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Materials and Methods

Trapping Potentials

The one-dimensional corrugated potential J” is produced by an intra-cavity optical
standing wave superimposed on a linear Paul trap as described in detail in ref. (23). The
TEMoo mode of the cavity is pumped by laser light blue-detuned by 12.7 GHz from the
369.5 nm 2Si/» —2 P2 transition in '*Yb ", resulting in optical-lattice potential minima at

the nodes of the optical field. The corrugation parameter 1 =(®, / @, )’ is defined in

terms of the quantity @, = \27°U / (ma®) , which is the oscillation frequency of an ion

around an optical-lattice potential minimum in the harmonic approximation. The optical
lattice coincides with the purely electrostatic axis of the Paul trap, along which the ions
self-organize into a one-dimensional Coulomb crystal due to a much stronger transverse

confinement by radio-frequency fields, with vibrational frequencies @, /(27) in
excess of 1 MHz. Although the ions in a crystal interact via a long-range Coulomb force

-2
scaling as ‘xi — x],| , it can be linearized for small ion displacements from equilibrium on

the scale of the optical lattice spacing, resulting to leading order in spring forces between
all ion pairs that fall off as the square of the inter-ion distance. While the Frenkel-

Kontorova model assumes only nearest-neighbor spring forces, previous theoretical work
(19) suggests that the FK model can effectively describe the long-range Coulomb system.

Raman Sideband Cooling

We cool the ions using a degenerate lattice-assisted Raman sideband cooling scheme
(23,31) using the spin-1/2 Zeeman magnetic sublevels in '"*Yb". The optical lattice
described above, blue-detuned by 12.7 GHz, is slightly elliptically polarized. In a
transverse magnetic field, the strong linearly polarized component and the weak
circularly polarized component drive stimulated two-photon Raman transitions from |n)
to [n — 1) and |n — 2) vibrational levels and flip the electronic spin. A circularly
polarized laser beam collinear with the magnetic field and red-detuned by 100 MHz
repumps the ion to the initial magnetic sublevel via a spontaneous two-photon Raman
process, resulting in fluorescence which we collect. This fluorescence is modulated by a
sinusoidally-varying (in space) coupling of the off-resonant, but strong |n) to |n) (carrier)
stimulated Raman transitions, as well as by the sinusoidally-varying lattice-induced shift
of the optical transition. This spatial variation of fluorescence is what provides us with a
signal to detect an ion’s position with sub-lattice-site resolution. The coupling from |n) to
|n — 1) and |n — 2) also varies sinusoidally with the lattice, resulting in variations in
cooling efficiency and a ¢ -dependent temperature (see below).



Effects of Temperature on Friction

The temperature of the system can have a significant effect on stick-slip processes due to
thermally induced hopping between two potential minima. In our system, the temperature
is regulated by means of laser cooling, providing a dissipation mechanism to remove the
heat released in the slip process. By the fluctuation-dissipation theorem, the ion follows a
thermal distribution characterized by temperature 7' and a damping rate r . One can

define a dimensionless ratio kK = r-exp(=U / (k,T))/(v/ a) of the thermal hopping rate

over the bare lattice potential barrier U to the driven transport rate over one lattice site at
velocity v. When K > 1, stick-slip is pre-empted by thermal hopping between the sites
and its effect is much reduced. To observe stick-slip in deterministic transport, thermal
hopping must be negligible (kK < 1), which we achieve by making the temperature low
k,T < U , and by choosing the transport speed v/« high enough. Since r~'is the

characteristic time constant for recooling after a slip, the transport speed must be slower
than this to avoid raising the temperature, so we operate in the regime

exp(~U / (k,T)) < (v/a)/ r <1,

We measure U/ (k,T') independently by the equilibrium fluorescence of the middle ion

in the crystal, placed at a minimum (node) of the optical lattice. As the ion thermally
samples the optical potential near the minimum, it scatters light proportional to its
temperature due to the laser cooling configuration (23). For N =3 (data presented in
Fig.3), the temperature for the ¢ = 0 case is measured to be at most twice the temperature
for the g =1 case, where k,T(¢=1)/U =0.05 . If we increase the temperature for the

q =1 case (by introducing excess recoil heating via slight polarization misalignment of
the optical pumping beam used for the Raman cooling process (23)) to match that of the
q =0 case, we find the measured friction to be reduced only by a factor of 2, by much
less than the over tenfold reduction in the measured friction when changing the mismatch
from g=1 to ¢ =0.From this we conclude that temperature alone cannot explain the
observed reduction in stick-slip friction. We note that although this temperature
measurement is insensitive to the temperature of those vibrational modes of the crystal
which do not contribute to the oscillation of the middle ion (such as the stretch mode for
N =3), those normal modes also do not contribute to the slip of the middle ion: in the
matched case, all ions slip at once, corresponding to the center-of-mass mode, while in
the mismatched case, ions slip one at a time, corresponding to a localized mode, and the
temperature of the relevant mode for the middle ion is measured when this ion is placed
at the optical lattice minimum.

In order to further assess the effects of temperature on friction when the structural
mismatch ¢ is tuned (Fig.4), we numerically simulate the full dynamics for crystals of

different N . Using the Langevin formalism for the equations of motion subject to a
fluctuating force (/), we obtain the g -dependence of friction for different temperatures.

We find that in order to reproduce our experimental data, a g -dependent temperature is
required. This is not unexpected from our cooling configuration (23,31), because the



cooling efficiency changes depending on an ion’s location in the optical potential, and ¢
tunes the arrangement of the ions relative to the optical potential. In the matched case,
k,T(qg=1)/U =0.05 is measured, while in the mismatched case, k,T(¢=0)/U =0.15,

as the only free parameter, produces good agreement with experimental data for N =2
through 6, indicating that the effect of mismatch on temperature is insensitive to the ion
number. For intermediate matching values ¢ we assume that the temperature increases

linearly from g=1 to ¢=0.

We note that as the ion crystal is displaced by the applied force, because of the spatially-
dependent cooling the temperature may change from the value measured with the middle
ion at the optical lattice minimum. However, our simulations show that friction in the
matched case ¢ =1 is highly insensitive to temperature, and we use the ¢ =1 measured

temperature as input to the simulations. In the mismatched case g = 0 our static

temperature measurement may indeed underestimate the relevant temperature in the
driven situation, which may be the cause of the discrepancy between the measured

k,T(q=0)/U =0.10 and the fitted k,7(g=0)/U =0.15 temperature values.

Controlling the q parameter

The structural mismatch parameter g is measured by imaging the ion crystal as it is

transported across the optical lattice in the regime where temperature dominates (kK > 1),
and the optical-lattice potential is weak 1 =1. In this way, the fluorescence signal from

each ion reflects its average position relative to the optical-lattice potential, minimally
perturbed by the optical force (aided by thermal averaging). We use these measurements

to calibrate the Paul trap vibrational frequency @, corresponding to the minimum value
of ¢, and from there on use calculated values of q corresponding to the control parameter
o, and the given N . The calculated g versus @, is periodic for N =2 and 3, but quasi-
periodic for N =4 (see Fig.S1) due to the inhomogeneity of the ion crystal. As a result,
arbitrary tuning of ¢ with the single parameter @, becomes difficult with larger N (the
value of g does not fully reach unity for N =6 and only gets to 0.75 for N =10 in the
vicinity of the desired @, , as shown in Fig.5). For future experiments with larger ion

numbers, this can to some extent be rectified by controlling quartic and higher-order Paul
trap potentials available in our system (27), while for very large N near-square-well
potentials with approximately constant ion spacings can be created by means of
additional control electrodes.
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Fig. S1.

Calculated matching parameter ¢ as a function of the Paul trap longitudinal vibrational
frequency @, for N =2 (red dashed line), N =6 (blue solid line) and N =10 (purple
dot-dashed line).
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