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Strongly enhanced e�ects of Lorentz symmetry
violation in entangled Yb+ ions
V. A. Dzuba1, V. V. Flambaum1, M. S. Safronova2,3*, S. G. Porsev2,4, T. Pruttivarasin5, M. A. Hohensee6

and H. Hä�ner7

A number of theories aiming at unifying gravity with other
fundamental interactions, including field theory, suggest
the violation of Lorentz symmetry1–3. Whereas the energy
scale of such strongly Lorentz-symmetry-violating physics
is much higher than that attainable at present by particle
accelerators, Lorentz violationmay nevertheless be detectable
via precision measurements at low energies2. Here, we carry
out a systematic theoretical investigation to identify which
atom shows the greatest promise for detecting a Lorentz
symmetry violation in the electron–photon sector. We found
that the ytterbium ion (Yb+) is an ideal system with high
sensitivity, as well as excellent experimental controllability.
By applying quantum-information-inspired technology to Yb+,
we expect tests of local Lorentz invariance (LLI) violating
physics in the electron–photon sector to reach levels of
10−23—five orders of magnitude more sensitive than the
current best bounds4–6.

It has been conjectured that Lorentz symmetrymay be violated in
string theories, with the Lorentz-violating effects being suppressed
by some power of the ratio R between the electroweak scale and the
natural (Planck) energy scale for strings: R=mew/Mpl= 2× 10−17
(ref. 2). Therefore, the observable, but extremely small, Lorentz-
violating effects may appear in low-energy experiments carried
out with the corresponding high precision. Using the Yb+ ion,
as proposed in this work, will for the first time allow probing
whether Lorentz violation is minimally suppressed at low energies
for photons and electrons. If the Lorentz violation is not observed
in the Yb+ experiment proposed here, it will show that Lorentz
violation in the photon–electron sector does not arise at this first-
order level in strings, or cancellations are present between various
Lorentz violation effects to nullify the combined result. With the
proton and neutron tests already over the O(1) bound7–9, such
a result would demonstrate that if physics at the Planck scale
violates Lorentz invariance, it is more than minimally suppressed
at low energies for normal matter, setting restrictions on potential
unification theories.

Separate violations of LLI are possible for each type of particle,
making it essential to verify LLI in different systems at a high level of
precision. As a result, LLI tests have been conducted for photons5,10,
protons7, neutrons8,9, electrons4,6, muons11 and neutrinos12, with the
detailed summary of all current limits given in ref. 1.

Testing LLI of the electron motion in a Coulomb potential
created by a nucleus has the appeal of testing for new physics
in a well-understood system. In these atomic experiments4,6, one

searches for variations of the atomic energy levels when the
orientation of the electronic wavefunction is rotated with respect
to the standard reference frame, such as the Sun-centred celestial-
equatorial frame (SCCEF; ref. 13). The atomic experiments may
be interpreted as Lorentz violation tests for the photon, electron,
and nucleus constituents, such as the proton and neutron; with
different experiments being sensitive to a different combination of
LLI effects14. The most sensitive LLI tests for the electron have been
conducted with neutral Dy atoms4 and Ca+ ions6. In this work,
we explore the rest of the periodic table to answer the following
question: which atomic system could most drastically improve tests
of LLI in the electron–photon sector?

LLI-violating effects can be classified in the framework of
the standard model extension (SME; refs 1,15,16). The SME
is an effective field theory that maintains energy–momentum
conservation, observer Lorentz covariance, and gauge invariance,
but supplements the standard model Lagrangian with all
combinations of the SM fields that are not term-by-term Lorentz
invariant15,16. A particular advantage of the SME is the possibility
to compare bounds on the Lorentz-violating parameters resulting
from completely different experiments.

Here we focus on the term of the SME Lagrangian signifying the
dependence of the maximally attainable velocity of a particle with
respect to its propagation direction. We identify several factors that
affect the precision of such a LLI test with atomic systems. First, it
is crucial to use a state with a long lifetime to allow for a precise
determination of the energy differences. Second, it is beneficial
that the state has a strong sensitivity to LLI-violation effects in the
electron–photon sector, that is, the size of the matrix element of the
corresponding operator. The LLI-violating interaction6 contains the
second power of the momentum operator p. Therefore, the corre-
sponding matrix elements are expected to be large for orbitals with
large kinetic energy. This happens for the atomic 4f -electrons local-
ized deep inside the atom in the area of large potential and kinetic
energy in some atomic systems. Last, we ask for a good theoretical
understanding of the system and availability of already developed
experimental techniques to carry out precision measurements.

We find that the metastable 4f 136s2 2F7/2 state of Yb+ has ex-
tremely favourable characteristics, such as being very sensitive to
LLI violations as well has having an exceptionally long lifetime—of
the order of ten years (ref. 17). In addition, the experimental meth-
ods for Yb+ are well developed in the context of atomic clocks and
the search for variation of fundamental constants. In particular, the
electric-octupole E3 transition between the 4f 136s2 2F7/2 excited state
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and the ground state18–20 has been studied in detail for these applica-
tions. Yb+ ions are also used in quantum information research21. As
a result, the Yb+ ion is a well-studied system for precision control
and manipulation of its atomic states, making it particularly well-
suited to searches for the Lorentz violation signature.

The effect of various sources of Lorentz violation on atomic
frequencies has been discussed in ref. 14. Here, we follow the
formalism of ref. 6, in which a possible Lorentz violation in light
manifests itself in the electronic SME Lagrangian, which is given by
(in atomic units)

L=
1
2
iψ̄(γν+c ′µνγ

µ)
↔

Dνψ− ψ̄ψ (1)

where ψ is a Dirac spinor, γ µ are the Dirac matrices,
ψ̄
↔

Dνψ≡ ψ̄Dνψ−ψDνψ̄ , with Dν being the covariant derivative.
The tensor c ′

µν
= cµν + kµν/2 that characterizes the LLI-violation

effects contains Lorentz-violation parameters from both the
electron (cµν) and the photon (kµν) sectors1,2.

Experiments with 173Yb+ ions are also sensitive to violations
of LLI for the neutron and the proton14,22. Moreover, the nucleus
of 173Yb+ is deformed and has an order-of-magnitude enhanced
electric quadrupole moment and time-reversal violating magnetic
quadrupole moment as compared to a spherical nucleus23,24. A
similar enhancement may exist for the nuclear LLI violation
determined by the tensor 〈p2〉−3〈p2z〉. Because we expect to surpass
the energy resolution of 5mHz for the proton test7 considerably,
an experimental signature of LLI violation in a 173Yb+ experiment
could come either from the electron–photon or the nuclear sector.
The even Yb nuclei, which have zero nuclear spin and quadrupole
moment, are not sensitive to violation of LLI of either protons or the
neutron. Because the Yb+ LLI test involves monitoring quadrupole
energy shifts, nuclear LLI effects will not contribute for the spin-
1/2 nucleus 171Yb+, where nuclear LLI could produce only dipole
energy shifts. Therefore, the electron/photon and nuclear sectors
can be disentangled by comparing the LLI-violation signal from
173Yb+ with that of the other isotopes, resulting in clean LLI bounds.

From equation (1), violations of Lorentz invariance and Einstein’s
equivalence principle in bound electronic states result in a small shift
of the energy levels described by a Hamiltonian4,14

δH=−
(
C (0)

0 −
2U
3c2

c00
) p2

2
−

1
6
C (2)

0 T (2)
0 (2)

where p is the momentum of a bound electron, c is the speed
of light, and U is the Newtonian gravitational potential. The
parameters C (0)

0 , c00 and C (2)
0 contain elements of the c ′

µν
tensor6. The

relativistic form of the p2 operator is cγ0γ jpj. The non-relativistic
form of the T (2)

0 operator is T (2)
0 =p2

−3p2z , and the relativistic form
is T (2)

0 =cγ0
(
γ jpj−3γ 3p3

)
, with z (the third spatial component)

defined by the quantization axis.
The c ′

µν
tensor is frame-dependent, but its value may be uniquely

specified in the SCCEF (ref. 13). Because of the Earth’s motion,
time-dependent Lorentz transformations from the SCCEF to the
local laboratory frame give rise to time-dependence of the local
observables that involve any of the C (0)

0 , c00 and/or C (2)
0 parameters.

The elements cJK in c ′
µν
, where J ,K ={1,2, 3} (spatial components),

which describe the dependence of the kinetic energy on the
direction of the momentum, have a leading-order time-modulation
period related to the sidereal day (12-h and 24-hmodulation).Other
elements, cTJ (where T =0) and c00, describe the dependence of the
kinetic energy on the boost of the laboratory frame, and have a
leading-order time-modulation period related to the sidereal year.

The Yb+ ground state has the configuration [Xe]4f 146s, and is
essentially a heavier analogue of Ca+, which was used in the most
recent experiment6, but has an additional set of states resulting from
excitation of the filled 4f shell. Yb+ also has a metastable excited

Table 1 | Reduced matrix elements of the T(2) operator in Ca+,
Ba+, Yb+ ions in atomic units.

Ion State 〈J||T(2)
||J〉

Ca+ 3d 2D3/2 7.09(12)
3d 2D5/2 9.25(15)

Ba+ 5d 2D3/2 6.83
5d 2D5/2 8.65

Yb+ 4f145d 2D3/2 9.96
4f145d 2D5/2 12.08
4f136s2 2F7/2 −135.2

Ca+ values are from ref. 6.

5d5/2 state analogue to Ca+. However, the 4f shell in Yb+ is localized
much deeper in the atom than the 6s or any other valence states, such
as the 5d state. As a result, we expect the 4f 136s2 2F7/2 metastable level
of Yb+ to be very sensitive to Lorentz-violating effects. Indeed, we
find that the LLI-sensitive T (2)

0 matrix element for this state is over
an order of magnitude larger than for the 4f 145d states (Methods).
The results of the calculations are summarized in Table 1, where we
also list reduced T (2) matrix elements defined inMethods for the nd
states of Ca+, Ba+ and Yb+, which all have similar values.

In a non-zero magnetic field, the excited state 4f 136s2 2F7/2
of Yb+ will split into eight substates, with magnetic quantum
numbers mJ = ±1/2, ±3/2, ±5/2, ±7/2 for even isotopes with
no hyperfine structure. These four pairs of states will experience
different energy shifts in the case of a detectable Lorentz-violation
signal (see Fig. 1). The maximum Lorentz-violation signal will
then be observed by monitoring the frequency difference between
mJ =|1/2| and mJ =|7/2| states expressed in terms of the Lorentz-
violating parameter C (2)

0 as
1
h
(
EmJ=7/2−EmJ=1/2

)
=6.14×1016Hz ·C (2)

0 (3)

This gives an enhancement by a factor of 14 in comparison to Ca+
(ref. 6) owing to the increased T (2) matrix element.

The odd 171Yb isotope has nuclear spin I = 1/2, leading to a
splitting of the 4f 136s2 2F7/2 level into two levels with total angular
momenta F =3 and F =4 (Fig. 2). In a magnetic field, F =3 level
will split into seven sub-levels (mF =−3 . . . 3) and F = 4 level will
split into nine sub-levels (mF =−4 . . . 4). The 173Yb isotope has
nuclear spin I = 5/2, leading to more complicated level structure.
For odd isotopes, the energy difference betweenmagnetic hyperfine
mF substates will be monitored.

Below, we discuss a procedure to detect potential LLI violations
by measuring the energy difference between the mJ = |7/2| and
mJ =|1/2| states in the 4f 136s2 2F7/2 manifold in Yb+.

Typically, the main source of noise in such measurements
is due to magnetic field fluctuations. To remove this noise,
the work of ref. 6 used a superposition of two ions with a
state prepared in a decoherence-free subspace (DFS; ref. 25).
To implement the DFS technique with two trapped Yb+
ions, one will monitor the phase evolution difference of
the state |Ψ 〉=(1/

√
2)(|1/2,−1/2〉+|7/2,−7/2〉), where

|m1,m2〉 represents the state with mJ = m1 and m2 for the
first and second ion, respectively, in the F7/2 manifold. The
target state |Ψ 〉 can be prepared by creating a product state,∣∣Ψ P

〉
= (1/2) (|−1/2〉+|−7/2〉) ⊗ (|+1/2〉 + |+7/2〉), which

dephases into a mixed state that contains |Ψ 〉 with 50% probability.
With additional experimental complications, a direct preparation of
an entangled state would result in an increase of the signal-to-noise
ratio by a factor of two.

Starting from the ground state of Yb+, the state
|Ψ 〉=(1/

√
2)(|1/2,−1/2〉+|7/2,−7/2〉) can be prepared with
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Figure 1 | The Lorentz-violating signal will manifest itself as the change of
the energy di�erence betweenmJ=|1/2| andmJ=|7/2| states. The
orthogonal orientations of the electronic wavefunction of the 4f136s2 2F7/2
mJ manifold in Yb+, withmJ=|1/2| andmJ=|7/2|, will have a di�erent
response to the Lorentz-violating e�ect quantified by the c′µν tensor. This
results in a modulation of the energy di�erence between these two states
as the Earth rotates the wavefunction with respect to the Sun-centred
celestial-equatorial frame. The total electronic wavefunction is in
superposition of the two states. The orientation of the wavefunction will be
given by the direction of the magnetic field B, assumed to be fixed in the
laboratory frame.

π/2 and π pulses using the coherent control developed for the
implementation of the octupole 2S1/2–2F7/2 atomic clock18,19.
Alternatively, one can also implement π/2 and π pulses by driving
Raman transitions by means of the 2D5/2 state with 411 nm and
3.4 µm laser light (Fig. 2). For the odd 171Yb+ (inset in Fig. 2) and
173Yb+ isotope, one can prepare the target state with radiofrequency
pulses, after populating a pure state in the 2F7/2 manifold.

Another factor that will greatly improve the limits of the Lorentz-
violating parameters obtained from measurements with Yb+ is the
long lifetime of its excited state. In particular, because the lifetime
of the 2F7/2 state of Yb+ is in the range of several years (ref. 20),
the Ramsey duration of the proposed experiment with Yb+ is not
limited by spontaneous decay. Instead, the coherence of the target
state in the DFS is likely to be limited by the stability of themagnetic
field gradient in the vicinity of the ions. It has been shown that in a
magnetically unshielded environment, ions can retain entanglement
in the DFS for up to 30 s (ref. 26). Hence, in a magnetically shielded
trap, we can expect to suppress decoherence due to magnetic field
noise such that Ramsey durations formuch longer times are realistic.

An additional complication with long Ramsey interrogation
times is that motional heating of the ion degrades the fidelity of
the analysis pulses. For instance, the experiment in ref. 6 with
40Ca+ was performed with a Ramsey duration of 100 ms because of
this motional heating. This problem can be either addressed with
sympathetic cooling just before state read-out using auxiliary Yb
ions, similar to preliminary work demonstrating this with 40Ca+
(ref. 27), or by employing ion traps providing sufficiently low
motional heating rates, such as the ones typically used in quantum
information processing experiments26.

We estimate that, with a Ramsey time of 60 s and two fully
entangled Yb+ ions, the parameter C (2)

0 will be bounded at
the level of 8.5 × 10−20/

√
τ/sec, where τ is the measurement

time (Methods)—an improvement of ∼4,800 times over the
measurementwith 40Ca+ (ref. 6). At this level of sensitivity, we expect
that the cJK parameters will be bounded at the level of 3×10−22 and
1.5×10−23 for a day-long and year-long measurement, respectively.
The cTJ terms, which are sensitive to the velocity of the laboratory
frame, are suppressed by a factor of 10−4 owing to the relatively small
Earth’s velocity in the SCCEF as compared to the speed of light.
With a year-long measurement, one expects to be sensitive to the cTJ

436 nm

3.4 µm

467 nm

F = 3

F = 4
3.6 GHz

171Yb+

LV test state

Octupole clock
transition

411 nm

4f 145d 2D5/2

4f 136s2 2F7/2

4f 145d 2D3/2

4f 146s 2S1/2

Figure 2 | Relevant energy levels of Yb+. The hyperfine splitting is shown
for the 4f136s2 2F7/2 state of the 171Yb+ isotope.

parameters at the level of 1.5×10−19, a factor of 6,000 improvement
over the current best limits4.

Systematics which can directly affect the energy of our target
states are magnetic and electric field fluctuations in the vicinity
of the ions. Both fields can be measured directly using the ions
themselves as a probe. We can then correct for the effects of the
differential linear Zeeman shift between the two ions due to a finite
magnetic field gradient across the ion string, the quadratic Zeeman
shift, and the Stark shift from the oscillating electric field from
the trap. A change in the environmental temperature during the
measurement can also affect the energy shift through the black-
body radiation (BBR). The BBR shift between the two Zeeman
states (mJ = 1/2 and mJ = 7/2) of the F7/2 manifold depends on
the anisotropy of the BBR source. By assuming that the temporal
temperature variation of the environment is less than 0.1 K, we
estimate that, in the worst case scenario of a maximal anisotropy
of 100%, the differential BBR shift between the two Zeeman states is
∼1 µHz (ref. 28), which affects the sensitivity of cJK at the 6×10−24
level. Finally, we estimate that the systematic error due to the
AC-Stark effect of laser interaction is negligible for the proposed
experiment (Methods).

Our calculations also identified general rules for the
enhancement of the reduced matrix elements of the T (2) operator.
We find that the only parameter that significantly affects the matrix
elements leading to the tensor Lorentz violation sensitivity is the
deeper localization of the probe electron where the kinetic energy
p2/2 and T (2)

∝ p2 are larger. We find that an expectation value
〈ψ |r |ψ〉<0.8 a.u. of the corresponding electron is a good indicator
of the large value of the T (2) matrix element. This condition is
satisfied for the 4f hole states, such as the Yb+ state considered here,
or for highly charged ions with nf valence electrons and charges
of ∼15 (ref. 29). Such systems with configurations containing two
4f electrons or two 4f holes can have an extra enhancement by a
factor of two, and a higher degree of ionization leads to a further
increase in the T (2) matrix element values. Other lanthanide ions,
for example the Tm+ ion with 4f 136s ground state, may provide
other potential candidates for Lorentz violation tests. We also
considered the Th3+ ion owing to its 5f5/2 ground state. Laser
cooling was demonstrated for this ion in ref. 30, but we find that the
corresponding T (2) matrix element is more than a factor of three
smaller than the one in Yb+. The 5f orbital here is a valence orbital
rather than a hole in the filled shell; moreover the 4f electron is
generally deeper localized than the 5f electron.

Owing to the increased sensitivity to LLI violation and long
lifetime of the metastable F7/2 state of Yb+, we estimate that
experiments can reach the sensitivities of 1.5× 10−23 for the cJK
parameters, improving the current best limits6 bymore than a factor
of 105. Moreover, the projected sensitivity of the cTJ parameters will
be at the level of 1.5× 10−19. In the electron–photon sector, this

NATURE PHYSICS | VOL 12 | MAY 2016 | www.nature.com/naturephysics

© 2016 Macmillan Publishers Limited. All rights reserved

467

http://dx.doi.org/10.1038/nphys3610
www.nature.com/naturephysics


LETTERS NATURE PHYSICS DOI: 10.1038/NPHYS3610

would for the first time probe all tensor Lorentz-violating elements
below the ratio between the electroweak and Planck energy scales2.

Methods
Methods and any associated references are available in the online
version of the paper.
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Methods
Calculation of the matrix elements. The calculations of the energy shift due to LLI
violation reduce to a calculation of the expectation value of the Hamiltonian in
equation (2). The matrix element of 〈JmJ |p2

−3p2z |JmJ 〉 is expressed through the
reduced matrix element of the T (2) operator using the Wigner–Eckart theorem

〈JmJ |T (2)
0 |JmJ 〉=(−1)J−mJ

(
J 2 J
−mJ 0 mJ

)
〈J ||T (2)

||J 〉

Using the algebraic expression for the 3j-symbol, we arrive at the following
expression for the matrix element of the 〈JmJ |p2

−3p2z |JmJ 〉 operator:

〈JmJ |T (2)
0 |JmJ 〉 =

−J (J+1)+3m2
J

√
(2J+3)(J+1)(2J+1) J (2J−1)

×〈J ||T (2)
||J 〉

The angular factors are different for the Yb+ 4f 136s2 2F7/2 state and the Ca+
3d 2D5/2 state, resulting in total enhancement of the Yb+ LLI energy shift
(equation (3)) of 13.8 in comparison with Ca+ case, whereas reduced matrix
elements 〈J ||T (2)

||J 〉 differ by a factor of 14.6.
The all-order method gave very accurate values of the 3dJ lifetimes31 and

quadrupole moments32 in Ca+. In the all-order method, single, double, and partial
triple excitations of Dirac–Hartree–Fock wavefunctions are included to all orders
of perturbation theory. We refer the reader to review ref. 33 for the description of
the all-order method and its applications. The Ca+ all-order results are accurate to
about 1.5% (ref. 6). The calculations were carried out with both non-relativistic and
relativistic operators; the differences were found to be negligible at the present level
of accuracy. The results are listed in Table 2.

The all-order method was designed to work for monovalent systems and is not
applicable to the calculation of 4f 136s2 2F7/2 properties owing to the electronic
configuration of this state, which has a hole in the 4f shell. We used both a
one-electron Dirac–Fock calculation and a large-scale configuration interaction
calculation for this state and find excellent agreement of both approaches. The
15-electron configuration interaction calculation follows the approach described in
ref. 34. Briefly, we start from the solution of the Dirac–Fock equations and carry
out the initial self-consistency procedure for the [1s2, . . ., 4f 14, 6p] configuration.
The 6s orbital was constructed for the 4f 136s2 configuration, and the 5d3/2,5/2

orbitals were constructed for the 4f 135d6s configuration. The basis set used in the
CI calculations included virtual orbitals up to 8s, 8p, 7d , 7f and 5g . The virtual
orbitals were constructed as described in refs 35,36. The configuration space was
formed by allowing single and double excitations for the odd-parity states from the
4f 146p, 4f 136s2 and 4f 135d6s configurations to virtual orbitals of the basis set
listed above.

We have verified the convergence of the CI by carrying out three calculations
with an increasing set of configuration functions: including single and double (SD)
excitations to the 6s, 6p, 5d and 5f orbitals (we designate it [6sp5df ]); adding
excitations to the 7s, 7p, 6d , 6f and 5g orbitals [7sp6df 5g ]; and also adding 8s, 8p,
7d and 7f orbitals [8sp7df 5g ]. The last configuration set results in rather lengthy
calculations with∼2,300,000 determinants.

As demonstrated in Table 2, the number of included configurations has only a
negligible effect on the T (2) operator of the 4f 136s2 2F7/2 state. The result of the
configuration interaction calculation is in agreement with a simple DF calculation.
Inclusion of the random-phase approximation changes this value by 6%.

Estimation of the sensitivity of the experiment. The sensitivity of the frequency
variation can be estimated from the quantum projection noise of the measurement:

σf =
1

4πA
√
T
·

1
√
τ

where A is the amplitude of the Ramsey oscillation signal, T is the Ramsey
duration and τ is the measurement time. Assuming that the target state
|Ψ 〉=(1/

√
2)(|1/2,−1/2〉+|7/2,−7/2〉) for 2F7/2 is prepared through the creation

of a mixed state, as demonstrated in ref. 6, then the amplitude of the Ramsey
oscillation is A=0.5. With a Ramsey duration of 60 s, the estimated sensitivity is
∼0.02/

√
τ/Hz. Together with the improved sensitivity of the atomic state to

Lorentz violation, as given in equation (3), we estimate that the parameter C (2)
0 will

be bounded at the level of 1.7×10−19/
√
τ/sec for two ions, which is an

improvement of∼2,400 times over the measurement with 40Ca+ (ref. 6). Use of
the pure entangled two-ion states (A=1) would improve these bounds by an

Table 2 | Reduced matrix elements of the T(2) operator in Yb+
ion in atomic units.

State Method 〈J||T(2)
||J〉

4f145d 2D3/2 LCCSD 9.96

4f145d 2D5/2 DF 7.23
CI 7sp6df5g 11.6
LCCSD 12.08

4f136s2 2F7/2 DF −145
CI 6sp5df −143.8
CI+RPA 6sp5df −135.1
CI+RPA 7sp6df5g −135.6
CI+RPA 8sp6df5g −135.2

Method of calculations is listed in the column ‘Method’. LCCSD is the linearized
coupled-cluster method with single and double excitations, DF is the Dirac–Fock method, RPA
is the random-phase approximation, and CI is the configuration interaction. We list the
included configurations for the 15-electron CI calculation.

additional factor of two, resulting in a sensitivity of the C (2)
0 at the level of

8.5×10−20/
√
τ/sec—an improvement of∼4,800 times over the measurement with

40Ca+ (ref. 6).

Systematic effects due to the AC-Stark effect.We now discuss the impact of the
substantial AC-Stark shift when driving the weak octupole transition from the
ground state to the 2F7/2 state. For instance, in the experiments in ref. 20, for each π
pulse an AC-Stark-effect-related phase of the order of 2π×3.3 rad was
accumulated. However, for the odd Yb-isotopes the desired superposition state can
be achieved by driving microwave transitions between hyperfine levels of the F7/2

manifold. Hence, driving the octupole transition (or alternatively the Raman
transition via the D-states) is only required to populate a single Zeeman state of the
F7/2 manifold as well as to probe for its population after the Ramsey sequence.
Thus, the AC-Stark effect associated with driving the octupole transition has no
impact on the actual phase evolution.

For the even isotopes it is possible to find state preparation schemes where the
AC-Stark shift cancels between both ions, to the degree the ions are illuminated by
the same amount. In such a scheme, the two ions would be prepared in the two
distinct Zeeman states of the ground state,mJ =±1/2. A common two-frequency
laser field would prepare the desired superposition state on the different Zeeman
transitions via the π/2 pulse driving themJ =1/2→mJ =7/2 transition on the first
ion and themJ =−1/2→mJ =−1/2 transition on the second ion. The preparation
concludes with a π pulse on themJ =1/2→mJ =1/2 transition on the first ion and
themJ =−1/2→mJ =−7/2 transition on the second ion. This sequence leads to
an equal phase due to the AC-Stark effect of the relevant |1/2,−1/2〉 and
|7/2,−7/2〉 states, and hence the AC-Stark effect drops out. We estimate that using
an intensity stability of 10−2 and illuminating both ions to within 10−3 equally will
suppress the residual Stark-shift-related phase to 2π×2×10−4 rad, well below the
quantum projection noise of 100 experimental cycles of 2π×1.6×10−2 rad, after
which the intensities could be re-calibrated.

We conclude by stating that the expected AC-Stark effect when preparing the
F7/2 with Raman transitions via the D-states requires less power than via the
octupole transition, so the AC-Stark effect should pose no hurdle for this
route either.
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