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Emulating isomerization with two-dimensional Coulomb crystals
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Isomerization is a fundamental process in chemistry. We use a two-dimensional Coulomb crystal to emulate
molecular isomerization and characterize its physical mechanisms. In our molecular analog, the externally
controlled confining potential determines the crystal’s potential energy surface (PES), thereby playing the role
that the molecular electronic state plays in determining the PES in a molecule. We focus on a crystal of six
13Ba* ions exhibiting a region of bistability, and use a Monte Carlo simulation to extract the PES as a function
of the trap aspect ratio. Experimentally, we prepare the ions in a stable isomer, quench the PES to populate a
metastable isomer and use a configuration-resolved imaging to detect isomerization in real time. We measure
isomers’ populations in the bistability region and compare them with a theoretical model to extract the crystal’s
temperature. Moreover, we derive the transition rates from the measured transient times, thus providing a full
characterization of the isomerization process. Our work sets a platform for emulating molecular processes,
paving the way to study quantum superpositions of crystal configurations and control isomeric excitations in

two-dimensional Coulomb crystals.
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I. INTRODUCTION

Atomic systems have been used successfully over the past
few decades for simulating a wide range of physical phenom-
ena. This progress is largely due to the exceptional degree
of control over key parameters that govern the particles’
dynamics, such as their confinement and interactions. Both
neutral atoms and trapped ions have been used to emulate
physical models, e.g., of condensed matter [1,2], high-energy
physics [3], and astrophysics [4,5], by replicating the corre-
sponding Hamiltonians. This success stems not only from the
precise control of particle dynamics, but also from the fact
that the characteristic timescales in atomic systems can be
made much more accessible than for other physical systems,
e.g., electrons in a solid. For instance, Bloch oscillations, a
phenomenon occurring at a picosecond timescale for electrons
in a superlattice [6], lie in the millisecond range for atoms in
an optical lattice [7].

Trapped ions, when cooled to sufficiently low tempera-
tures, form Coulomb crystals: ordered structures shaped by
mutual repulsion and external confinement [8]. These struc-
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tures resemble molecular configurations: The ions provide
the analog of nuclei, while the externally imposed trapping
potential, together with the Coulomb repulsion, determines
the crystal’s potential energy surface (PES), thus playing the
role that the molecular electronic state plays in determin-
ing the PES of a molecule [9]. This analogy is particularly
striking in two-dimensional (2D) crystals. For example, five
or six ions in a symmetric two-dimensional potential can
arrange themselves in a geometry that is reminiscent of an
aromatic ring in a molecule, like in pyrrole or benzene [10].
Similarly to a molecule, a two-dimensional crystal of ions
has an energy spectrum characterized by a vibrational and
a rotational quantum number [11]. However, the size of an
ion crystal is approximately 5 orders of magnitude larger than
that of a benzene molecule, resulting in an energy spectrum
that is much shallower. As a result, the internal dynam-
ics of the crystal occurs on far more accessible timescales
with respect to the ones of a molecule for its real-time
observation.

Like molecules, two-dimensional ion crystals can exhibit
isomerization, i.e., changes in the spatial arrangement of the
particles that are triggered by variations in the confining po-
tential [12,13]. Planar two-dimensional ion crystals provide a
well-established framework for investigating structural phase
transitions [14—17]. A notable example is the linear to zigzag
transition [18], which was investigated in different contexts,
e.g., to study its second-order phase transitions nature [19],
and to investigate the formation of topological defects [20].
Moreover, there can be conditions in which multiple configu-
rations are stable. An example is a quasi-2D crystal, in which
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the particles can be either in a zigzag or a zagzig configura-
tion, both having the same energy. This physical system was
suggested for creating quantum superposition between crystal
configurations [21].

In real molecules, isomerization occurs when the molecule
rearranges on a different minimum of the PES, with a process
that can be triggered in different ways, e.g., via thermal ex-
citation or quantum tunneling [22]. The PES can be modified
by multiple mechanisms, e.g., via laser-driven population of
electronically excited states [23,24], the use of mechanical
stress [25], the application of electric fields [26], or the use
of different solvents [27]. In Coulomb crystals, isomeriza-
tion can be triggered by changing the external confinement
[28,29], by quantum tunneling [30], or by locally exciting one
ion in the crystal to a Rydberg state [31]. In particular, the
number of different stable isomers increases with the number
of particles [32,33], and the presence of several stable crystal
configurations was observed for a number of ions approaching
100 [34].

In our work, we use a two-dimensional Coulomb crystal to
emulate the process of isomerization in a molecule. Isomer-
ization is triggered by a change of the PES, which is realized
by controlling the aspect ratio of the 2D harmonic trapping
potential [13]. To do so, we tune the dc voltage applied to
the end caps of our Paul trap [35], practically applying a
static deconfining potential across the y axis and a confining
potential along the x and z axes. This potential adds on the
confining pseudopotential created by the tf fields in the x-y
plane. As a result, the crystal lays in the y-z plane, and as the
dc voltage changes, the trap aspect ratio o = w,/w, changes
[10], where w, and w, are the trap frequencies along the two
axes of the confinement plane. As a result, it is possible to
quench the aspect ratio and observe in real time the dynam-
ics of the crystal while undergoing isomerization [36]. This
property makes it possible to investigate bistability regions, in
which more than one isomer is populated, with the particles
moving between one isomer to the other triggered by thermal
fluctuations.

II. PHYSICAL MODEL AND ESTIMATION
OF THE POTENTIAL ENERGY SURFACE

In our study, we focus on the specific case of six **Ba™
ions forming a two-dimensional Coulomb crystal. We identify
a range of parameters in which the crystal undergoes isomer-
ization by passing from a structure formed by six ions in a
benzenelike ring to a crystal formed by five ions in a ring
and one ion at the center of the trap [see insets in Fig. 1(b)].
We will refer to these configurations as “hexagon” and “pen-
tagon” isomers, respectively. This specific example has the
advantage that isomerization is controlled by the displacement
of one of the ions in the crystal from the center of the trap to
the outer ring. As a result, this displacement can be used as
the only parameter characterizing the PES.

In order to identify the values of « at which isomerization
occurs and extract the corresponding PES, we use a Monte
Carlo simulation to search for the lowest-energy configuration
[37,38]. In the simulation (see Appendixes), the equilibrium
position of six ions in the trap is found by an iterative pro-
cess. In each step of this process, two random particles are

moved around their initial position and displaced to the po-
sition corresponding to the lowest energy. In an initial set
of simulations, we extracted the ions’ equilibrium positions
and their total potential energy (confinement and electrostatic
energies) as a function of the aspect ratio «. This was done
by gradually increasing «, using the equilibrium configuration
from the previous step as the starting point for each new
simulation. As « increases, isomerization occurs at a thresh-
old value, corresponding to an abrupt switching of the ions’
equilibrium position from the pentagon to the hexagon isomer.
After reaching the upper limit of o, we reversed the pro-
cess and gradually decreased «. Notably, the results revealed
pronounced hysteresis, with the isomerization threshold and
equilibrium energies depending on the direction of the sweep.
This behavior signals the presence of bistability between the
two distinct isomers. Figure 1(b) summarizes the results of
this simulation by plotting the potential energies Vpe, and
Vhex at equilibrium for the pentagon and hexagon isomers,
respectively. For o < 1.19, the lowest energy configuration
corresponds to the pentagon isomer (orange), while for o 2>
1.19, the lowest energy configuration is the hexagon isomer
(purple). Interestingly, for 1.13 < o < 1.23 both isomers can
be prepared as a stable solution of the Monte Carlo simulation,
a clear signature of bistability. Crucially, the scale of the
energy difference between the two isomers lies in the tens of
millikelvin range, i.e., values that can be explored with typical
trapped ion kinetic energies.

To extract the PES along the isomerization path, we ran
a second set of Monte Carlo simulations. In this set, we
forced one ion to stay at a specific distance rgx from the
center of the trap [see insets in Fig. 1(c)]. As rqx is varied,
the minimum-energy path (MEP) on the PES is reconstructed
from the minimum-energy crystal configuration obtained for
each value of rqx. Figure 1(c) plots the energy of six ions
obtained with the Monte Carlo simulation as a function of rgy
for a = 1.20, corresponding to (w., wy)/(2m) = (100, 120)
kHz. The energy along the minimum-energy path shows a
double-well behavior, typical to the PES in the presence
of bistability. Crucially, we observe that the double well is
formed in the bistable region, and the energy offset between
the two wells can be continuously changed by varying « [see
Fig. 1(a)]. For each value of «, we extract the height of the en-
ergy barrier between the pentagon (hexagon) and the hexagon
(pentagon) isomers Vyon (Vigp) as the difference between the
energy minimum of the well and the energy Vi,q at the saddle
point: Voon = Viad — Vpen (Viop = Vsad — Vhex)- We observe the
presence of a double well in the PES in the similar region of «
in which we observe hysteresis in the first set of simulations.
In the symmetric case for which Vjon = Vigp, we find a barrier
height on the order of 7.9 mK and a distance between the
two minima of approximately 9.6 um. For these parameters,
tunneling through the barrier is negligible, and the observed
dynamics is purely classical.

III. EXPERIMENTAL IMPLEMENTATION AND RESULTS

Experimentally, we exploit the hysteresis shown in the
Monte Carlo simulation to configure ions into a metastable
isomer. Figure 2(b) shows a typical experimental run. The
ions are first prepared in a pentagon isomer by setting o to
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FIG. 1. Isomerization and bistability in a two-dimensional crystal formed by six ions. (a) Left panels: Experimental images of six ions
across the bistable range as a function of the trap aspect ratio «. The images are taken with 1 s exposure time. We note that the crystal undergoes
orientational melting for the lowest values of «. The point in the lowest image indicates the coordinates zero. Right panels: Corresponding
potential energy surfaces of the crystal as extracted from a Monte Carlo simulation. (b) Potential energies of the pentagon (orange) and hexagon
(purple) isomers as a function of «. By quenching «, it is possible to populate a metastable isomer (black arrow), which then decays by thermal
fluctuations to the lowest-energy one (wavy arrow). (c) Energy along the minimum-energy path on the potential energy surface for o = 1.20.
The minimum-energy is extracted by forcing one ion to stay at a distance rgx from the trap center (see insets) in the Monte Carlo simulation.
The calculated energies for the two minima and the saddle point make it possible to extract the barrier heights Vi, Viipp and the transition rates
kyon, knop- In the plots, an energy offset is subtracted to set the lowest energy to zero.

a value oy = 1.11 at which no metastable configuration is
present. After 10 ms of laser cooling, « is rapidly quenched to
a value o, in less than 50 s, a timescale that is limited by the
voltage supply bandwidth. For 1.13 < o, < 1.23, the crystal
experiences bistability between the hexagon and the pentagon
isomers. The crystal is kept at @« = «, for 20 ms before it is
changed back to «; and a new cycle can begin. Laser cooling
remains on for the whole cycle, and we can assume the ions to
be at the same temperature at equilibrium. The excess micro-
motion is compensated for. Moreover, in our trap geometry the
rf electric field is predominantly orthogonal to the plane of the
crystal [35], and the residual excess micromotion of the ions
laying out of the trap axis has only a small projection onto the
y-z plane, where the isomerization dynamics takes place (see
Appendixes).

To distinguish between the two configurations, we have im-
plemented a setup to detect fluorescence from only the center
region of the trap [see Fig. 2(a) and Appendixes]. We identify
what isomer is formed by the ions by measuring the photon

counting rate n. Since the pentagon isomer is characterized by
one ion in the trap central region, the corresponding photon
rate npen is larger than the photon rate npex measured in the
case of a hexagon isomer. Whenever bistability occurs, the
crystal continuously jumps from one isomer to the other be-
cause of thermal fluctuations. Density distribution of ions in a
crystal across the bistable condition is exhibited in the images
in Fig. 1(a) taken with the exposure time of 1 s. Within the
bistable region, we observe a photon rate ny;s that lies between
the two limiting cases, i.€., Nthex < Mpis < Mpen. Immediately
after the quench, the crystal remains in the metastable con-
figuration; the configuration probability then relaxes toward
equilibrium. During each experimental sequence, the photon
arrival times are recorded relative to the start of the sequence.
Submillisecond time resolution is achieved by accumulating
data over repeated quenches and binning the photon arrival
times in 0.1 ms intervals. Figure 2(c) shows the average pho-
ton rate detected for multiple experimental runs. After the
quench in the aspect ratio, we observe an exponential decay
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FIG. 2. Real-time observation of isomerization. (a) Monte Carlo
generated equilibrium position of the ions in the pentagon and
hexagon isomers. A configuration-resolved imaging is set by observ-
ing the fluorescence only from the center of the trap (black circle).
(b) Typical experimental run. The trap aspect ratio « is quenched
from a; = 1.107 to the variable value «, at r = 10 ms. (c) Photon
rate of the fluorescence observed in 2072 sequences for o, = 1.225.
The fluorescence detected from the central ion [circle in panel
(a)] decreases exponentially after quenching (¢ > 10 ms), witnessing
the relaxation from the initial pentagon isomer to a bistable regime.

of the photon rate to myis, a signature of the occurrence of
isomerization.

In the bistability region, it is possible to define a probability
Phex (Ppen) for the crystal to be in the hexagon (pentagon)
isomer at a given time. These probabilities can be estimated
with the photon rate, since its value integrated over time is
the result of contributions from the time the crystals spend
in each isomer, npis = PhexMhex + Ppenllpen- AS a result, the
probabilities associated with each isomer read

Npen — MNbis
Phex = —»
Npen — Nhex
Npis — Nhex
Ppen = ———. (H
Npen — Mhex

Figure 3 shows the probabilities ppex and ppen as a function
of . In the bistable regime, the probabilities prex and ppe, are
related to the transition rates by the relation [39]

ki
Ppen _ Xh2p 2)

b
Phex kp2h

where kpop (kpon) is the transition rate for the crystal chang-
ing from the hexagon (pentagon) to the pentagon (hexagon)
isomer [see Fig. 1(b)]. Following Arrhenius equation, the
transition rates are related to the temperature T via the relation
kth(pgh) 0 exp(—thp(th)/kBT) [40], where kB is the Boltz-
mann constant. Therefore, we can use Eq. (2) to derive the
probabilities prex, Ppen as a function of the barrier height and
the temperature:

1

1+ expl(Voon — Viop)/ (ks T)1’
1

Pren A expl(Viap — Voan)/ (ks )]
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FIG. 3. Bistability of crystal isomers. Probability for a crystal
to be arranged in a pentagon (red points) or hexagon (black points)
isomer as a function of the trap aspect ratio. The lines are obtained
from the simulation data, with the temperature being the only free
parameter. The shaded area encloses the functions for which y2
is twice as big as the optimal one. The corresponding temperature
estimate range is 8.8+3-2 mK.

We use Eq. (3) to fit the experimental data in Fig. 3. To
this end, we extrapolate the data of Vyy, and Vpp, from the
Monte Carlo simulation, and use the temperature as the only
free parameter. We change the temperature in steps of 0.1 mK,
and identify the curve that has the lowest x2, finding the
best-fitting temperature to be 8.8 mK for both phex and ppen
(see solid lines in Fig. 3). To estimate the uncertainty of this
temperature estimate, we consider the temperatures for which
the x? parameter of the corresponding function is a factor
of 2 larger than the best-fitting value. The corresponding
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FIG. 4. Isomerization time as a function of the trap aspect ratio.
The red points report the isomerization characteristic time 7 as a
function of «. The times are obtained from an exponential fit of the
photon rate data [see Fig. 2(c)]. From the simulation, a double well is
predicted for o below approx. 1.23. The solid red line corresponds to
the decay expected from a double-well model of isomerization. The
dashed line corresponds to the time needed for recooling the crystal
below the energy on the potential energy surface corresponding to
the edge of the detection region (see text). Inset: Transition rates Ky
(black) and kp, (red). The corresponding solid lines represent the
expected values for the PES extracted in the Monte Carlo simulation.
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temperature range is 8.8 732 mK. This range is shown in Fig. 3
as a shaded area.

We further investigate isomerization by analyzing the tran-
sient behavior. By analyzing the data after the aspect ratio
quenching, we extract the time constant 7 of the decay of the
photon rate [see Fig. 2(c)]. Figure 4 shows the scaling of t as
a function of the trap aspect ratio. We observe a faster decay
as the aspect ratio is increased. From the Monte Carlo sim-
ulation, we can identify two separate regions: For o < 1.23,
the system is bistable, as we observe two minima in the cor-
responding PES, while for ¢ 2 1.23 only the hexagon isomer
is stable. In the bistable region, the decay time is related to
the rates of the transitions between the two energy minima by
the formula T = (kpon + kn2p) ™' [39]. By using Eq. (2), we can
extract the relation of the rates

kp2h = (T(l + ppen/phex))71,
kiop = (T(1 + Phex/Ppen)) " )

We use Eq. (4) and the probabilities ppex, Ppen from the data in
Fig. 3 to extract the rates from the observed time constant. The
results are shown in the inset of Fig. 4, where the solid lines
are a fit of the data with the Arrhenius equation. The best-
fitting functions of the rates are used to extract the expected
behavior for the time constant t, shown in Fig. 4 as a solid
red line. We find an excellent agreement with the experimen-
tal data. Out of the bistability region, i.e., for « = 1.23, we
observe a non-negligible decay time that is long compared to
the eigenfrequencies of the vibrational modes of the isomers.
We attribute this time to be caused by the relatively high
kinetic energy acquired by the ions after the quenching, which
increases the time required to cool the crystal. From the PES,
we can calculate the excess energy the crystal has to lose so
that no ion passes by the region of space observed by our
imaging system. The dashed line in Fig. 4 shows the time
needed by a free particle to lose the excess energy for the
cooling light parameters used in the experiment. The curve
qualitatively confirms our interpretation.

IV. CONCLUSIONS

In this work, we demonstrate that Coulomb crystals can
be used to emulate the physics of isomerization and study
the bistabilities that may arise. Thanks to the high level of
control on the experimental parameters, we have selectively
arranged the crystal in a metastable isomer, thus emulating

the physics of isomerization of a molecule. By exploiting
the slow dynamics when compared to real molecules and a
configuration-resolved detection, we have identified the bista-
bility region and revealed transitions between two isomers
that are excited thermally. The potential energy surface of the
crystal is obtained using a Monte Carlo simulation and used
to derive the barrier heights and the transition rates. Data ob-
tained from the simulation show an excellent agreement with
the experimental data and are used to evaluate the temperature
of the crystal. Our study paves the way toward exploiting
trapped ions for simulations of fundamental mechanism in
chemical reactions, e.g., by further modifying the crystal PES
by using optical potentials [41] or more complex electric
potentials [42]. Moreover, understanding the hysteresis of the
isomer formation may play an essential role in the initial state
preparation of a quantum computer or a quantum simulator
realized with two-dimensional Coulomb crystals [34,43]. Fi-
nally, our ability to control the relative height of the wells
in the observed double-well potential establishes this system
as a versatile platform for studying structural transitions and
provides a potential starting point for future extensions toward
quantum-coherent regimes. In particular, by lowering the
temperature of the crystal either via two-photon cooling [44]
or via sympathetic cooling with ultracold atoms [45], or, alter-
natively, by suitably tailoring the potential energy landscape
using, e.g., additional optical potentials, one could envision
accessing regimes where quantum tunneling and coherent su-
perpositions of crystal isomers can be achieved.
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FIG. 5. Configuration of six ions. Configuration of six ions changes from 1D chain, hexagon isomer, and to pentagon isomer depending

on the trap aspect ratio «.
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APPENDIX A: MONTE CARLO SIMULATION

We have conducted Monte Carlo simulations to identify the
metastable configuration of the ions and their corresponding
potential energy surface. The ions are first placed in a two-
dimensional harmonic potential of frequencies (w,, wy) in a
1 nm grid. The energy E of the whole system is given as a
sum of the Coulomb energy and the potential energy of the
harmonic potential as

6
1
Eio = Z Em(a)zzzﬁ + a)}z,yﬁ)
n=0

1 & 1
to—— Y 7
24méo ni#n \/(an - an)z + (ynl - y"z)2

where m is the mass of a '*Bat ion, (2Zu, yn) 1s the position
of nth ion, e is the elementary charge, and ¢ is the dielectric
constant of vacuum. Then, the ions’ positions are optimized
by moving randomly selected two ions at a time within a 10
nm range in the plane. When the positions of the two ions
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FIG. 7. Eigenfrequencies. Orange (purple) corresponds to eigen-
frequencies of a Coulomb crystal in pentagon (hexagon) configura-
tion in 2D.

are moved to a new position (zs, 1, ¥s,;.1) and (zs,.1, ¥s,.1) from
the original position (zy, 0, ys;.0) and (zy, 0, ¥s,.0), the change
in the energy can be expressed as

1
AEqy = Em(a)zz(ZSZIJ - Zszl,o) + w,%(yf,,l - yfl,o))
1
+ Em(wz2 (Zszz,l - Zgz,o) + w§ (yszz.l - y?z,O))
1 & 1
S
2 47T€0 n#s1,5 \/(Zsl,l — Zn)2 + (yslql — y,,)z
1 & 1
Ay
2 47[60 n#s1,82 \/(Zsz,l — Zn)2 + (ysz,l - yn)2
s !
2 47[60 \/(le,l - sz,l)z + (y-Y1~1 _yS2~1)2
1 62 Z 1
2dmeo n£s1,s2 \/(Zsl,o - Zn)2 + (yS1,0 - yﬂ)z
1 62 Z 1
2 47160 n#sy,s, \/(Zsz’() — Zn)2 + (ysz,O - yn)2
1 & 1

(A2)

2me \/(Zsl,O - Zsz,O)2 + (yslvo a ym’o)z

AE is calculated for all points on a grid with a size of 10
and 1 nm spacing around (2,0, ¥s,.05 Z5,.05 Vs,.0)- Lhen, we
update the positions of the two ions to the one that is giving
minimum AE,. The procedure is repeated until we get no
improvement in the energy after 150 random trials. For each
set of parameters, a simulation was repeated for at least 3
times. The crystal configuration of six ions is dependent on the
trap aspect ratio o = w,/w,. Figure 5 shows configurations
of six ions for different values of o found with Monte Carlo
simulations. The trap frequencies are varied according to the
experimentally determined dependence of the aspect ratio on
the dc voltage, which was measured with a parametric heating
experiment. To fine-tune the simulated trapping potential to
match the experimental one, we calibrated the trap frequencies
by comparing the experimental data and the simulation in the
condition in which barrier heights between two isomers are
balanced. For the Monte Carlo simulation in Fig. 1(b), the
simulation becomes less accurate for the metastable isomer
around the edges of the bistable region. This is because the
PES becomes very flat, and even if there is no minimum
in the PES the simulation terminates before converging to a
stable solution. To avoid such issues, we assessed the sta-
bility of the ion equilibrium positions obtained from Monte
Carlo simulations by analyzing the eigenvalues of the Hessian
matrix. The presence of a negative eigenvalue indicates that
the configuration does not correspond to a true equilibrium.
Figure 6 shows barrier heights between stable isomers of a
Coulomb crystal of six ions extracted from the Monte Carlo
simulation in Fig. 1(c). There exist two regions in o where
bistability exists. We choose to investigate the region where
the energies of the two configurations cross, around o« = 1.19.
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FIG. 8. Minimum-energy paths of one ion from a pentagon
configuration to hexagon configuration shown in blue (left panel).
Orange (purple) points show the equilibrium positions of ions in a
Coulomb crystal in pentagon (hexagon) configuration. Right panel
shows the potential energy surfaces associated with the minimum-
energy paths in the left panel.

Figure 7 shows the eigenfrequencies calculated for
Coulomb crystals of six ions. Eigenfrequencies are calculated
by solving Hessian matrix [18].

APPENDIX B: ISOMERIZATION PATH

In two-dimensional plane, there are multiple isomerization
paths. Figure 8 shows two MEPs from one pentagon configu-
ration to hexagon configurations for o« = 1.20. Depending on
which path a Coulomb crystal takes during isomerization, six
ions are configured in two different hexagon configurations in
the mirror symmetry. PES along the two MEPs are identical
and the path a Coulomb crystal takes during isomerization
would not change its dynamics.

APPENDIX C: PREPARATION AND DETECTION
OF TWO-DIMENSIONAL ION CRYSTALS

To confine ions in a two-dimensional plane, our Paul
trap has a specific design in which negatively charged dc
electrodes are used for axial confinement [10]. By chang-
ing the voltages applied to the dc electrodes, the confining
potential can vary from one dimension (1D) to 2D. For
example, in Fig. 2, the confining potential is quenched
from (w., wy)/(2m) = (98.8,127.8) kHz to (w., wy)/(2r1) =
(99.7, 122.1) kHz. In the experiment, ions are always laser
cooled with two laser beams at 493.5 nm and a repumping
laser of 650 nm addressing the |652S;/,) — |6p2P;/2) and
I5d 2Ds),) — |6p?*P)») transitions, respectively.

We detect fluorescence at 493.5 nm from the two opposite
sides on the axis orthogonal to the trapping plane. On one
of the sides, we use two telescopes, each with a magnifi-
cation of 2, and use a polarizing beam splitter for splitting

the signal and send it to a photon counter and a charge-
coupled device (CCD) camera. In the first image plane after
the first telescope, a pinhole (20 um diameter) is placed to
detect the photons coming from the center region (10 wm
diameter) of the trap. The pinhole was aligned by trapping
a single ion acting as a reference for the trap center and
looking at the picture in the CCD camera. The photon arrival
time is recorded with a time-to-digit converter and counted
with bins of 0.1 ms. We monitor the number of ions in the
trap with a second CCD camera from the opposite side of
the plane.

The trap aspect ratio « is changed by varying the dc volt-
age applied on the end caps V. In the quench, we keep
dVy./dt = 17.9 V/ms constant, and the overall ramp time is
smaller than 50 pus. This time is faster than the characteristic
time of the common mode frequencies associated with iso-
merization (see Fig. 7).

We used the photon correlation technique to detect mi-
cromotion and used dc fields to compensate it to ~1.5V/m
on the trap axis. With respect to the excess micromotion in
two-dimensional crystals, we note that in our trap design (see
Ref. [35]) the axes of the dc quadrupole are rotated by /4
with respect to the rf quadrupole in the x-y plane. As a result,
the direction of the rf field off the trap axis is orthogonal to
the y-z plane where the crystal lays. We have calculated the
amplitude of the small projection of the excess micromotion
in the y-z plane, and found it <14 nm for the outermost ion in
the crystal, corresponding to an energy of <1.2 mK.

APPENDIX D: ORIENTATIONAL MELTING

Depending on the isotropy of the trap potential, Coulomb
crystal of six ions may rotate thermally as in an isotropic
confinement there is no energetically preferred orientation.
This is referred to as an orientational melting resulting in a
delocalization of ions in a rotational degrees of freedom [10].
Whether ions exhibit orientational melting is determined by
the rotational barrier. Figure 9 shows the rotational barrier
for experimental conditions corresponding to the five images
in Fig. 1(a). To simulate the rotational barrier, we first de-
termine the equilibrium positions of the ions using a Monte
Carlo simulation. Next, we randomly select one ion from the
outermost shell of the Coulomb crystal. We then run another
simulation starting from its equilibrium position, with the
constraint that the selected ion is allowed to move only along
a line whose direction is incrementally rotated from the polar
angle of the ion’s initial position. This simulation is repeated
while continuously increasing the angle in steps of 2 /1800,
each time using the final position from the previous run as the
initial condition for the next. Adjacent minima corresponds to
mirror reflective configurations within pentagon or hexagon
configurations. It shows that for « = 1.07, 1.18, 1.20, 1.21,
the height of the rotational barrier is lower than the evalu-
ated temperature of 8.8 K of Coulomb crystals leading to an
orientational melting. For o = 1.24, maximum height of the
rotational barrier is higher than 8.8 mK and thus blocking a
crystal from full rotation.
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FIG. 9. Rotational barrier. Orange (purple) corresponds to the orientational barrier for pentagon (hexagon) configuration with respect to

the equilibrium positions.

APPENDIX E: EXPERIMENTAL PARAMETERS

Here we provide a comprehensive summary of the relevant experimental parameters. Table I reports the rf frequency and
amplitude, and the value of the dc voltage used to confine the six-ion crystal. Moreover, relevant imaging system specifications
are listed, including magnification, imaging region of interest (ROI), integration time of the photon counts (binning).

TABLE 1. Experimental parameters overview. The dc voltage refers to the voltage applied before quenching.

Parameter

Value Unit
rf frequency 4.446 MHz
rf amplitude (peak to peak) 780 v
dc voltage —134 \Y%
Imaging magnification 2 -
Imaging ROI 251 um?
Binning time 0.1 ms
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