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A mixed-species geometric phase gate has been proposed for implementing quantum logic spectroscopy
on trapped ions, which combines probe and information transfer from the spectroscopy to the logic ion in a
single pulse. We experimentally realize this method, show how it can be applied as a technique for
identifying transitions in currently intractable atoms or molecules, demonstrate its reduced temperature
sensitivity, and observe quantum-enhanced frequency sensitivity when it is applied to multi-ion chains.
Potential applications include improved readout of trapped-ion clocks and simplified error syndrome

measurements for quantum error correction.
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I. INTRODUCTION

Quantum logic spectroscopy (QLS) can be used for
internal-state preparation and readout of atomic and molecu-
lar ion species that lack a suitable electronic level structure to
directly implement these tasks [1-4]. In principle, through the
use of a “logic ion” (LI) and its motional coupling to a
cotrapped “spectroscopy ion” (SI), QLS allows control over
any ion species. The traditional QLS protocol, as presented in
Ref. [1], has two main limitations. First, it requires the ions to
be cooled to near the motional ground state. Second, its
readout efficiency scales poorly with the number of Sls,
which could pose an obstacle to achieving the improved
stability that could come from scaling quantum-logic-enabled
atomic clocks to multiple ions [5]. Methods have been
developed to mitigate these effects using repetitive quantum
nondemolition (QND) measurements [6—8]. However, apply-
ing them might not be possible due to an unsuitable electronic
structure, and repetitive measurements will decrease the duty
cycle of the spectroscopy probe. Here, we demonstrate a QLS
method proposed in Ref. [9] based on a geometric phase gate
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that is often used in quantum information processing for
multiqubit entangling gates. This type of geometric phase
gate has previously been used on a mixed-species ion pair to
implement quantum logic readout with reduced temperature
sensitivity as part of a controlled-NOT operation [10]. In that
experiment, the interrogation and detection of the SI are
accomplished with separate laser operations. We explore a
technique, using only a Mglmer-Sgrensen (MS) interaction
[11-15], to simultaneously implement both the spectroscopy
operation and transfer of SI state information to the LI for
readout. This technique reduces temperature sensitivity
compared to traditional QLS [16]. Additionally, the technique
can be applied to multiple SIs, for which it can exhibit
Heisenberg-limited  spectroscopic  sensitivity  [17,18].
Assuming the LI and SI are singly charged, the coupling
strength will depend on the mass ratio of the ions, with the
strongest coupling for equal masses. In multispecies experi-
ments done so far, quantum logic spectroscopy has been
accomplished with mass ratios of up to approximately four.
Since state control of ions with masses from 9 u (°Be™) up to
176 u ('7°Yb*) has been achieved, it should be possible to
perform quantum logic spectroscopy with singly charged ions
having masses up to about 4 x 176 u. While our technique
shares some features with previous work, which implements
Heisenberg-limited Ramsey [19,20] and Rabi spectroscopy
[21], it extends metrology that takes advantage of entangle-
ment to a wider range and number of spectroscopy ions [9].

II. DESCRIPTION OF THE METHOD

A. Basic operations

Modeling ions as effective two-level (spin-1/2 with
eigenstates [1) and |} )) systems with coupling through a

Published by the American Physical Society


https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevX.10.021012&domain=pdf&date_stamp=2020-04-16
https://doi.org/10.1103/PhysRevX.10.021012
https://doi.org/10.1103/PhysRevX.10.021012
https://doi.org/10.1103/PhysRevX.10.021012
https://doi.org/10.1103/PhysRevX.10.021012
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

D. KIENZLER et al.

PHYS. REV. X 10, 021012 (2020)

shared harmonic oscillator normal mode of motion with
frequency w,, and eigenstates |n), we require interactions
that can drive motional sideband transitions ||)|n) <>
|1)|n £ 1) with “+” denoting a “blue” sideband (BSB)
and “—” a “red” sideband (RSB). Relative to the spin
(“carrier”) transition, the detunings of the RSB and BSB are
6 = £(w,, + dus), Where Syig serves to implement the MS
interaction. Such interactions can be implemented with
laser fields [22] and microwave fields [23,24] and have
been demonstrated on mixed-species pairs and triads
[10,25,26]. For simplicity, we initially assume equal and
known sideband Rabi frequencies Qg and explore more
general Rabi frequencies later in Sec. III B. If the BSB and
RSB are applied simultaneously for tyg = 47/dys (twice
the duration of a typical MS entangling operation Uys),
and with detuning S5 = 4Qg,, for an even number of ions
K, the system undergoes (up to a global phase factor) a
complete spin flip

V=0 @c? @ - @ ol (1)

Here, 0'5-1) are the Pauli operators (j € {x,y,z}) acting on
ion i. We call this operation a “mutually controlled multi-
flip” (shortened to “multiflip” in the following.) However,
if K is odd, the interaction does not result in a spin flip, and,
instead, the system only accumulates a global phase. See
the Appendix A 2 for the full MS Hamiltonian and details
of the implementation.

Now, let us consider two species of ions (LIs and SIs)
with pseudospin states labeled {|1y),[l1;)} and
{I%s1)s 4s1)}, respectively, driven by independent RSBs
and BSBs but with the same Qg,. Let the detunings of the
LI sidebands be & ; = £(w,, + ys) as above. The SI
sidebands have an additional detuning so that &g =
+(w,, + Sms) + s. In this scheme, 5 acts as a “switch”
to turn on and off the SI’s participation in the interaction.
The SI resonance frequency, which would initially be
unknown in a general spectroscopy experiment, can also
be located by scanning dg.

For M SIs and N Lls, if the BSBs and RSBs for both
species are applied simultaneously and on resonance
(6, = 0), all ions undergo a complete spin flip as described
above, provided M + N is even. Far off resonance
(6, > Qg), only the parity of N matters, with the LlIs
undergoing the interaction and the SIs unaffected. For
example, if N is even, the interaction that occurs is
described by

IR0 ®c” ® - @, (2)

where Ig; is the identity operator acting on all M Sls and
0)@ actson LI i € 1, ..., N. In this paper, we consider the
specific cases of N = 1 and M odd or both M and N even.

For N = 1 and the SIs far off resonance, the effect on the
single LI is just a phase factor e/, For intermediate
detuning, oy =~ Q,, the dynamics are complicated, leading
to substantial populations in several basis states. The
probability of the LI flipping as a function of dy (i.e.,
the spectral line shape) is not straightforward to express
analytically and depends on the temperature of the motional
mode, but qualitatively the result on the logic ion is that it
continuously transfers from no flip to a full flip as Jg is
swept from far detuned to on resonance.

For M and N even, the LIs flip with both the SIs on
resonance and far off resonance, since both M + N and N
are even. Other states are populated for an intermediate
detuning 65 ~ Qg, leading to a characteristic, temperature-
dependent line shape.

In all cases, the multiflip retains the temperature insen-
sitivity of the MS interaction in the Lamb-Dicke (LD)
regime [13], so it can be used as a robust combined
spectroscopy probe and readout method. Moreover, the
center frequency of the resonance does not depend on the
initial states of the two species (though the line shape and
linewidth do). Hence, when searching for the approximate
location of an unknown transition, it is not necessary to
prepare the Sls in a pure state [27]. As described so far, the
multiflip is analogous to Rabi spectroscopy and ideally
achieves a Fourier-limited frequency resolution of approx-
imately 1/fys when scanning the detuning dg. The char-
acteristics of Ramsey spectroscopy appear when the MS
interaction is applied twice with a duration of fyg/2
(effective 7/2 pulses) before and after a period T of free
evolution. Analogous to traditional Ramsey spectroscopy,
this sequence ideally achieves Fourier-limited frequency
resolution (1/Ty for a single SI) if the effective z/2 pulses
are much shorter than the Ramsey free evolution time, i.e.,
tms <K Tg. As discussed in the next section, for more Sls
driven on resonance, M-partite entangled “Schrodinger-cat
spin states” [20,28,29] evolve during Ty to ideally achieve
Heisenberg-limited resolution.

B. Heisenberg scaling

In the Ramsey version of the multiflip, the SIs evolve in a
maximally entangled state, resulting in increased frequency
sensitivity, i.e., providing Heisenberg scaling with the
number of SIs [9,18-21]. For example, if an ensemble
of N SIs and M LIs (N and M even) is prepared in the spin-
up state |1, 12, ... yom), the first Ramsey pulse results
in a Schrodinger-cat spin state for the SIs and LlIs. Its
evolution is then mapped onto the LIs with the second
Ramsey pulse.

The LlIs being part of the entangled state does not add
frequency sensitivity. In principle, a single LI would
suffice, although a larger number of LIs could result in a
better detection signal (for example, with three or more LIs,
one can perform a majority vote to decide whether the SIs
have flipped or not) and also improve the initial cooling of
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the mixed-species ion chain. For best performance and the
simplest implementation, the mode of motion being driven
in the MS interaction should ideally have the same mode
amplitudes for all ions of the same species. For long ion
chains, this result could be approximately achieved by
using the in-phase mode of motion (see Appendix D).

C. Influence of LI properties on the protocol

We note that, by symmetry between the LIs and SIs in
this protocol, any detuning of the LIs from resonance shifts
the line center in Rabi spectroscopy and the fringe pattern
in Ramsey spectroscopy. In addition, any decoherence of
the SIs or LIs reduces the contrast of the signal.

To reduce the impact of frequency instability of the LI, it
is advantageous to choose an LI with a low absolute
frequency transition, for example, a hyperfine transition
(approximately 1 GHz), to pair with an SI with an optical
clock transition (approximately 1 PHz). In this case, the
fractional stability of the LIs can be approximately 10°
worse than that of the Sls, given by the frequency ratio of
the two transitions. When applying the technique to state-
of-the-art optical atomic ion clocks with fractional fre-
quency uncertainties at the approximately 10~!8 level, this
choice requires approximately 1 GHz LI transitions to have
a frequency uncertainty of about 107'2. This stringent
requirement can be relaxed by deploying dynamic decou-
pling sequences, where suitable 7 pulses on only the LlIs
refocus their phase during free-precession periods. This
relaxation can reduce the contribution of the LIs to the
accumulated phase by orders of magnitude. Shifts in the
clock transition due to LI driving fields can be suppressed
by techniques similar to hyper-Ramsey and autobalanced
spectroscopy [30-32]. Finally, the dependence of the LI’s
spin population on both the LI and SI can also be used to
implement ‘“designer atoms” or an “atomic combination
clock” using two clock species [33,34], where one of the
clock species does not require a direct readout.

III. IMPLEMENTATION AND RESULTS
A. Basic method

We demonstrate the basic features of this method on a
mixed-species ion pair of electronic ground-state hyperfine
qubits composed of one SI (*Mg" with the two-level
system defined as | 1,) = |3, 1) and [} n) = [2.0), witha
frequency splitting wy, ~ 27 X 1.7632 GHz at the applied
magnetic field of B~ 11.9 mT) and one LI (°Be* with
TBe) = [1,1), [{Be) = [2,0), with a frequency splitting
wp. & 27 x 1.2075 GHz at the same magnetic field). The
MS interaction is implemented on the in-phase mode of
motion along the (axial) direction defined by the line
connecting the equilibrium positions of both ions. We
perform Rabi- and Ramsey-type experiments with both
axial modes of motion initially cooled to the ground state,
while the LI is prepared in |1) and the SI in either |1)

or || ). We repeat this procedure for a range of values of &g
and detect both the LI and SI spin states (see Appendix A 1
for details on cooling, state preparation, state detection, and
the MS interaction). The LI is driven on resonance
throughout the entire series of experiments.

As predicted for the multiflip protocol, both the LI and SI
show a clear simultaneous resonance at 6 = 0 [Figs. 1(a)
and 1(b)]. The asymmetries visible at larger detuning arise
from the red- or blue-detuned light fields of the MS
interaction becoming resonant with red or blue sideband
transitions when dg¢ = +dy5. For large values of Jg, the
spin states of both ions remain unchanged. To fit the full
spectrum of these Rabi-type experiments, we numerically
simulate the evolution of the full system Hamiltonian
without making the LD approximation, truncating the
harmonic oscillator Hilbert space at n = 10. We fit the
resulting spin populations to the data. We use the parameter
¢ to define QMS(LI) = CQMS and QMS(SI) = QMS/C and
optimize by varying ¢, Qys, dvs, and fyg. We choose this
parametrization of the Rabi frequencies because Q3 =
Qusnums(sy s calibrated precisely, but we cannot
assume ¢ = | because we do not precisely calibrate the
SI and LI Rabi rates separately. We find good agreement
between the data and fit. In principle, it is possible to set
¢ > 1 deliberately if the SI laser intensity is too low to
achieve Qyyg(s) = Quis(Li)> and increasing the gate duration
would lead to detrimental effects. These experiments
confirm that the initial spin state of the SI does not
significantly impact the spectroscopy signal of the LI
and that the LI's signal faithfully represents the SI’s spin
resonance.

When cooling the ions to the ground state and sweeping
Og in a Ramsey-type experiment with free evolution time
Tr = 1 ms, we observe the expected sinusoidal pattern for
both species with a contrast in the LI signal of 0.89(1) and a
phase offset between LI and SI oscillations of A¢ =
0.01(1) [Fig. 1(c)]. The imperfect signal contrast, caused
by experimental error sources (the leading contributions are
most likely relative phase fluctuations between the Raman
beam pairs), reduces the frequency sensitivity of the
measurement (slope) by a factor equal to the contrast.
This reduction is not a fundamental limit of the method
and could be improved by reducing the experimental
imperfections. While the phase offset between SI and LI
oscillations in these data is not significant, it is possible for
a phase shift to arise from imperfect Ramsey-pulse cali-
bration and a finite temperature. This phase offset poses a
potential issue for precision spectroscopy, but simulations
show that it can be suppressed by using a modified pulse
sequence (see Appendix C).

B. Robustness of the method

To demonstrate the robustness of the multiflip, we
perform two sets of experiments under nonideal conditions.
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FIG. 1. Spin populations for the LI-SI pair (SI, blue; LI,
orange). Fits are displayed in matching colors with solid (dashed)
curves for fits to SI (LI) data. (a) Rabi spectroscopy with the SI’s
spin state initialized to |1g;). (b) Rabi spectroscopy with the SI’s
spin state initialized to ||g). (c) Ramsey spectroscopy with a
contrast of 0.89(1) (LI populations) and a phase shift of A¢ =
0.01(1) between LI and SI sinusoids. (d) Rabi and (e) Ramsey
spectroscopy with Doppler cooling only; fits to Ramsey data give
a contrast 0.57(2) (LI populations) and a phase shift A¢ =
0.21(4) between LI and SI sinusoids. Rabi spectroscopy with
(f) Qg1 = Quis/2 and (g) Qg = 2Qys. In all figures, error bars
(one sigma) are calculated assuming only quantum projection
noise [35]. Each data point represents the average outcome of
200 repetitions of the experiment [100 for (e)].

In the first instance, we investigate the effects of unwanted
residual thermal motion. Instead of ground-state cooling,
we Doppler cool the LI of the ion pair [resulting in thermal
states with mean occupations of 7 = 3.3(5)/1.7(1) for the
axial in-phase or out-of-phase modes of motion; the MS

interaction is again implemented using the in-phase mode].
We tune the Rabi frequencies for both species to the
optimal values for the respective 7. The LI shows a
resonance with a contrast of approximately 65% in a
Rabi experiment [Fig. 1(d)] and 57(2)% in a Ramsey
experiment for the LI populations and a phase offset
between the LI and SI oscillations of A¢ = 0.21(4)
[Fig. 1(e)]. Here, the reduction in contrast can be attributed
to the relatively high LD parameters of our experiment
(nge ~ 0.17 and nyg, ~ 0.29 for the in-phase mode), which
cause fluctuations in Debye-Waller factors. From simula-
tions, we find a contrast of approximately 97% for a
Ramsey-type experiment using the same thermal excitation
as in the experiment (7 = 3.3) but using LD parameters
of # = 0.1 for the LI and SI. The phase offset is expected
from simulations, caused by the combination of large LD
parameters, thermal occupation of the motion, and potential
miscalibration of the pulse parameters. Simulations imply
that a modified pulse sequence can be used to suppress
the offset (see Appendix C). This ability to operate with
imperfect motional ground-state preparation in frequency
measurement and clock applications can save time other-
wise spent on ground-state cooling, improving the duty
cycle (thereby reducing the Dick effect [36,37]). The trade-
off between an improved duty cycle and reduction in
contrast depends highly on the details of the experiment,
e.g., initial Doppler temperature, heating rate of the trap,
the ion LD parameters, and other error sources on logic
operations. One should also consider the effects of second-
order Doppler shifts when working at a finite temperature.
The target level of precision, together with these consid-
erations, informs the preferred spectroscopy conditions as
demonstrated, for example, across different aluminum ion
clocks [38,39].

In another set of experiments, we consider a case where
Q2 is not ideal. This case could be useful in situations
where Sl transition frequencies and corresponding coupling
strengths are not well known and have to be found and
identified first, as is the case with many molecular ions. As
a test, we ground-state cool the ion pair and set the Rabi
frequency Qygsp) of the SI MS interaction to roughly half
[Fig. 1(f)] or twice the optimal value Qg [Fig. 1(g)]. The
experiment with the SI Rabi frequency reduced (increased)
by a factor of 2 shows a contrast of approximately 40%
(approximately 70%) in the LI signal at 65 ~ 0. In addition
to the reduction in contrast, the LI signal exhibits increased
sidelobes when the SI is overdriven.

For Qyissi) = 2Qys, the additional resonances where
the blue-detuned (red-detuned) frequency component of the
MS interaction is resonant with the blue (red) sideband
transition (65 = *+6,,) are more strongly pronounced.
Counterintuitively, the SI signal shows a much stronger
sideband resonance when it is underdriven [Fig. 1(f)]. This
result is because the weakened MS interaction causes
reduced coupling between the spins. When Qg > Q.
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the MS interaction increases, causing the LI and SI spectra
to overlap over a larger range of detunings.

The capability to find transitions with an accuracy of
approximately £dy;g combined with the LI’s signal inde-
pendence of the initial state of the SI and the possibility to
operate with imperfect ground-state cooling could speed up
searches for transitions. Once a transition is found, Rabi
frequencies and transition frequencies can be determined
more precisely.

We fit all datasets as described in Sec. III A. When fitting
the Doppler-cooled data, the harmonic oscillator Hilbert
space is truncated at n = 20, and a thermal state with n =
3.3 is used as the initial state. For comparison, simulations
of traditional QLS using the thermal excitation measured in
the experiment with just Doppler cooling give a contrast of
approximately 23% in a Ramsey sequence (compared to
approximately 57% with the multiflip). The pulse durations
are optimized numerically for the best contrast. Both the
optimized pulse durations and the contrast depend on the
temperature. Lowering the LD parameter as proposed for
the multiflip when using Doppler cooling results in a
decrease of the contrast for the traditional QLS. For the
above simulated example of 7 = 3.3 and LD parameters
n = 0.1 for both the LI and SI, the traditional QLS would
result in a contrast of approximately 18%.

With the ST Rabi frequency reduced by a factor of 2 in a
Rabi sequence using the traditional QLS, we predict a
contrast of 50% (compared to approximately 40% for the
multiflip). With the SI Rabi frequency increased by a factor
of 2 in the traditional QLS, no usable signal exists on
resonance (2z spin flip), but symmetric side peaks at
approximately +2z x 300 kHz relative to the resonant
frequency show a contrast of approximately 47%, which
could also be used to identify the transition (compared to
approximately 70% on resonance for the multiflip). We
conclude that imperfect Rabi-frequency settings affect both
the traditional QLS and multiflip roughly equally.

C. Application to four ions

Finally, we demonstrate the behavior of the multiflip
for larger systems of ions in Ramsey-type spectroscopy.
We use a four-ion linear chain of two SIs (*Mg*) and
two LIs (°Bet). The ions in the chain are ordered
‘Bet->Mgt->Mg*-"Be*. We implement the MS interac-
tion on the motional mode in the axial direction, for which
the *Be*->Mg™* pair of the chain oscillates out of phase
with the remaining »Mg*-’Be*t pair. All axial motional
modes are cooled to the ground state, and the spin state of
the ions is initialized to |?y;1siTsiTLr). We perform a
Ramsey-type experiment (Fig. 2) with free evolution time
Tr = 500 us (Ramsey pulse duration 64 us) and observe a
contrast of 75(2)% with the same Ramsey fringe oscillation
frequency as the two-ion experiment for 7Tz =1 ms,
consistent with Heisenberg scaling. The LI-LI and SI-SI
oscillations do not show a significant phase offset

Sle, LI
1.0 , , , :
0.8 jV4 4 % { _ ﬁ . i
_o06f y \ ]
< ! } !
a i b
04t { 4 ! :
§ { 1/ I
02} A , ¢ P
$ i ¢ H
0.0 ‘ : : :
~1.0 -05 0.0 0.5 1.0

5 [kHz/(270)]

FIG. 2. Spin populations for the four-ion chain LI-SI-SI-LI
(SI, blue; LI, orange), initially prepared in the spin state
[Mitsitsitu), performing Ramsey spectroscopy with free
evolution time 7 = 500 ps. The data show the same Ramsey-
fringe oscillation frequency as the LI-SI data with T = 1 ms,
consistent with Heisenberg scaling. We fit sinusoids to the LI-LI
and SI-SI data [displayed in matching colors with solid (dashed)
curves for fits to SI (LI) data] and extract a contrast of 75(2)% for
the LI data and a phase shift between the LI-LI and SI-SI data
of A¢ =0.03(3). In this experiment, tyg ~ 64 us. Error bars
(1 sigma) are calculated assuming quantum projection noise only.
Each data point represents the average outcome of 200 repetitions
of the experiment.

[A¢ = 0.03(3)]. A phase offset, which could again arise
from imperfect calibration of the Ramsey pulses or other
imperfections, can, as in the two-ion case, be canceled with
a modified pulse sequence (see Appendix C).

In practice, the signal-to-noise ratio is reduced below that
expected for Heisenberg scaling due to the loss in contrast
from imperfect entangling operations [20]. The enhance-
ment from multiqubit entanglement depends on various
aspects of the particular experimental realization, such as
the properties of the local oscillator [40,41]. In our experi-
ment, the reduction in contrast is mainly caused by slow
fluctuations of the relative phase between the Raman
beams, which could be mitigated by actively stabilizing
this phase. This error reduces the contrast by approximately
0.08 in the two-ion experiment and by approximately 0.17
in the four-ion experiment, in close agreement with the
expectation that the phase sensitivity of the four-ion
entangled state should be twice that of the two-ion
entangled state. Other leading errors are caused by sponta-
neous emission (4 x 1073 for each Be* ion and 1072 for
each Mg™ ion), state preparation and measurement
(5 x 1073 per ion), and motional heating and dephasing
while mapping into and out of the Greenberger-Horne-
Zeillinger (GHZ) state (8 x 10~* per multiflip operation).

D. Applications in quantum information processing

The multiflip can be used on resonance (65 = 0) as a
QND measurement method to detect if the SI (or qubit) is in
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the intended two-level manifold. In particular, if the SI can
be described as a three-level system, with levels a and b
defining a qubit and ¢ an auxiliary state, the multiflip can be
used to detect any leakage into level ¢, which in a quantum
information processing context would be described as a
leakage error. When the multiflip is applied to the a — b
state manifold, the final state of the LI will indicate if a
leakage event has occurred, and, if not, the qubit can be
restored with a single-qubit rotation that reverses the rotation
of the SI caused by the multiflip. Leakage will be relevant at
some level for almost any quantum information or spec-
troscopy application. Streamlined QND detection of this
error could reduce error-correction overhead [42]. Similar
ideas about the use of the multiflip for detecting leakage
errors are contemplated by Schindler et al. [43].

The multiflip could also be used as a general QND
readout method of the populations of a two-level system in
trapped ions: Invoking the three-level model described in
the previous paragraph, the MS multiflip could be used to
determine the populations of the states a and b by applying
the multiflip to the state manifolds a-c or b-c. This QND
measurement could also be used to improve readout fidelity
in frequency measurement and clock applications with
potentially fewer repeated applications compared to
Refs. [6-8] due to higher single-shot fidelity.

IV. CONCLUSION

We have demonstrated a new method for QLS based on
the MS interaction using a mixed-species ion system,
showing its basic behavior, its robustness to experimental
imperfections, and how it scales in larger systems. This
“multiflip” technique provides a spectroscopy method with
improved readout performance compared to traditional
QLS. Additionally, it can be used as a combined multi-
ion-clock probe and readout technique, naturally providing
Heisenberg scaling in Ramsey-type spectroscopy, which
could help improve the stability of ion-based clocks.

Further applications of the multiflip in quantum infor-
mation include optimized QND error-syndrome measure-
ments, which may help to scale future trapped-ion quantum
computers to larger numbers of qubits. The MS multiflip
might also be generalized to other systems where oscil-
lators can be coupled to two-level systems, such as super-
conducting circuits, the rovibrational levels of a molecule,
or micro- and nanomechanical resonators.
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APPENDIX A: METHODS

1. State preparation and readout

At the start of each experiment, the *Be*t ion (LI) is
optically pumped to |2,2) in the S/, electronic ground
state. Similarly, we optically pump the Mg ion (SI) to
the |3, 3) electronic ground state. This pumping is followed
by Doppler cooling of 2Mg* and then *Be ™, implemented
by driving the S} »|3,3) <> P5),|4,4) cycling transition for
Mg and the S)/5|2,2) <> P3)[3.3) cycling transition
for “Bet with ¢*-polarized light. For ground-state initial-
ization of both axial modes of the Be™->Mg* ion pair,
Raman sideband cooling is applied to the *Be* ion after
Doppler cooling [45]. To transfer “Be* to the |1, 1) = |1g.)
state, we use a microwave composite pulse sequence that is
robust against transition-frequency detuning and Rabi
frequency errors. The sequence is composed of the follow-
ing resonant pulses: R(z,0), R(x, 5z/6), R(z,z/3),
R(r,57/6), and R(x,0) [46], where R(0,¢) is the sin-
gle-spin rotation defined as

cos (0/2)

—ie”sin (6/2)
—ie'® sin (6/2) > (A1)

RO.9) = ( cos (0/2)

With analogous pulse sequences, the *Mg™ |3,3) state
is transferred to the |2,2) state and subsequently to the
3,1) = [Tmg) state.

To measure the qubit states, the initial mapping pro-
cedure is reversed, putting the |1g.) and |1y,) states back
in their respective cycling transition ground states. The
[lge) =12.0) and ||yg) =[2,0) states are shelved to
|1,—1) and |2, —2), respectively, using a single microwave
n pulse for the °Be™ [2,0) — |1,—1) transition and
composite pulse sequences for the |2,0) — |3,—1) and
3,—1) = |2,-2) transitions of >Mg". We subsequently
apply the Doppler-cooling laser beams tuned to resonance
and collect the fluorescence light of the ions with an
achromatic imaging system designed for both 313 and
280 nm light [47]. With a detection duration of 330 us for
%Be™ (200 us for Mg™), we detect on average 30 photons
per ion when they are in the |2, 2) (|3, 3)) state and 1.9 (0.7)
photons when they are in the |1,—1) (|2,-2)) state
(predominantly from light scattered by the trap structure).
The qubit state is determined by choosing a photon-count
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threshold of ten counts such that the states are maximally
distinguished. To prepare the initial state of the four-ion
string ‘Bet-»Mg*t-2Mgt-'Bet, we use the same tech-
niques and ground-state cool all four axial modes. Here, the
qubit states are determined by fitting Poissonian distribu-
tions to histograms of the count data.

2. Mglmer-Sgrensen interaction,
four-ion entangled state

The MS Hamiltonian in the interaction picture can be
written (neglecting fast-rotating terms, in the LD regime,
and for a single motional mode) as

FI — hZQMS’j(Aj_&e_i[(é&j_ém)t+¢r]
J

+ 8]-+&Te‘i[(5&j+5m)f+¢b]) +H.c., (A2)
where the sum runs over the number of ions with j labeling
the ion and Qy;g ; the Rabi frequency for each ion, defined
as Qs j =18 ms,; With Qg ; the carrier Rabi fre-
quency of each ion and n; = 6k;z ;b; the respective ion’s
LD parameter. The difference of the k vectors of the Raman
beams addressing the jth ion is given by 6k;, b; is the
normalized motional mode amplitude of the jth ion, and
20; = \/1/(2m;w,,) with m; the mass of the jth ion and
w,, the oscillation frequency of the motional mode used.
The detuning from the motional mode is §,,, ¢ the duration,
0s; the detuning from the respective ion’s spin transition,
37 the respective ion’s spin raising operator, and & (a") the
lowering (raising) operator of the motional mode used.
Without loss of generality, we can set all optical phases to
zero. Unless otherwise noted, the Rabi frequencies are
assumed to be equal for all ions (Qys j = Quis)

The implementation of the MS interaction on the two-ion
pair is as described in Ref. [10] with the difference that the
MS interaction is implemented on the axial in-phase mode
of motion that has an oscillation frequency of approx-
imately 2z x 2.1 MHz, resulting in LD parameters of 7p, ~
0.17 and ny, #0.29 for the two species. We choose to
implement the MS interaction for the four-ion chain
(ordered *Bet->Mg*->Mg*-’Be*t) on the motional mode
in the axial direction, for which the *Be*->Mg* part of
the chain oscillates out of phase with the remaining
Mg*-"Be™ part, which has an oscillation frequency of
approximately 2z x 3.1 MHz, resulting in LD parameters
of |nge| = 0.17 and |y | = 0.14 for the two species. When
applying the MS interaction to the state |1 Ty Tvg TBe)
for a duration t = 27/8ys ~ 66 us, we measure a state
fidelity of 0.937(6) for the four-ion Schrodinger-cat-type

state 1/\/§(|TBeTMgTMgTBe> +i[{pedmed Mo dBe)) DY per-
forming an analysis of spin populations and spin parity
measurements [48]. For this analysis, we measure the
spin state of each ion individually by splitting the

*Bet->Mg*->Mg*-’Be™ ion chain into two *Be™->Mg™"
ion pairs and detecting them sequentially by shuttling the
pairs individually into the region where the detection laser
beams are focused.

APPENDIX B: EXAMPLE FOR DYNAMICAL
DECOUPLING OF THE LI

Simple pulse sequences for dynamical decoupling of
the LI with 7 pulses are given by the following. For Rabi-
type spectroscopy, Uwis(tws/4), Rux(w.0), Unis(tus/4),
Riy(7.0), Uns(tms/4), Ru(n,0), Uns(tms/4), where
Unms(f) is the MS interaction applied for a duration
t and Ry;(0, ¢) is a rotation of the LI spin as defined in
Appendix A 1. For Ramsey-type spectroscopy, Unss (fvs/4),
Ri(7,0), Unis(tms/4)s Usree (Tr/2), Rii(7,0), Usee (TR /2),
Uwmis(tms/4), Rui(7,0), Unis(tms/4), where Uspee (1) is the
free evolution for the duration ¢. Using simulations, we find
that a sequence with only a single z pulse after half the Rabi
or Ramsey sequence mirrors the detuned resonance fea-
ture; i.e., the resonance is centered on —Jg(ry) instead of

OsLry When the MS interaction is detuned by &gy

APPENDIX C: LI-SI RAMSEY PHASE
OFFSET CANCELLATION

Residual spin-motion entanglement after the MS inter-
action can lead to a phase offset in the Ramsey-type protocol.
This offset can be caused by a finite temperature, large LD
parameters, and imperfect calibration of MS-interaction
parameters. The phase shift can be suppressed by increasing
T or eliminated by constructing a four-measurement error
signal instead of a two-measurement error signal [49]. The
four-measurement error signal is given by

e = Pirg> p=r2(TL1) = Pirg>gp——r/2(T11)

+ Plygsg=r2(T1) = Pligs =2 (Tu),  (C1)
where Py oy/1q).—+r/2(T11) is the measured population of
|tL1) after a Ramsey-type sequence with the initial SI state
prepared to |1g1)/| i) and the phases of the SI red and blue
sideband tones shifted by +z/2 for the second Ramsey
pulse relative to the first. This more complex protocol still
features the same SNR as the original; i.e., a single round
of the four-measurement sequence gives the same amount
of information as two rounds of the two-measurement
sequence.

APPENDIX D: MOTIONAL MODE AMPLITUDES
FOR LONG ION CHAINS

For high multiflip contrast, the Rabi frequencies of all
LIs and SIs should be the same. This requirement can be
challenging in long ion chains, because the mode ampli-
tudes will, in general, be different for different ions along
the chain. However, this effect is least pronounced for the

021012-7



D. KIENZLER et al.

PHYS. REV. X 10, 021012 (2020)

axial in-phase mode of motion. To demonstrate this differ-
ence, we calculate the mode amplitudes for “’Ca* and
YIAI* chains with different numbers of ions and find that
the axial in-phase mode amplitudes for ions of the same
species differ by an experimentally insignificant amount.
For example, in a symmetric ion chain with seven 2’Al*
and six “°Ca* (alternating) ions confined by a potential
with normal mode frequencies for a single 2’Al* ion of
27 x {6,6.1, 1} MHz (with the lowest value corresponding
to the axial direction), we find relative differences in the
axial in-phase mode amplitudes for each ion species to be
below 1%.
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