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A leading approach to implementing small-scale quantum computers has been to use laser beams,
focused to micron spot sizes, to address and entangle trapped ions in a linear crystal. Here we propose a
method to implement individually addressed entangling gate interactions, but driven by microwave fields,
with a spatial resolution of a few microns, corresponding to 10~ microwave wavelengths. We experimen-
tally demonstrate the ability to suppress the effect of the state-dependent force using a single ion, and find
the required interaction introduces 3.7(4) x 10~* error per emulated gate in a single-qubit benchmark-
ing sequence. We model the scheme for a 17-qubit ion crystal, and find that any pair of ions should be
addressable with an average crosstalk error of approximately 107,
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Dynamical decoupling (DD) [1-5] is commonly used
across many quantum computing platforms to reduce
the loss of quantum information caused by decoherence
[6-12]. DD aims to suppress the interaction between a
quantum system and its environment by imposing a time
dependence on the interaction, and averaging out the net
effect on the system. This technique is used for enhanc-
ing quantum memories [7—12] and reducing errors during
logical gate operations [13—16]. Recently, it has been put
forth as a promising method to reduce crosstalk from
coherent control pulses, for spin [17] and superconducting
[18] qubits. In this paper, we extend this idea to selec-
tively decouple qubits within the same register from gate
interactions, enabling individual qubit addressing.

We demonstrate this idea using trapped-ion qubits
driven by near-field microwaves [14,19-25]. More specifi-
cally, we show how DD can enable individually addressed
0x ® 6, gate interactions [14,19-23], addressing a key
challenge with microwave-driven trapped ions over the
laser-driven alternative. Microwave technology offers
attractive features for ion-trap scalability: robustness, cost
and size, straightforward amplitude and phase control,
and easy integration of waveguides onto surface traps.

*Contact author: molly.smith@physics.ox.ac.uk
TThese authors contributed equally.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license. Fur-
ther distribution of this work must maintain attribution to the
author(s) and the published article’s title, journal citation, and
DOL

2691-3399/24/5(3)/030321(9)

030321-1

However, whilst laser beams can be focused onto individ-
ual ions [26], the centimeter wavelength of microwaves
requires alternative techniques to address ions confined to
the same potential well [27-33]. Individually addressed
microwave-driven two-qubit gates have previously been
demonstrated using magnetic gradient-induced coupling
(MAGIC) [34], however, this technique cannot be used on
magnetic field insensitive “clock” qubits and is therefore
susceptible to magnetic field fluctuations.

We first show how DD can be used to suppress the
effect of the interaction which drives two-qubit gates, the
state-dependent force (SDF) [35—37]. The error associated
with the suppression of this “state-dependent displace-
ment” (SDD) is measured to be much lower than typical
two-qubit gate errors: 3.7(4) x 10~*. Secondly, we imple-
ment a spatially varying DD phase to selectively suppress
or enable the SDD with approximately 1 wm spatial resolu-
tion, as schematically illustrated in Fig. 1. We extrapolate
our results to a larger register of ions, showing how this
technique could enable all-to-all connectivity in a chain of
ions solely by varying the amplitude of microwave currents
in three electrodes.

For this demonstration, a single ion is displaced to dif-
ferent positions to emulate different ions in a chain. Our
experiments are carried out at room temperature on a
segmented electrode surface “chip” trap characterized in
Ref. [38]. The trap features an on-chip microwave (MW)
resonator with a single ion trapped 40 um above the
chip surface. Our qubit is defined by the hyperfine states
1) =|F =4,Mr =1),and |0) = |F = 3,Mp = 1) of the
ground-state manifold 4°S; 2 of $Ca™, which form a clock
qubit at our static magnetic field strength of 28.8 mT. These
states are connected by a magnetic dipole transition with
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FIG. 1. Two-qubit gate addressing through spatially varying
dynamical decoupling. (a) A laser is commonly used to address
ions by focusing beams to small spot sizes [26]. To drive the
two-qubit gate interaction—state-dependent force (SDF)}—two
sideband (SB) laser tones are applied, symmetrically detuned
from the qubit frequency by the motional frequency w,,. (b) An
SDF can also be driven using microwave currents, tuned to SB
frequencies, and injected through electrodes (light gray) pass-
ing under the ions. Due to the long wavelength of microwaves,
this force will affect all ions trapped within the same potential
well. Our proposed method for targeting a single ion requires
an additional dynamical decoupling tone, which drives the qubit
resonantly. By spatially varying the phase difference between DD
and SB drives—through interference of the field generated by the
different electrodes—the effect of the SDF is either enabled (DD
and SB in phase) or suppressed (DD and SB in quadrature).

frequency splitting w, = 27 x 3.1 GHz. To drive this tran-
sition, we use near-field radiation generated by the currents
propagating in the MW resonator. The field gradient is
used to generate the SDF enabling two-qubit gates.

An SDF is generated by driving the red and blue
motional sidebands of the qubit transition at frequencies
wy £ w, (see Sec. S1 within the Supplemental Material
[39]) where w,, corresponds to the frequency of one of
the motional modes of the ion—here we use the in-plane
radial mode (w,, = 27 x 5.77 MHz). The SDF displaces
the state of this mode in position-momentum phase space
where the sign of the displacement depends on the qubit
state [40]. By slightly detuning from the red and blue side-
bands, the motion describes loops in phase space—the
central mechanism of Mglmer-Serensen (MS) two-qubit
gates [35-37]—but we will mostly focus on the resonant
case for simplicity, and without loss of applicability to the
detuned case. Under a rotating-wave approximation and
ignoring negligible off-resonant carrier driving, the SDF

is described by the Hamiltonian (see Sec. S1 within the
Supplemental Material [39])

N h A
Hspr = EQSBGx (a+a'), (1)

here written in the interaction frame with respect to the
qubit and motion, where Qgg is the sideband interaction
strength, proportional to the gradient of the field driving
the ion. Rewritten as

N h A h Ao
Hspr = EQSB |+) <+| ((1 + aT) - EQSB |_> <_| (a + aT)
)

the state-dependent force is made explicit: the motion
experiences a force, which is positive if the qubit is in
state |4+) = (|0) + |1))/+/2 and negative if the qubit state
is =) = (10) — [1)/v2.

We propose to selectively suppress the state-dependent
displacement driven by the SDF through the choice of the
phase of an additional dynamical decoupling tone driving
the qubit transition. For the MW electrode geometry used
in this experiment, the dynamical decoupling drive phase
changes with ion position, localizing the effect to a chosen
region of space. The DD tone drives the interaction

N h .
Hpp = EQDD61¢DD5+ +hec, 3)

where 6, = |1)(0], Qpp is the strength of the DD drive,
and the phase ¢pp depends on the ion position and the
phase of the injected microwave current. Note that if the
DD and SDF are in phase, ¢pp = kmr (k € Z), the Hamil-
tonians commute, [ﬁSDF,ﬁDD] =0, and the dynamical
decoupling does not alter the SDF dynamics. Whilst this
has already been demonstrated in two-qubit gates [14],
here we also make use of the in-quadrature case.

When the DD and SDF are in quadrature ¢pp = /2 +
kmr, DD driving can suppress the effect of the qubit-motion
interaction. The DD tone will drive Rabi oscillations
between the states on which the SDF depends [+) < |—),
and, if Qpp > Qgg, the rapid changes of SDF direction
will stop the motion from gaining significant amplitude in
phase space. We propose to combine this technique with
a microwave electrode geometry that enforces ¢pp = kn
for ion positions where the SDF is desired, and ¢pp =
/2 + krr for ion positions where the SDF is undesired.
First, however, we experimentally demonstrate SDD sup-
pression at a fixed ion position.

Choosing to resonantly drive the sidebands, and sub-
sequently measuring the qubit state, provides a straight-
forward measurement of the SDD and its suppression.
We first demonstrate the effect of the SDF with no DD
driving, as shown in Fig. 2(a). Each experimental cycle
starts by preparing the state |0) |0,,), where |0,,) designates
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the motional ground state through microwave-enhanced
optical pumping [21] and Raman-laser driven sideband
cooling [38]. A small thermal population does remain in
the motional mode (see Sec. S3 within the Supplemental
Material [39]), which is included in all our simulations,
but omitted here for simplicity. After driving the motional
sidebands for a duration ¢, the initial state

L
V2

will evolve under the SDF to

10) 10m) = —= (I+) + =) 10m) 4)

¥) = —= (+) [+o) + [-) [—a))

|
—
s‘

=5 10) (lot) + | =) + % 1D () = =),  (5)

schematically shown in Fig. 2(a), where |*«) designates a
coherent state with amplitude o = £Qggt/2. The prob-
ability P|p) of measuring the initial qubit state |0) then
decays to 1/2 as « increases, following

1
Pioy = I (| + (=aD T (la) + [—a))

_ % (14e727), (6)

providing a measurement of the SDD (and later its sup-
pression). For simplicity, we describe the state |ir) as
pure, but in addition to initial thermal population, coher-
ence is degraded by the motional mode heating rate of
approximately 370 quanta/s, comparable to the sideband
interaction strength Qgg/2m = 380 Hz. Loss of coherence
increases the rate at which Py decays, but the physical
intuition presented here remains valid, and the measure-
ment still provides a measurement of « once the indepen-
dently measured heating rate and initial motional mode
occupation are considered (see Sec. S3 within the Supple-
mental Material [39]). The qubit state is read out by trans-
ferring 10) to the “dark” 32Ds;, manifold and measuring
the probability of the ion fluorescing [41]. A measurement
of the decay of Pjgy to 0.5, as a consequence of the SDF, is
shown in Fig. 2(b).

Driving the system at both DD and sideband frequen-
cies, and varying their relative phases, allows us to sup-
press the SDD. To demonstrate this, the qubit state is
measured after a pulse duration which, at most, will reduce
P)g) to 0.6 when the DD drive commutes with the SDF. To
ensure that Rabi oscillations induced by DD driving do not
have an impact on the final qubit state (independently of
the SDF), we switch the phase of the DD drive in a Walsh-3
pattern [42] (see Sec. S4 within the Supplemental Mate-
rial [39]). The resulting data, shown in Fig. 2(c), clearly
shows that the SDD can be either undisturbed or sup-
pressed by selecting DD phases 0 or /2, respectively. For
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FIG. 2. Suppressing the effect of the state-dependent force
through dynamical decoupling. (a) Position-momentum (u-p)
diagram illustrating the effect of the state-dependent force (SDF)
on the ion’s motional state. Starting with qubit state |0), a mea-
surement in the qubit basis (|0), |1)), would show the qubit
evolving from state |0) to (|0) £ [1))/ V2. (b) Measured (blue)
and fitted (black) probability Pjg, of measuring the initial state
|0) after driving an SDF using two microwave sideband tones.
(c¢) To inhibit motional entanglement, a dynamical decoupling
tone drives the qubit with a variable phase ¢pp (relative to
the average phase of the two sidebands). We measure Py, for
a fixed pulse duration (red star), such that suppression of the
state-dependent displacement corresponds to P > 0.6. Mea-
surements were taken at a fixed ion position (null of the rf
trapping field). The SDD is unaffected (P, = 0.6) or suppressed
(Pjoy ~ 1) for ¢pp = 0 and ¢pp = 7/2, respectively. All error
bars indicate 68% confidence intervals.

this demonstration, we fix the DD drive power injected into
the trap such that the DD drive amplitude Qpp = 60 Qgp,
which fulfills the requirement for suppression Qpp > Qgp
(see Sec. S4 within the Supplemental Material [39]). Note
that the microwave power of the dynamical decoupling
tone, required to obtain Qpp = 60 Qgg, is 2 orders of
magnitude smaller than the power injected at sideband
frequencies due to the small effective Lamb-Dicke param-
eter n = 1.25 x 1073 (see definition in Sec. S1 within the
Supplemental Material [39]).

To use this technique to address individual ions, the
phase difference between the DD driving and SDF at differ-
ent ion positions must vary—in our system this arises from
the microwave electrode geometry, schematically shown in
Fig. 3(a). The ion is driven by near-field radiation gener-
ated by MW currents flowing in a U-shaped electrode (see
Ref. [38] for more details). Currents propagate in oppo-
site directions on each side of the ion (approximately x
radians out of phase), leading to destructive interference
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FIG. 3. Surface-trap design giving a spatially varying phase. ¢ ”‘
(a) Schematic of our surface trap. Two microwave electrodes 05 , \ ¢
produce interfering microwave fields. These fields combine to 210 -5 0 5 10

produce Byw (solid arrow). The component B, of this field
(dashed arrow)—in the direction of the quantisation axis, defined
by a static field B—drives qubit transitions. The two microwave
electrodes are connected 750 jum away from the ion (gray dashed
line) and their currents are approximately 7 radians out of phase
(with a small phase offset €). (b) B, phasor in the complex plane
(dots) where the imaginary axis has been magnified x20. Neigh-
boring dots correspond to ion positions 2 wm apart in the x
direction. As the ion is moved along the x axis, the phase of the
microwave field, dictating the phase ¢pp, changes by approx-
imately m radians. The phase of the field gradient, however,
remains constant and thus so does that of the state-dependent
force. The change in phase of the field is used to obtain sup-
pression of the state-dependent displacement away from the
symmetry point of the microwave field.

of the magnetic field component B, aligned with the quan-
tisation axis By [see Fig. 3(a) for the coordinate system],
which is the component of the field that couples to our
“m-polarized” qubit transition. The interference leads to a
change in the phase of B, as a function of x, since the field
switches from being dominated by the field of one elec-
trode to the other. This is illustrated by plotting B, in the
complex plane, see Fig. 3(b). The phase of the gradient
of the B field however, which determines the phase of the
SDF (see Sec. S1 within the Supplemental Material [39]),
stays constant as the ion is moved across the trap.

The phase of the DD drive therefore changes with posi-
tion, undergoing a phase shift of approximately = radians,
whereas the phase of the SDF remains constant. As a result,
the DD and SDF can be in phase at the x position of the
field minimum whilst being approximately £m/2 out of
phase away from it. An experimental verification of this
is shown in Fig. 4(a). The change in DD drive phase is
measured by preparing (and measuring) the |+) state at
x = 0 before (and after) displacing the ion to position x,
where it is subject to a MW pulse with varying phase
¢,. When averaged over multiple random pulse ampli-
tudes, sweeping the phase ¢, to maximize the probability
of measuring |+) at the end of the sequence constitutes

lon x position (um)

FIG. 4. Spatially selective ion-motion interaction. (a) Mea-
sured phase of the microwave field (blue dots) and its gradient
(gray dots), with fits (solid lines) to a Biot-Savart model of the
trap (see Sec. S2 within the Supplemental Material [39]). Here
x = 0 corresponds to the null of the rf trapping field. The two
shaded regions correspond to the microwave field and its gradient
being 77 /2 radians out of phase (gray) or in phase (blue). The gra-
dient of the microwave field features a slight change in its phase
caused by a tilt in the direction of the ion’s harmonic motion,
consistent with simulated values (black dashed line). (b) After
preparing state |0) at position x = 0, the ion is displaced to posi-
tion x, subjected to SB and DD driving, and returned to position
x = 0 where we measure the probability P|o, of finding the qubit
in its initial state. The phase of the DD drive injected into the
trap is kept constant, but the MW electrode geometry offsets the
DD phase at the ion position as shown in (a). This leads to a
memory zone (gray) where the state-dependent displacement is
suppressed and an interaction zone (blue), where it is not. Here,
the interaction zone is defined as where Pjg) is below 0.75. All
error bars indicate 68% confidence intervals.

a measurement of the field’s position-dependent phase
shift (see Sec. S2 within the Supplemental Material [39]).
The phase of the SDF is measured relative to the DD
by maximizing P|p, in a DD phase scan, as described
in Fig. 2(c), for different ion positions. lon displacement
is achieved by varying the voltage delivered to the trap
dc electrodes following an analytical model of the trap-
ping field (see Ref. [43]). Notably, we measure a slight
change in the SDF phase—rather than the desired con-
stant phase—which arises from a change in the direction of
the ion’s harmonic motion, which samples the microwave
gradient in the y direction. This results from the limited
control offered by our dc trap electrode geometry when dis-
placing the ion from the trap rf null (see Sec. S3 within the
Supplemental Material [39]).

The spatial variation in MW phase will “enable” the
SDD for an ion displaced by x ~ 5 pm from the trap rf
null but the SDD will be increasingly suppressed by the
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DD drive when the ion is displaced out of this “interaction
zone,” creating a much broader “memory zone.” Exper-
imental verification of this is carried out as in Fig.2(c),
but where the phase of the DD tone injected in the trap
is kept constant, and the ion position is varied instead. To
disentangle the change in relative phase of the DD from
changes in motional mode properties, we vary the pulse
duration and sideband frequency with position. (We refer
here to changes in motional mode frequency, thermal occu-
pation, or heating rate, as well as the change in direction
of motion, which are measured and presented in Sec. S3
within the Supplemental Material [39] but which would
not be present in applications of this technique where ions
are not displaced, see Fig. 5.) The pulse duration is cho-
sen such that, starting in state |0) and in the absence of
DD driving, the SDF causes a decay of P, to 0.51. The
measurements, shown in Fig. 4(b), reveal the variation in
the effect of the state-dependent force as an ion is moved
across the surface trap, and the resulting “interaction” and
“memory” zones.

This technique, extended to two interaction zones, could
be used to drive two-qubit gates between arbitrary pairs of
ions arranged in a chain, without resorting to ion shuttling.
We propose a different trap design, which would facilitate
this, shown in Fig. 5(a), where the chain of ions is now
perpendicular to the microwave electrodes. This could be
accomplished by using a multilayer surface trap [44], pos-
sibly where buried microwave electrodes emerge under the
ions [45]. Here the additional interaction zone is enabled
by a third microwave electrode creating a second DD phase
flip (at a different position to the first). The three electrodes
are assumed to be fed by independent microwave currents,
where the central MW current is close to w radians out
of phase with the other two. For our simulations, we set
a phase difference (7 — €) radians, where € =3 x 1073
(based on a typical figure for the demonstrated accuracy in
MW phase control [46]). The phase offset € sets the “steep-
ness” of the phase gradient, and therefore the width of the
interaction zone. The positions of the two phase flips, and
corresponding interaction zones, can be set through the
amplitudes of the DD currents through each electrode. The
SDF strength at both zones can also be set independently
by varying the SB currents through each electrode.

We simulate the expected crosstalk when performing
two-qubit gates between all pairs in a chain of 17 ions,
with a uniform ion spacing of 5 wm and an ion height of
40 wm. We assume that the leading source of crosstalk
would be imperfect control over the spatial variation in
DD phase, i.e., ¢pp — ¢psg # £7/2 and neglect other
sources of crosstalk (see Sec. S5 within the Supplemen-
tal Material [39]). Crosstalk here measures the impurity
of the partial trace of nonaddressed ions after a gate. In
Fig. 5(b), we consider the worst affected nonaddressed
ion for a given pair of addressed ions and so, since we
are not showing the average crosstalk across the chain,
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FIG. 5. Simulated surface trap with three microwave elec-
trodes. (a) Schematic of the proposed trap design using three
microwave electrodes. The ion-chain lies perpendicular to the
microwave electrodes. A pair of ions (dark blue) have been
selected to demonstrate this scheme. Bar plots on each elec-
trode show the required sideband (red) and dynamical decou-
pling (blue) amplitudes to address this ion pair. (b) Maximum
crosstalk—due to imperfect suppression of the effect of the state-
dependent force (SDF) at the nonaddressed ions—when driving
an SDF on both ions in a pair simultaneously. The DD phase
(corresponding to the microwave field phase) is shown for the
ion pair selected in (a).

we refer to this as “maximum crosstalk.” Alternatively,
if we consider the mean crosstalk across the chain, we
find a crosstalk error of 1.04(9) x 10~ (averaging over all
addressed ion pairs). This shows that all-to-all connectiv-
ity is possible with crosstalk error rates (due to imperfect
SDD suppression at the nonaddressed ions) far below typ-
ical error-correction thresholds. Errors are lowest between
the electrodes—the natural location for creating field inter-
ference—but increase as ion pairs are moved further out.
Adding more microwave electrodes or bringing the phase
difference between currents closer to 7 radians reduces
these errors and would enable even larger registers of ions.

For this design, we have considered the chain of ions
to be perpendicular to the MW electrodes, for an imple-
mentation of gates on axial motional modes. However,
changing the angle between the ion chain and MW elec-
trodes would also enable the use of radial motional modes.
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As the ion chain gets closer to being parallel with the MW
electrodes, the radial MW gradient increases, and narrower
interaction zones are required. Alternatively, one could use
separate electrodes for dynamical decoupling (perpendicu-
lar to the ion chain) and sideband driving (parallel to the
ion chain, maximizing the radial MW gradient). Neither
electrode direction should, however, be perpendicular to
the quantization axis.

In practice, the combination of low ion height and long
chains is likely to exacerbate issues of anomalous motional
heating [47] and limited ion lifetime [48]. To mitigate
these, cryogenic operation will probably be required [38].
To further limit the impact of heating, the use of out-of-
phase motional modes (rather than center-of-mass modes)
should be favored [47]. If these issues are too severe, mode
frequencies can be raised (reducing inter-ion spacing for
axial modes), or the ion height can be increased [47]. How-
ever, such solutions would require finer microwave phase
control (more specifically control over €) to maintain low
crosstalk, and would reduce gate speeds. Other issues with
long chains are shared with previous implementations, for
example, motional frequency crowding, requiring more
complex amplitude and phase shaping [49,50], and the
reduction in gate speed resulting from the increase in effec-
tive mode mass. Gate fidelities will also be affected by
drifts in the ion’s position [51], and we expect that active
stabilization will be required to combat this issue, as dis-
cussed in Sec. S5 within the Supplemental Material [39].
These considerations will ultimately determine the optimal
number of ions to use in a chain, and will be influenced
by progress in reducing anomalous heating, stabilizing the
ion’s position and controlling the relative microwave phase
between on-chip electrodes.

We measure to what extent the theoretical crosstalk
would be dominated by other effects in our system by driv-
ing a “suppressed” Melmer-Serensen (MS) interaction in
a randomized-benchmarking-type measurement [52] (see
Sec. S6 within the Supplemental Material [39]). We detune
the sidebands by 2t x 770 Hz in a 1.30 ms pulse to emu-
late—on a single-ion radial mode—a 1-loop MS gate for
a Rabi frequency of Qgg = 27 x 380 Hz, and apply a DD
drive aiming to suppress the effect of this interaction. Due
to the large heating rate of this mode, an unsuppressed
motional interaction is expected to completely decohere
the qubit. The “suppressed MS gate” is applied after every
Clifford gate of a single-qubit randomized-benchmarking
sequence. We first run a test measurement with ¢pp = 0,
to verify the effectiveness of the RB sequences in reveal-
ing motional interaction. As expected, we find that the
error signal rises to its maximum value (0.5), indicating
that the MS pulses lead to a complete loss of coherence as
a result of motional interaction. We then change the DD
phase to ¢pp = 7/2 to suppress the effect of the MS inter-
action, and obtain an error per “suppressed MS gate” of
3.7(4) x 10~*, shown in Fig. 6. DD driving alone produces

(@) (b) : :
XN 10_2 L i
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1Q MS g L ~Zame |
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22 ==—""] Delay
0
0 10 20

Number of gates N

FIG. 6. Single-qubit randomized benchmarking of the sup-
pression error during a gate. (a) The residual error after sup-
pressing the SDD during a gate is experimentally estimated by
embedding Melmer-Serensen (MS) gate pulses, applied to a sin-
gle ion and suppressed through a DD drive (¢, = 7/2), in a
single-qubit randomized benchmarking (RB) sequence. (b) An
error of 3.7(4) x 10~* is demonstrated (blue), indistinguishable
from the error induced by DD driving alone (red dashed line)
indicating a complete suppression of the effect of the ion-motion
interaction. The DD driving error is partially accounted for by
laser leakage and qubit decoherence, measured by replacing
the MS pulse by a delay of equal duration (gray dashed line)
(see Sec. S6 within the Supplemental Material [39]). Error bars
indicate 68% confidence intervals of the measurements and the
shaded region indicates a 68% confidence interval of the fit.

the same error, 4.0(6) x 107*, suggesting that residual
qubit-motion entanglement is negligible compared to this
measured error, which is probably of technical origin. This
error is still far below typical error-correcting thresholds,
suggesting the strong potential for scaling to multi-ion reg-
isters. Finally, we measure the error arising if the MS pulse
is replaced by an equally long time delay, revealing that
about half of the error, 1.7(2) x 1074, is not related to the
microwave driving at all.

In conclusion, we have demonstrated a method to per-
form individually addressed gate interactions with a spatial
resolution finer than typical inter-ion spacings. To do so,
we make use of (1) state-dependent displacement suppres-
sion using dynamical decoupling, and (2) a microwave
electrode geometry which generates interference, bringing
the DD drive in and out of phase with the state-dependent
force. Building upon these concepts, we have proposed
a surface-trap design to create and move two interaction
zones over a chain of ions. We predict that this will enable
all-to-all connectivity between ions with crosstalk levels
far below error-correction thresholds. The crosstalk error
of 3.7(4) x 10~*, emulated in a single-ion benchmarking
experiment, supports this prediction.

This technique could make microwave-driven logic a
more practical approach to constructing a large-scale uni-
versal quantum processor by reducing its reliance on
shuttling ions. Once two-qubit gates implemented on a
chain of ions become limited by the length of the chain,
for example, due to multimode effects [53,54], one could
then rely on shuttling between different logical zones [55]
or optical networking [56]. Additionally, this method is
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compatible with pulse amplitude and phase-shaping tech-
niques commonly employed to mitigate errors associated
with the many motional modes present in long ion chains
[49,50], so long as the amplitude ratio and phase differ-
ence between the DD and SDF drives are kept constant.
The proposed microwave electrode geometry can also gen-
erate a microwave amplitude gradient enabling addressed
single-qubit gates with very low (<107%) errors [33],
which, combined with the method for addressed two-qubit
gates presented in this report, forms a universal, addressed,
gate set. Finally, the technique could find applications in
a “quantum CCD” architecture [55], where entire regis-
ters of ions could be dynamically decoupled from gate
interactions to mitigate crosstalk problems.
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