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Coherent Suppression of Tensor Frequency Shifts through Magnetic Field Rotation
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We introduce a scheme to coherently suppress second-rank tensor frequency shifts in atomic clocks,

relying on the continuous rotation of an external magnetic field during the free atomic state evolution in a

Ramsey sequence. The method retrieves the unperturbed frequency within a single interrogation cycle and

is readily applicable to various atomic clock systems. For the frequency shift due to the electric quadrupole

interaction, we experimentally demonstrate suppression by more than two orders of magnitude for the

28, 2= D5 /2 transition of a single trapped 7Yb+ ion. The scheme provides particular advantages in the

case of the 7'Yb* 2S5, 2= 2F, /2 electric octupole (E3) transition. For an improved estimate of the residual

quadrupole shift for this transition, we measure the excited state electric quadrupole moments ©(*Ds 1) =
1.95(1)ea} and ©(°F;),) = —0.0297(5)ea} with e the elementary charge and g, the Bohr radius,
improving the measurement uncertainties by one order of magnitude.

DOI: 10.1103/PhysRevLett.125.143201

The ever-increasing level of control over neutral atoms
and ions provides rapid progress in their wide range of
applications from quantum computing to high-precision
frequency measurements. For such measurements, optical
atomic clocks are currently pushing the limits of relative
uncertainty to the 107! range [1-3]. Accuracy and uni-
versality of atomic clocks are based on the concept of an
unperturbed transition frequency, as observed under ideal-
ized conditions in the absence of systematic frequency
shifts. Approaching this situation requires the evaluation or
control of external perturbations.

In many cases, clock data is corrected for frequency
shifts in postprocessing. Some perturbations can be
suppressed in real time through operation at shift-free,
so-called magic parameters. Prominent examples are the
light shift in optical dipole traps [4,5] or the mutual
compensation of scalar Stark and relativistic Doppler shifts
in Paul traps [6]. Other systematic shifts can be eliminated
by averaging the clock output frequency over a set of
discrete experimental parameters that are used in alternat-
ing cycles of clock operation. This includes probing
different Zeeman components of the clock transition
[7.8] and cycling between mutually orthogonal directions
of an externally applied magnetic field defining the
quantization axis [9]. Such schemes may contain
nested feedback loops for the control of several para-
meters [1,2,10].
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Coherent suppression is another form of shift elimination
that relies on dynamic modification of experimental
parameters during the atomic state evolution, providing
the advantages of a fixed clock sequence and shift
suppression within a single cycle. For optical clocks,
different types of dynamic decoupling schemes have been
investigated in which sublevels of the clock states are
coherently coupled during the dark time of a Ramsey
interrogation for cancellation of various shifts [11-13].
Further examples of coherent suppression can be found in
hyper-Ramsey spectroscopy dealing with light shifts [14],
and entangled many-atom states designed to provide
immunity from selected perturbations [15].

In the following, we focus on frequency shifts produced
by orientation-dependent interactions described by trace-
less symmetric second-rank tensors. Common examples of
such effects in atomic spectroscopy are the tensorial Stark
effect, the quadrupole interaction with an electric field
gradient, or the interaction between two magnetic dipoles.
The symmetry properties of the second-degree spherical
harmonics Y?%' that describe the orientation dependence of
these interactions lead to vanishing frequency shifts for
isotropic perturbations, such as spin-spin interactions in a
liquid. They also allow for methods that eliminate the shift
by averaging. A technique called magic angle spinning is
commonly used in nuclear magnetic resonance (NMR)
spectroscopy of solids [16]: the probe is rapidly spun
around an axis oriented at the magic angle 6,, defined by
Y9(6,,) = 0, corresponding to cos® 8,, = 1/3, with respect
to the magnetic field. In the time average, the tensor shifts
disappear and a significant narrowing of the NMR line can
be observed in comparison to a stationary sample. A related
method is used in trapped-ion optical clocks for the
elimination of shifts resulting from tensor interactions with
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arbitrary orientation [9]: the clock frequency is recorded for
three mutually orthogonal orientations of an external
magnetic field so that the average value of the frequency
is free from the tensor shift. As the result is obtained from
three independent measurements, this scheme is an inco-
herent averaging method. It is well suited to cancel for
example the quadrupole shift. However, differences of
excitation rates and light shifts between the three different
orientations may compromise clock performance.

The method presented in this Letter can be seen as magic
angle spinning over a single revolution or as a coherent and
continuous version of the averaging over three mutually
orthogonal orientations of the magnetic field. Rotating this
system of orientations around its space diagonal again leads
to the angle 6,, between the axis of rotation and the
magnetic field. Effectively, the magnetic field is rotated
on the surface of a cone with the opening angle 6,,. A
similar magnetic field spinning technique has been applied
to tune the magnetic dipole-dipole interaction in a Bose-
Einstein condensate [17,18].

In our experiment, a single 2z rotation of the external
magnetic field is performed during the free atomic state
evolution between the two pulses of a Ramsey interrogation.
Thereby the tensor shifts are averaged to zero and
the clock laser frequency is coherently compared with
the unperturbed transition frequency. It is assumed here that
the tensor shift inducing field gradient does not change
during the Ramsey interrogation. The time for one rotation
of the magnetic field vector is chosen to be much longer than
the inverse splitting frequency between Zeeman sublevels of
the atomic states, so that atoms follow the magnetic field
adiabatically, avoiding Majorana spin-flip transitions. In
general, an explicitly time-dependent Hamiltonian can lead
to a nonzero geometric phase [19,20] in addition to the
dynamic phase accumulated between the clock states. This
phase, also known as Berry phase, scales with the enclosed
solid angle along the magnetic field trajectory. Often, like in
the case of the later considered '"'Yb™ clock states, the Berry
phase is common-mode suppressed for the ground and
excited states so that it does not contribute to the Ramsey
signal [21].

While we demonstrate the coherent suppression for a
simple single-ion optical atomic clock system, we see wide
application in high-precision spectroscopy and other clock
systems [22-26]. The method may be particularly benefi-
cial for optical clocks based on ions in Coulomb crystals
[24,25]. Here, the radio frequency trapping field and large
static electric field gradients typically cause tensor fre-
quency shifts that exceed the resolvable linewidth resulting
in inhomogeneous broadening, thus preventing long coher-
ent interrogation. In contrast to dynamic decoupling
schemes [11-13], our method does not require any addi-
tional drive field that can also cause frequency shifts, but
provides a straightforward solution for different optical
clock systems seeking to mitigate tensor shifts.

We experimentally demonstrate the method in a single-
ion optical clock based on the 25, /2= 2D, /2 electric
quadrupole (E2) transition in '"'Yb* [27]. The coupling
of the excited 2D; 2 state to electric field gradients,
externally applied or arising from spurious electric charges
on the trap structure, makes this transition sensitive to the
electric quadrupole shift (EQS). Using an endcap trap
design in our setup [28], a well-controlled electric field
gradient can be generated through a static electric potential,

D,(x'. Y. 2) = A (1 +e) +y2(1 —e) 227, (1)

A== )
by applying a voltage U between inner and outer trap
electrodes, with x a trap-dependent geometric factor, the
coordinates x', y’, 7/ denoting the principal axes of the trap
potential, and ¢ describing deviations from cylindrical
symmetry of the trap. The EQS can be expressed as [9]

Av= %A@[(3cos291 —1)
— esin?0; (cos*d, — sin®0,)], (3)

with £ as the Planck constant, ® as the quadrupole moment,
and o, containing the coupling terms of the Hamiltonian for
transition k. In the case of '"'Yb™, ap, = 1 for the E2
transition and agz = 5/7 for the electric octupole (E3)
transition considered later. The angles 6; and 0, define the
orientation of the principal axes of the field gradient relative
to the magnetic field, with 8; = <(é_, B). The prefactors
can be combined to an angle-independent frequency
shift Vg = ABG/h.

With three mutually orthogonal sets of coils, we define
the unprimed coordinate system xyz with &_|[é.. The
rotation axis ¥,, of the magnetic field can be chosen
arbitrarily. In our experimental demonstration, we perform
rotations around the axes x, y, and z with a magnetic field
strength leading to a Zeeman splitting frequency f, =
30 kHz of the %Ds s> state. In the example shown in
Fig. 1(a), ¥yy/é,. In that case, the initial magnetic field
orientation is ¥,y = sin(6,,)e, + cos(d,,)e,. Each vector
T)path on the trajectory can now be addressed via

17path<(p) - R(ﬁrov §0>17stan (4)

where R(¥,, @) is a rotation matrix around 7, with
rotation angle ¢ € [0, 2z]. The instantaneous deviation of
the atomic transition frequency v, due to the EQS from its
unperturbed value v is visualized in Fig. 1, averaging to
zero for the full rotation. The rotation is embedded in a
Ramsey sequence probing v, in a feedback loop. The
frequency deviation at the initial magnetic field, present
during the Ramsey pulses, is compensated by a clock laser
offset Av,. The size of the offset is determined with

143201-2



PHYSICAL REVIEW LETTERS 125, 143201 (2020)

() — b) o 80
SRR Y{“\ | /é\ 40
\on 0
-40
S |
NS bt | (€
W 7
z E
sl R= o
el
-
&
(d)
I, Ay, P
=~ Iro S
0 2 d | "
--------- Ramsey I Rabi

u
2

SIE]

l Ramsey —M8M8M8M8

FIG. 1.

Visualization of the coherent suppression sequence, shown here for rotation around the y axis. (a) Starting from g,y the

magnetic field is rotated around 7, at constant cone angle 6,,. (b) The instantaneous atomic resonance frequency v, shifted by the
electric field gradient, experiences an offset from the unperturbed transition frequency v, that averages to zero for the full rotation.
The rotation is embedded in a Ramsey sequence probing v, in a feedback loop. During the z/2 pulses, an auxiliary frequency offset Av,,
on the clock laser, derived from interleaved Rabi excitations, ensures resonant driving of the clock transition. (c) Temporal variation of
the components of the magnetic field vectors. (d) Clock laser intensity /,, and frequency deviation Av,, from v for the Rabi-controlled
Ramsey cycle. Readout (ro) and state preparation (sp) is performed in between interrogations.

interleaved Rabi excitations in a second feedback
loop [23]. The combined operation of the two feedback
loops effectively cancels perturbations during the Ramsey
pulses and allows us to realize the unperturbed transition
frequency v,.

For the experimental realization, it is required to generate
the time-dependent magnetic field orientation with high
precision. However, deviations from the intended trajectory
can occur if the magnetic field does not instantaneously
follow the applied coil currents, for example due to delayed
magnetization and eddy-current effects in surrounding
metallic materials. A slow magnetic field variation, obtain-
able by a single rotation during the given interrogation time,
facilitates the precise steering of the magnetic field. To
model the field response in our system, we apply a step
function to the control input of the current driver for each set
of coils and measure the magnetic field at the ion position
after a variable time delay 7 by means of the Zeeman splitting
frequency f,. We describe the delayed field response by a
linear combination of exponential functions

fZ(t) = (fstart _fend)
(A 4 Aye ) - fog, (5)

with f . and fo,q the equilibrium Zeeman splittings before
and after the step, and A; + A, = 1. For the three sets of
coils, the inferred time constants 7, and 7, are approximately
0.2 and 1 ms. Along the x axis, an additional slow decay
term with 73 = 16 ms is taken into account. Differences in
the response times 7 lead to distortions of the trajectory and
are on the order of 0.1 ms for our coil pairs.

Applying our field delay model, we test the distortion of
the trajectories and the effect on v{, during the Ramsey dark
time. Deviations of both the transition frequency and
magnetic field are shown in Fig. 2. In a second step, we
design compensating field variations taking the delay into
account such that the ideal rotation is retrieved.

Our experimental investigation of the coherent suppres-
sion scheme is performed using the excited clock state
D, /2 that has a natural lifetime of 53 ms [29]. In practice
this limits the available Ramsey dark times to a few tens of
milliseconds, but the shift suppression due to the field
rotation is not compromised because the Ramsey signal
arises only from cycles in which the atom does not

(Hz)

vy — 1)

OB /max(Bl)

FIG. 2. Deviations of the instantaneous atomic resonance
frequency (black line) and the magnetic field components (solid
red and green line) due to the field delay from the intended
trajectories displayed in Fig. 1. Shown are simulations based on
the measured step response of the magnetic field. The dashed
lines describe the applied magnetic field compensations, cor-
recting for the distorted trajectories.
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spontaneously decay to the ground state during the
dark time.

The EQS-free E2 transition frequency is initially deter-
mined by averaging the measured frequency along three
orthogonal directions of the magnetic field [9]. This
measurement is performed once without and once with a
large externally produced field gradient, and an indepen-
dent optical clock serves as a stable frequency reference.
Comparing the two measurements, we find a transition
frequency difference of 0.02(4) Hz, consistent with zero,
thus verifying the orthogonality of the employed magnetic
field directions. All following coherent suppression experi-
ments are performed with the external gradient that
yields vgy,q = 78.7(2) Hz.

In order to investigate the validity of our field delay
model, we first implement the coherent suppression scheme
for a 35 ms Ramsey dark time without compensating for the
magnetic field decay. For three measurements, each with ¥,
along one of the xyz coordinate axes and only two time-
dependent magnetic field components, we find the frequency
deviations AP shown in Table 1. With knowledge of
strength and orientation of the EQS, we simulate the
expected shift and find the frequency deviations ArS™.
These values are corrected for a modified second-order
Zeeman shift as the magnetic field strength varies during the
distorted rotation by up to 5%. We test our simulation by
comparing it to the experimental values and calculating their
difference as shown in Table I. Finally, we employ the
simulation to generate compensated trajectories and measure
the frequency shifts Avcomp from the unperturbed transition
frequency. For rotation around &, and e, the shift is
consistent with zero implying that the magnetic field
deviations are corrected within the given uncertainty. For
¢, a nonzero frequency shift indicates remaining deviations
from the ideal magnetic field trajectory. With the mean
electric quadrupole shift vq,,q = 78.7(2) Hz and the largest
deviation of —0.3 Hz, a suppression factor of 260 is derived.

TABLE 1. Deviations from the unperturbed transition fre-
quency for rotation around three axes for a known externally
produced electric field gradient. Without compensating the
magnetic field decay, we find the experimental values Av®*P.
Simulations of the expected offsets Ar*'™ due to the magnetic
field delay are compared with the experiment. The uncertainties
of the simulations are derived by varying the decay and delay
times of the field delay model within their uncertainties using a
Monte Carlo method. For the experimental results, statistical
uncertainties are given. The coherent suppression scheme per-
formed with the compensated magnetic field trajectory yields the

residual frequency shifts Avgomp. All values are given in Hz.

Vrot AP Aysim AP — Apsim Alcomp

6, —051(4) —0.46(10) ~0.05(11) ~0.30(8)
2, 250(4)  2.67(25) ~0.17(25) ~0.05(9)
e, 8.07(3) 7.74(30) 0.33(30) 0.00(7)

The coherent suppression scheme, demonstrated for the
17lyb+ E2 transition, can be readily applied to other clock
types and species. One promising candidate for future
application of this method is the 2S, 5= ’F, /2 electric
octupole (E3) [30] transition in '7'Yb™. A natural excited
state lifetime of years enables long Ramsey dark periods,
limited only by the coherence time of the atom-laser
interaction, permitting a slower rotation and consequently
less deviation from the ideal trajectory than demonstrated
on the E2 transition. The excitation of the E3 transition
requires high laser intensity due to the small oscillator
strength, leading to a considerable light shift. Therefore,
incoherent EQS cancellation based on sequential inter-
rogation in three mutually orthogonal magnetic field
orientations would result in large variations of the light
shift, degrading clock performance. In contrast, the coher-
ent suppression method allows for a free and constant
choice of the magnetic field orientation during the inter-
rogation pulses. In order to estimate the smaller EQS on the
E3 transition from the measured EQS on the E2 transition,
the relative magnitude of the D5/, and *F5/, quadrupole
moments has to be known. So far, only one experimental
investigation has been performed for each level [27,31] and
the particularly small value of ®(*F;,) is not supported so
far by theoretical studies [32-35]. According to Eq. (3), the
experimental determination of the quadrupole moments
requires knowledge of the applied electric field gradient.
The geometric factor « in Eq. (2) can be derived from the
dependence of the ion secular frequencies on the applied
voltage U as presented in [36]. For the employed ion trap,
we find k = —1.0417(8) mm? and ¢ = 0.036(1). To infer
the quadrupole moments, we measure the EQS for the E2
and E3 transition with a constant magnetic field orientation
0; = 1(1)°. In this configuration, the second term of Eq. (3)
is negligible.

We operate the experiment in an interleaved mode,
sequentially probing the two clock transitions. The E2
transition is interrogated with 40 ms Rabi pulses. For the
E3 transition, the light shift is cancelled using the
Rabi-controlled Ramsey method with 300 ms dark periods
[23]. We measure the transition frequencies for the selected
magnetic field orientation with respect to an independent
optical clock. As shown in Fig. 3, after a measurement
period without applied field gradient, the voltage applied to
the endcap electrodes is ramped up and kept at —60.0(3) V,
corresponding to A = 57.6(3) V/mm?. From a measure-
ment time of more than four hours, we find Avg, =
152.0(2) Hz and Awvg; = —1.65(3) Hz and calculate
the quadrupole moments O(*D;,) = 1.95(1)ea} and
O(°F7,) = —0.0297(5)ea} with e the elementary charge
and a; the Bohr radius. In comparison with previous
investigations, the uncertainty is reduced for both values
by about one order of magnitude. We respectively find a
lo- and a 20-sigma agreement with previous measurements
of ©(°D3.,) [27] and ©(*F7,) [31]. Theoretical predictions
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FIG. 3. Electric quadrupole shift Av due to an externally

applied electric field gradient measured with interleaved oper-
ation of the clock, sequentially probing the E2 (red) and E3 (blue)
transitions of a single trapped '7'Yb* ion. Using an independent
clock as the reference, the field gradient is slowly increased up to
A =57.6(3) V/mm?, and the induced frequency offset is aver-
aged for more than four hours. For both transitions, the unshifted
frequency (Av = 0 Hz) is determined by preceding long-term
measurements.

are within 10% for ®(2D3/2) [9,33-35,37], but for @(2F7/2)
they differ by at least a factor of two from the experimental
value [32-35]. This discrepancy appears to be related to the
complex electronic structure of the 2F, /2 state which makes
calculations of the quadrupole moment challenging [32].
Independent of the specific magnitude and orientation of
the applied electric field gradient, the ratio of the measured
frequency shifts Avg, /Avgs = —92.1(1.7) yields the quad-
rupole moment ratio ©(°D;,)/©(*F7/,) = —65.8(1.2).

In the employed ion trap, patch charges typically induce
electric field gradients of less than 1 V/mm?, resulting in
shifts on the order of vg,,¢ = 1 Hz on the E2 transition.
With the demonstrated suppression factor of 260 and the
hundredfold lower sensitivity of the E3 transition, we
expect a residual shift of less than 0.04 mHz using
the coherent suppression scheme. This corresponds to a
negligible contribution of about 6 x 1072 to the relative
uncertainty of the E3 clock.

Inspired by magic angle spinning in NMR spectroscopy,
we have introduced a coherent suppression method for
second-rank tensor interactions with possible application in
a wide range of optical clock systems and quantum
control experiments. A dynamic magnetic field orientation
provides a new parameter to obtain immunity to external
perturbations in multipulse Ramsey schemes. While our
implementation specifically aims for a simple sequence, we
expect that this approach could be expanded to suppress
additional shift effects or to enhance robustness by employ-
ing more complex field orientation trajectories and mod-
ulations of the field strength.
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