. Ultimately, the lifetime of a trapped kink in
the ion crystal is limited by collisions from background
gases, which heat up the entire crystal and destroy any
previous structure, including defects.

The kinetic energy of a kink is mainly influenced by
the rate of the quench. Figure[3p illustrates the influence
of quench rate on kinetic energy for simulations per-
formed using our experimental parameters. Additional



H. L. Parmer et al. / Physica B 00 (2014) 1{/] 5

energy produced by faster quenches increases the prob-
ability of a kink to cross potential barriers and be lost
before detection. The horizontal lines in Figure [3p il-
lustrate the maximum kinetic energy that can be trapped
within the PN barriers. These values are consistent with
observed losses in the experiment (Figure [3p). Thus,
the range of quench rates that support stable trapping
is determined largely by the PN potential barriers. By
engineering the PN potential using trap parameters, as
well as mass defects and electric fields (discussed next),
it will be possible to extend the range in which measure-
ments are unaffected by losses.

We have also performed simulations of losses de-
pending on the temperature in the system, shown in fig-
ure [5p. The probability for a prepared (extended) de-
fect to remain in the crystal for 200 us is plotted as a
function of system temperature. The corresponding ex-
tended kink PN barrier (blue) in Figure [ is about 20
mK. This simulation shows that losses start to occur at
temperatures as low as 6 mK, corresponding to losses
from the high-energy tail of the Boltzmann distribution.

Kink dynamics in the presence of mass defects and elec-
tric fields. Understanding kink formation and stability
lays the groundwork for working with kinks, but adding
ingredients such as electric fields or different masses
within the crystal modifies the dynamics, and can add
an element of control. We have investigated the dynam-
ics of kinks within the PN potential when a mass de-
fect is present in the crystal. This can occur in our sys-
tem when a collision from the background gas causes a
molecule to form with one of the Yb* ions. Due to the
mass dependency of the radial confinement in an RF ion
trap, these impurity ions alter the PN potential and can
be used to manipulate kink dynamics and stability. For
example, a heavy mass defect forms an additional po-
tential minimum that can localize a kink at its position.
With two mass defects in the zigzag one can even engi-
neer a PN potential that traps two extended kinks that do
not annihilate in the same finite crystal (see Figure [6),
which is not possible in the pure crystal case. In addi-
tion, by applying static electric fields, one can tune the
influence of the mass defect on the Coulomb crystal by
changing its effective mass. Together with mass defects,
electric fields can break the symmetry of the crystal in a
controlled way, allowing deterministic creation of struc-
tural defects. We discuss these effects in more detail in
another work focused on defect dynamics [I35]].

Figure 6: Two extended kinks trapped next to each other with the help
of heavy mass impurities. The open circles indicate the location of the
two heavier ions, which do not fluoresce.

3. Conclusions and Outlook

We have created and stably trapped topological de-
fects in ion Coulomb crystals. Implementing high
resolution laser spectroscopy will enable studies of
these quasiparticles and their localized vibrational mode
structure [38]. In the future, implementing ground state
cooling of the internal modes of a kink will allow in-
vestigation of quantum effects and exploration of kink-
kink interactions. Finally, the Aubrey transition of
pinned particles in a periodic potential can be studied
for the incommensurate case using extended kinks in
ion Coulomb crystals [39, 40].
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