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High-precision atomic spectroscopy provides an invaluable and sensitive tool for exploring a wide range
of physical questions. Here, we investigate the forbidden optical transition of the 6s6p3P0 − 4f135d6s2

(J ¼ 2) in 171Yb atoms at the wavelength of 1695 nm, which exhibits the highest sensitivity to the variation
of the fine-structure constant α compared to the current neutral optical clock. We obtain high-resolution
transition spectroscopy in a one-dimensional optical lattice, and the measurement of its absolute frequency
achieves kHz-level accuracy. Meanwhile, several essential atomic constants are also determined, including
the electric-dipole (E1) magic wavelengths, as well as the hyperpolarizabilities and tensor polarizabilities
around the E1 magic wavelengths. Additionally, we derive the hyperfine constant for the J ¼ 2 state
from the measured absolute frequencies 1123 252.3� 2.0 kHz, providing a sixfold enhancement in the
uncertainty reduction compared to the recent result. We anticipate that this work will prompt further
investigation of the additional clock transition at 1695 nm in 171Yb atoms. Together with the well-
established 1S0-3P0 transition, many fundamental and new physics research, such as the time variation of α,
ultralight dark-matter searches, Lorentz violation, etc., will enable new bounds and measurements with
unprecedented precision.
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I. INTRODUCTION

Atoms with two valence electrons, such as the alkaline
earth metals ytterbium (Yb), possess ultranarrow transitions
from their ground state to metastable states [1–5].
Currently, several groups have recognized ytterbium as
an excellent candidate for redefining the Systeme
International (SI) second, and have achieved significant
advancements in lattice-based optical clocks utilizing its
ultranarrow 1S0-3P0 transition [6–13], which exhibits insen-
sitivity to most environmental effects. Over the past two
decades, the development of the optical atomic clocks has
made a factor of more than 103 improvement in precision,
and they have now reached unrivaled inaccuracy and
instability at the low 10−18 level [6,14–18]. Consequently,
optical lattice clocks are extensively employed to perform
more stringent tests of fundamental physical principles and

to advance applications in fields such as quantum simu-
lations [19–22], gravitational-wave detection [23–25], rela-
tivistic geodesy [18,26–28], searches for temporal drifts
in the fundamental constants [16,29–31], dark-matter
searches [32,33], tests of the Lorentz invariance [34,35],
the redefinition of the second [36,37], etc.
In the neutral Yb atom, several metastable states exist,

such as the 6s6p 3P0;2 and 4f135d6s2 (J ¼ 2) states, which
are anticipated to be applied to the development of
new clock transitions [38,39]. The 6s6p3P0;2 states have
been thoroughly investigated experimentally, whereas the
4f135d6s2 (J ¼ 2) state has not yet garnered comparable
attention. The electronic configuration of the J ¼ 2 state
featuring an open f shell and a single 5d electron
bears similarity to the Ybþ2S1=2 − 2D3=2ðE2Þ and 2S1=2 −
2F7=2ðE3Þ transitions [31]. Recently, several research
groups have suggested that the 6s6p3P0 − 4f135d6s2

(J ¼ 2) transition at 1695-nm wavelength in the Yb atom
has the potential for achieving high stability and accuracy
[38,39]. Therefore, combining the other well-established
6s21S0 − 6s6p 3P0 transition for clock-comparison experi-
ments could reduce the systematic uncertainties, such as
the blackbody radiation (BBR) effect [40,41]. Additionally,
the transition exhibits significant sensitivity to temporal
variations in the fine-structure constant α and local Lorentz
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invariance violation. Theoretical calculations and analyses
reveal that the dimensionless α-variation enhancement
factor of the transition for Yb is approximately −15 [38],
which is much larger than any other currently operating
optical atomic clocks [42]. For instance, comparison with
the standard clock transition in Yb of approximately 0.36
indicates that the 1695-nm transition displays over 40 times
greater sensitivity than the 1S0-3P0 clock transition, given
comparable fractional stability and accuracy. Hence, it is
proposed that this clock transition could be used for studies
of fundamental physics.
Currently, the E3 transition in Ybþ represents the most

well-established transition for testing α variations, boasting
an enhancement factor of approximately 6. When com-
pared to transitions in Ybþ optical clocks, the enhanced
sensitivity of the 1695-nm transition does not significantly
surpass that of the E3 transition. Furthermore, it may
present challenges in achieving the comparable levels of
systematic uncertainty currently demonstrated by Ybþ
clocks [16]. However, the 1695-nm transition offers a
distinct stability advantage over the Ybþ optical clock
owing to its ability to operate with a larger number of
atoms, which proves pivotal in detecting transient or
oscillating changes in α. Similarly, when comparing the
1695-nm transition with the 431-nm transition [39], given
that the considerable sensitivity of the 1695-nm transition is
attributable to the J ¼ 2 excited state’s susceptibility to α
variations, both the 1S0-J ¼ 2 and 3P0-J ¼ 2 transitions in
Yb exhibit nearly identical sensitivities to the absolute
frequency shifts resulting from α changes, as posited in
Refs. [38,39] to investigate temporal variations of α. The
difference in enhancement factors between the two tran-
sitions pertains exclusively to their distinct transition
frequencies. Nonetheless, the 1695-nm transition retains
an advantage regarding absolute frequency stability,
should the clock-laser coherence time constitute a limi-
tation to stability.
Undoubtedly, the 1695-nm transition exhibits a consid-

erable sensitivity to environmental influences like the
Zeeman effect, attributable to its nonzero total electronic
angular momentum J ¼ 2. This sensitivity could poten-
tially limit accuracy under conventional experimental con-
ditions and might also diminish the transition’s relative
advantages in α-variation sensitivity when contrasted with
established optical clocks. However, several methods are
available that can experimentally address and mitigate
challenges related to the 1695-nm transition; for instance,
employing magnetic shielding can reduce the large Zeeman
shift. Whether the loss in clock performance eliminates
the sensitivity advantage entirely in α variations is an
outstanding question that likely can be resolved only
through experimental inquiry.
The 1695-nm transition in the 171Yb atom is an electric-

quadrupole (E2) transition. The lower ground state 6s6p 3P0

is a metastable state with a lifetime of approximately 20 s,

while the upper excited state 4f135d6s2 (J ¼ 2) has a
lifetime of more than one minute. The transition is amenable
to probing through a direct laser excitation from the 3P0

ground state. Because of a range of issues, this transition has
not yet been comprehensively investigated in experiments.
There is almost a gigahertz uncertainty in frequency deter-
mination [43] before some relative measurements performed
by recent experiments.
Here we present the measurement results of the ultra-

narrow 6s6p3P0 − 4f135d6s2 (J ¼ 2) transition in 171Yb
atoms achieved through direct optical excitation. We
conduct normalized spectroscopy on an ultracold ytterbium
sample and determine the resonance frequency using an
optical frequency comb referenced to an ultrastable optical
cavity, and concurrently, the transition frequency is traced
to the secondary representation of the SI second. A detailed
calculation and measurement of the predominant system-
atic shifts, which include lattice light and the Zeeman
effect, are performed, resulting in a total uncertainty of
approximately 5 kHz. The accuracy of the measurement is
constrained by the linewidth of transition spectra attribut-
able to the Zeeman shift and optical lattice Stark shift.
The determined magnetic sensitivities (Zeeman shifts) of
the 4f135d6s2 (J ¼ 2) state are in good agreement with
theoretical values. The electric-dipole (E1) magic wave-
lengths, hyperpolarizabilities, and tensor polarizabilities
of the 1695-nm transitions are also roughly determined,
displaying reasonable concordance with recent theore-
tical forecasts. The measured hyperfine splitting of the
4f135d6s2 (J ¼ 2) state exhibits an approximately sixfold
enhancement in uncertainty reduction compared with the
recent experimental findings. These measurements pave
the way for future utilizations of the 171Yb 6s6p3P0 −
4f135d6s2 (J ¼ 2) clock transition in significant applica-
tions such as searches for variation of α and violation of
the Einstein equivalence principle, the examination of
local Lorentz invariance, and the investigation of new
light force carriers [38,39].

II. TRANSITION SPECTRUM DETECTION

The relevant energy levels of the 171Yb atom are depicted
in Fig. 1(a), and the measurement cycle, along with the
detailed pulse sequence of the readout procedure, are
shown in Appendix A. The experimental apparatus used
in our experiment is essentially the same as that used
previously [12,44], and a schematic drawing of that is
depicted in Fig. 1(b). Full details concerning the cooling
and trapping system employed in this work are discussed in
previous publications [44,45].
After preparing atoms on the 6s6p3P0 state using

578 nm laser in a one-dimensional (1D) lattice, we inter-
rogate the 6s6p3P0 − 4f135d6s2 (J ¼ 2) transition with a
specifically polarized 1695-nm laser pulse, the atoms at
different Zeeman-sublevel state 3P0, mF ¼ �1=2 can be
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excited, respectively. A bias magnetic field B is applied to
define the quantization axis, parallel to both the lattice and
the 1695-nm clock polarization vectors. Before starting the
1695-nm clock interrogations, a 20-ms delay is imple-
mented to permit the decay of any transient magnetic fields
to background levels. Rabi spectroscopy is performed on
the π components of the transition using a 200-ms, 1695-
nm laser pulse. The excitation fraction is determined from
the laser-induced fluorescence, and a normalized scheme is
employed with the 649-, 770-, and 592-nm lasers [44,46]
(see Appendix A for details). The 1695-nm laser is locked
to a commercial Er-doped femtosecond fiber frequency
comb (Menlo Systems) with a repetition frequency of
approximately 250 MHz, and the comb is referenced to
an ultrastable optical cavity yielding an instability of less
than 1 × 10−15 at 1-s averaging time [47]. Meanwhile, the
recorded repetition rate and carrier offset frequencies are
calibrated against the stabilized H maser featuring an
instability (Allan deviation) of approximately 1 × 10−13
for integration times of 1 s, while the finally measured
frequencies are calibrated utilizing the reference frequency
of our 171Yb 6s21S0 − 6s6p3P0 clock transition. An
acousto-optic modulator (AOM) is used to bridge the
detuning between the 1695-nm laser and the atomic
transition. By scanning the frequency of the AOM, the
spectra of the 6s6p3P0 − 4f135d6s2 (J ¼ 2) transition are
obtained, as depicted in Fig. 2. The population of the

atomic states is detected using a photomultiplier tube
(PMT) with the application of an electron shelving tech-
nique for fluorescence detection.
This spectroscopy interrogation of the 3P0-J ¼ 2 tran-

sition in 171Yb is performed in a 1D optical lattice,
effectively eliminating the predominant frequency shifts
and line broadening due to the Doppler effect. The
transition is electric quadrupole allowed and has typical
natural linewidths of a few millihertz and saturation
intensities of a few pW=cm2. To obtain the best signal-
to-noise ratio of the transition spectra, the 1695-nm probe
pulse (traveling wave) is applied along the axial direction of
the optical lattice with a power of about 0.5 mW, which is
much larger than the saturation intensity. Based on theo-
retical prediction [38], a magic wavelength is anticipated to
lie between 792 and 833 nm. Consequently, the lattice
wavelength is finely adjusted within this interval to
ascertain the magic wavelength. Figure 2(a) displays the
Zeeman components of the hyperfine-structure transition
at 1695 nm, specifically between the F ¼ 1=2 and F ¼ 3=2
levels. The obtained transition spectra presented in
Figs. 2(b) and 2(c) reveal a noticeable energy differences
among the F ¼ 3=2, jmFj ¼ 1=2, and jmFj ¼ 3=2 levels
due to the optical lattice shift. Figure 2(d) shows the
excitation profile of the F¼1=2, jmFj¼1=2 to F ¼ 3=2,
jmFj ¼ 1=2 Zeeman components of the 6s6p3P0 −
4f135d6s2 (J ¼ 2) hyperfine-structure transition under a

FIG. 1. (a) Partial energy-level diagram of a 171Yb atom and the relevant transitions. (b) Schematic diagram of the experimental
system. Double-passed acousto-optic modulator (DP AOM), polarization beam splitter (PBS), optical frequency comb (OFC),
photodetector (PD), Pound-Drever-Hall method (PDH), photomultiplier tube (PMT), periodically poled lithium niobate (PPLN), carrier-
envelope offset frequency of the comb (fCEO), beat note between the comb and the laser (fb), and repetition frequency (fr). The
frequency of the 1695-nm laser is locked and measured by an Er-doped femtosecond fiber frequency comb that is referenced to an
ultrastable optical cavity.
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lattice wavelength of about 832.2 nm. The red curve shows
a Lorentzian line-shape fitting, and the linewidth of the
transition (jΔmFj ¼ 0) is nearly 4 kHz, which is much
greater than its natural linewidth and is limited by the
broadening from lattice light. Concurrently, the spectral
line shape exhibits a degree of asymmetry and deviates
slightly from the Lorentzian profile. This may originate
from the motion of atoms along the lattice axis within the
lattice potential, as well as from the higher-order contri-
butions of polarizability [48,49]. To achieve further

narrowing of the linewidth in the 1695-nm transition
spectra, it is essential to prepare atoms in their longitudinal
motional ground state, which is currently common practice
in optical atomic clocks.

III. ZEEMAN SENSITIVITY DETERMINATION

The natural lifetime of the new clock state is significantly
longer than the typical interrogation time, offering a
potential for high stability and accuracy. However, the
upper states considered in this work are associated with the
4f-electron shell and possess a considerable total electronic
angular momentum value, J ¼ 2. This property suggests
that they are more sensitive to external magnetic field and
electric-field gradient than the other atomic species typi-
cally utilized in optical clocks. For bosonic isotopes, the
impact of the Zeeman effect can be readily canceled out by
employing the mF ¼ 0 −mF ¼ 0 transition. For the 171Yb
atom, the total atomic angular momentum F is a half-
integer; hence, the state with zero mF cannot exist. In
standard optical clock operation, the first-order Zeeman
shift is canceled by alternatingly probing two transitions
with opposite values of mF and averaging their transition
frequencies. In the current transitions of 3P0-J ¼ 2,
an electronic Zeeman shift occurs, characterized by an
electronic Landé factor of 1.45 [43] and theoretical sensi-
tivities to Zeeman splitting amounting to 2.45 and
1.63 MHz=G=mF for the F ¼ 3=2 and F ¼ 5=2 hyperfine
components, respectively. Such a high sensitivity results in
the broadening of transition lines within a typical exper-
imental environment where the background magnetic field
fluctuates by approximately 1 mG in a short period. During
the experiment, we apply an external magnetic bias field
concomitant with the 1695-nm interrogation laser, and
ascertain the field’s magnitude through measurement of
the 578-nm clock transition’s Zeeman component spectra.
We assess the Zeeman sensitivity of the J ¼ 2 state by

changing the bias magnetic field, which allows us to
calculate the linear Zeeman shift from the observed split-
ting between the Zeeman substates. We derive the linear
Zeeman shift values of 2.44� 0.05 MHz=G=mF for
the F ¼ 3=2 state and 1.63� 0.04 MHz=G=mF for the
F ¼ 5=2 state, findings that correspond closely with
theoretical predictions. The pertinent experimental results
are displayed in Fig. 3 and Table I. Further details of
the experimental setup and data processing are available
in Appendix B.

IV. OPTICAL SHIFTS AND POLARIZABILITIES
MEASUREMENT

The frequency shift of the clock transition due to the
effect of the lattice laser field that traps the atoms is
contingent upon the polarizabilities of the clock states.
Optical lattice clocks have demonstrated that cancellation
of trap perturbation leads to excellent clocks with

FIG. 2. High-resolution spectra of the 3P0ðF ¼ 1=2Þ − J ¼
2ðF ¼ 3=2Þ transition taken by scanning the frequency of the
1695-nm laser. (a) The F ¼ 1=2 − F ¼ 3=2 Zeeman component
of the 1695-nm hyperfine-structure transition in the presence of a
small-bias magnetic field. (b) The spectra are obtained under a
quiet ambient magnetic field of less than 5 mG, a probe intensity
of I ¼ 35 mW=cm2, and an interaction period of τ ¼ 200 ms.
(c) Excitation probability as a function of the clock-laser detuning
from the center of the jΔmFj ¼ 0 lines, showing the observed
four individual Zeeman components with a static magnetic field
B0 ¼ 0.105 G. The variations in excitation probabilities of
the four components can be attributed to differences in state
preparation and 592-nm pumping efficiencies. For all spectra in
(b) and (c), the lattice wavelength is tuned to 831.6 nm. (d) The
hyperfine-structure transition spectra of the F ¼ 1=2, jmFj ¼ 1=2
to F ¼ 3=2, jmFj ¼ 1=2 Zeeman components with a 0.016-G
bias magnetic field. The observed linewidth of 4 kHz is con-
stricted due to broadening effects caused by the optical lattice
shift, which exhibits a lattice wavelength tuned to approximately
832.2 nm and a lattice power of 1 W. The solid curves represent
Lorentzian line-shape fittings, which are employed to ascertain
the center frequencies and the linewidths.
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uncertainties less than the 10−18 level [50,51]. The concept
of magic frequency trapping is proposed to equalize the
polarizabilities of the clock states to realize the unperturbed
atomic transition frequency while maintaining the exper-
imental benefits of trapped systems [48]. Especially, the
magic frequency concept becomes nontrivial for achieving
high-accuracy clocks, when the contribution of the
higher-order polarizabilities, including multipolarizabi-
lities (E2 −M1) and hyperpolarizability [52,53], is non-
negligible compared to that of the E1 interaction. Taking
into account the interrelation between the atomic

temperature and trap depth, the lattice-light-induced shift
around the magic wavelength can be written as

δv ¼ −ΔαξFmF
ðvÞI − ΔβI2; ð1Þ

where ΔαξFmFvðvÞ ¼ κE1ðvÞΔv, Δβ are the differences
(denoted by Δ) of the E1 polarizability and hyperpolariz-
ability on the clock-transition states, κE1ðvÞ is the linear
coefficient of the E1 polarizability with respect toΔv,Δv is
the detuning of lattice laser v from the E1 magic frequency
vm, and I is the intensity of the optical lattice.
In this experiment, we measure lattice light shifts of π

transitions from the 3P0 (F ¼ 1=2) to J ¼ 2 (F ¼ 3=2 and
5=2) states, respectively, and determine the E1 magic
wavelengths and hyperpolarizabilities. Theoretical studies
suggest that higher-order light shifts yield lattice-band-
dependent effects that vary with atomic temperature
[52,54], which is also the primary reason for the observed
spectra broadening in current experimental conditions,
as shown in Fig. 2. The total dipole polarizability of the
state characterized by angular momentum J ¼ 2 within a
lattice laser field of frequency v that is linearly polarized
and parallel to the quantization direction can be charac-
terized as [55]

ΔαξFmF
ðνÞ ¼ ΔαSðνÞ þ 1

2
αTJ¼2ðνÞ

3mF
2-FðF þ 1Þ

Fð2F − 1Þ
× ð3cos2θ-1Þ; ð2Þ

where αs and αT are the dynamic scalar and tensor dipole
polarizabilities, respectively, mF is the projection of F, and
θ is the angle between the bias magnetic field B and the
lattice polarization vector ∈ . A large orbital momentum
characterized by J ¼ 2 leads to a considerably larger tensor
Stark shift when compared with other species of the atomic
optical clock. Consequently, during a typical measurement
run, a bias magnetic field that is parallel to the lattice
polarization vector is applied to ensure the stability of the
tensor Stark value. Under these conditions, the light shifts
are measured as a function of the lattice laser power across
various lattice wavelengths, with subsequent quadratic
extrapolation to the zero-intensity transition frequency
being executed to delineate the ac Stark shifts attributed
to the lattice light. The E1 polarizability induces a shift
that exhibits a linear correlation with the trap depth, and
the slope of the fitting lines when plotted as a function of
the lattice frequency is illustrated in Figs. 4(b) and 4(e).
From these data, the coefficients kE1m (the value of kE1 at
the E1 magic wavelength) of E1 polarizabilities for the
F ¼ 1=2 − F ¼ 5=2 and F ¼ 1=2 − F ¼ 3=2 transitions
are ascertained to be 24.2 and 6.5 kHz=ðTHzW=cm2Þ,
respectively, while the E1 magic wavelengths for these
transitions are determined to be approximately 832.50�
0.04 and 832.24� 0.06 nm, respectively. The magic

TABLE I. The linear Zeeman shift slopes of different 1695-nm
hyperfine transitions are obtained by theoretical calculation and
experimental measurement, respectively.

States This work Theory

F ¼ 3=2 2.44� 0.05 MHz=G=mF 2.45 MHz=G=mF
F ¼ 5=2 1.63� 0.04 MHz=G=mF 1.63 MHz=G=mF

FIG. 3. The splitting of mF ¼ �1=2 Zeeman substates versus
external magnetic field for the (a) F ¼ 3=2 and (b) F ¼ 5=2
transitions. The obtained data (black points) are fitted by a
linear function (red curves). The error bars are the standard
error on the mean.
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wavelengths are very close to the 4f135d6s2ðJ ¼ 2Þ −
4f136p3=26s2ðJ ¼ 2Þ transition, accounting for this phe-
nomenon of significant polarizabilities.
The hyperpolarizability induces a shift that exhibits a

nonlinear scaling with trap depth. According to the fitting
curves, the hyperpolarizabilities Δβ around the E1 magic
wavelengths are quantified as approximately −13.1� 3.4
and 3.1� 3.4 Hz=ðkW=cm2Þ2. These results exceed, by an
order of magnitude greater than 5, the values reported for
the ytterbium 1S0-3P0 transition [56].
To evaluate the impact of the transition nearly resonantwith

the magic wavelength on the frequency of the 1695-nm
transition,we tune the lattice frequencyclose to this resonance
transition of 4f135d6s2ðJ ¼ 2Þ − 4f136p3=26s2ðJ ¼ 2Þ and
measure the 6s6p3P0 − 4f135d6s2ðJ ¼ 2Þ optical shift [43].
As the lattice approaches the resonance, the spectral lines
observed on the transition tend to become asymmetric and
broadened. The light shifts associated with the transition
under these conditions are illustrated in Fig. 5. Each point
of lattice shift frequency is calculated from the average of
six to eight measurements of the 1695-nm transition
spectra centers, where the line shapes are fitted with a
Lorentzian profile to determine the line center. The
measured frequency shifts in relation to the lattice

wavelengths are fitted with a dispersion line curve, from
which the corresponding hyperpolarizabilities at the mea-
sured magic wavelengths are extrapolated to be −27� 27

and 2.5� 10 Hz=ðkW=cm2Þ2, respectively. The results are
consistent with the previous value at the 1σ level obtained
by quadratic slopes.
The tensor polarizability of the 3P0 state is nullified due

to J ¼ 0 and mF ¼ 0; thus, the tensor Stark shift of the
1695-nm transition is solely attributable to the J ¼ 2

excited state. From Eq. (2), it is evident that the tensor
polarizability of the J ¼ 2 state is dependent on θ, and the
rotation of the magnetic field results in distinct light shifts
for every mF state. Figure 6 illustrates the correlation
between the tensor optical shift and θ. From this, the
contribution due to the tensor Stark shift arising from the
optical lattice can be assessed. The coefficients αTj¼2 of
the tensor Stark shifts are determined to be −4.1� 0.3
and −2.2� 0.2 kHz=ðkW=cm2Þ.
Based on the above measurements, it is apparent that the

lattice light shift is a major contributor to the observed
linewidth broadening due to the large dynamic polar-
izabilities. Therefore, measuring the transition in a shallow
trap is an effective method to achieve a narrower transition
spectrum. The fundamental reason for the broadening

FIG. 4. Lattice light shifts and E1magic frequency determination for the (a)–(c) F ¼ 1=2 − F ¼ 5=2 and (d)–(f) F ¼ 1=2 − F ¼ 3=2
transitions, respectively. All frequency data are offset by corresponding zero-intensity transition frequencies. The bias magnetic field
parallels the lattice polarization vector during all measurements. The error bars in the graphs depict standard deviations. (a),(d) Relative
clock shifts as a function of the lattice power at different lattice wavelengths. The solid lines are quadratic fits of the experimental data
(colored points) using quadratic fitting. (b),(e) The dispersive slopes fitted from the optical shifts are plotted as a function of the lattice
frequency. (c),(f) The quadratic slopes as a function of the lattice wavelengths.
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of the transition spectra by lattice light stems from the
discrepancies in the optical shift among the different atoms
in the lattice. We make a simple estimate of the optical
lattice shift in a shallow lattice based on the parameters
obtained. As the lattice shift correlates with both the lattice
light frequency and intensity, it is feasible to find an
appropriate lattice intensity that enables insensitivity of
the lattice shift toward intensity fluctuations at a specific
lattice frequency. When the lattice intensity is approxi-
mately at the 1-kW=cm2 level and close to such a “magic
intensity,” the frequency shift fluctuation resulting from a
typical optical lattice trap depth fluctuation is estimated to
be less than 1 Hz. This indicates that the lattice light shift
and the resulting linewidth broadening can be suppressed
by the shallow lattice trap.

V. ABSOLUTE FREQUENCY AND HYPERFINE
CONSTANTS

Our measured transition frequencies for all hyperfine
components of 3P0-J ¼ 2 are presented in Table II, in

which the results are corrected for the dominant systematic
frequency shifts, and the uncertainties consist of all
major sources of errors. The accuracy attained in the
measurements is on the order of 1 kHz, with the principal
uncertainty arising from the lattice Stark shift (see
Appendix D for more details).
The 171Yb isotope, with a nuclear spin I ¼ 1=2,

exhibits a distinct hyperfine structure, and the splitting
interval of the 4f135d6s2 (J ¼ 2) state is on the order of a
few gigahertz. In a typical experiment, the 1695-nm
probe laser incrementally scans the hyperfine transitions,
and we subsequently derive the transition spectra and the
absolute frequencies—a measurement of such precision
that represents a first in experimental observations. The
magnetic dipole constant A for the 4f135d6s2 (J ¼ 2)
state of 171Yb has been determined as A ¼ 112 3252.3�
2.0 kHz, with a further reduction in uncertainty com-
pared to previous results in Table III. The measured
171Yb 4f135d6s2 (J ¼ 2) state hyperfine splitting is
280 8130.8� 4.9 kHz, which is in good agreement with
the recent experiment values [57,58], but improves the
accuracy by 6 times more than the most accurate
measurement result from Ref. [57]. The hyperfine shift
is associated with the magnetic dipole and electric-
quadrupole interactions, from which the hyperfine con-
stant could be deduced.

FIG. 5. ac Stark shifts on the 1695-nm transition with the lattice
tuned near the 4f135d6s2ðJ ¼ 2Þ − 4f136s26p3=2 (J ¼ 2) reso-
nance transition with linear lattice polarization; all frequency
data are offset by the zero-intensity transition frequencies from
Figs. 4(a) and 4(d). Extrapolating the dispersion-shaped fit to the
magic wavelength gives a shift of 11.7 and −1.3 kHz in 1- and
1.07-W lattice power for the (a) F ¼ 1=2 − F ¼ 5=2 and
(b) F ¼ 1=2 − F ¼ 3=2 transitions, respectively. The error bars
represent standard deviations.

FIG. 6. The tensor Stark shifts on 1695-nm transitions under the
condition that the quantization axis is parallel to the lattice
polarization vector. The error bars are the standard error on the
mean. (a) 3P0ðF¼1=2;mF¼�1=2Þ−J¼2ðF¼5=2;mF¼�1=2Þ
transition. (b) 3P0ðF ¼ 1=2; mF ¼ �1=2Þ − J ¼ 2ðF ¼ 3=2;
mF ¼ �1=2Þ transition.
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VI. CONCLUSION

In conclusion, we determine the frequencies of 171Yb
6s6p3P0 − 4f135d6s2 (J ¼ 2) transitions with a standard
uncertainty at the 1-kHz level using ultracold atoms and an
optical frequency comb, which is the first time that the
frequencies are directly measured in the experiment.
According to the results, the hyperfine constant of 171Yb
for the 4f135d6s2 (J ¼ 2) state is obtained, and agrees well
with other recent experimental results. In addition, the E1
magic wavelengths of the clock transitions are determined
to be 832.50� 0.04 and 832.24� 0.06 nm for the F ¼
1=2 − F ¼ 5=2 and F ¼ 1=2 − F ¼ 3=2 π transitions,
respectively. The hyperpolarizabilities and tensor polar-
izabilities around the E1 magic wavelengths are also
determined, which provides the data necessary for estimat-
ing the polarizabilities theoretically. The linear Zeeman
shift slopes for the F ¼ 5=2 and F ¼ 3=2 transitions are
also measured at 1.63� 0.04 and 2.44� 0.05 MHz=G=mF
and are consistent with the theoretical calculations. This
work will prompt further investigation of the additional
clock transition in 171Yb and aligns with what has been
achieved for the 1S0-3P0 clock transition, and it also paves
the way to high-precision measurements of relative fre-
quency deviations between the two clock transitions.
Together with the well-established 1S0-3P0 transition, a
suitable two-clock interrogation scheme may be imple-
mented in the foreseeable future, which will help us further
research the physics beyond the standard model, such as
possible variations of the fine-structure constant and the
effects arising from fundamental interactions.
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APPENDIX A: EXPERIMENTAL SETUP
AND READOUT PROCEDURE

Loading, cooling, and imaging of 171Yb atoms are
described elsewhere. In brief, the frequency measurement
cycle involves 400 ms of Doppler cooling, 200 ms of
pumping at 578 nm, 200 ms of probing at 1695 nm, and
32 ms of readout pulses. The singlet transition of 1S0-1P1

at 399 nm is used for 2D transverse cooling, Zeeman
slowing, and blue magneto-optical-trap (MOT), cooling
the atoms to an approximate temperature of 1 mK.
Subsequently, the atoms are transferred to the narrow-
linewidth (Γ ¼ 2π × 182 kHz) MOT that operates on the
dipole-forbidden 1S0-3P1 line at 556 nm, which cools the
atoms to an estimated temperature of 10 μK. Following
this, the sample is loaded to a 1D optical lattice with a waist
radius of about 55 μm, generated by a continuous Ti:
sapphire laser operating at approximately 830 nm. To probe
transitions exciting from the 3P0 state, a Rabi pulse from a
high-frequency stabilized 578-nm laser, which coincides
with the lattice laser, is utilized. The 578-nm laser of about
500 μW is sent to the atoms, yielding a transition spectrum
with a typical linewidth (FWHM) of approximately
30 kHz. Subsequently, the frequency of the 578-nm laser
is adjusted to match the point at which this transition
exhibits the highest excitation fraction.
After excitation of the 1695-nm transition, we implement

a dedicated readout procedure to realize the normalized
detection. Each readout is destructive, and all observed
atoms are removed from the lattice. The 1S0-1P1 transition
utilized for the first-stage laser cooling is employed
to detect the fluorescence signal. The pump lasers are
closely resonant with the corresponding transitions, the
F¼1=2−F¼1=2ð649 nmÞ, F¼3=2−F¼1=2ð770 nmÞ,
and F ¼ 3=2ð5=2Þ − F ¼ 3=2ð592 nmÞ hyperfine transi-
tions are selected as the pumpers for “pumps 1, 2, 3,”
respectively. The relevant ytterbium levels are depicted
in Fig. 7(a), and the sequence of readout pulses is illustrated
in Fig. 7(b).

TABLE III. The comparison for 4f135d6s2 (J ¼ 2) hyperfine-
structure constant of 171Yb.

Interval Magnetic dipole constant A Reference

4f135d6s2 (J ¼ 2) 1 123 252.3� 2.0 kHz This work
1 124 640� 400 kHz [46]
1 123 300� 400 kHz [58]
1 123 273� 12 kHz [57]

TABLE II. Measured absolute frequencies of hyperfine components for the 1695-nm transition. The absolute
frequencies of the two transitions in Ref. [57] are obtained by simply subtracting the known value for the frequency
of the 4f146s21S0 − 4f146s6p3P0 clock transition.

Transitions F ¼ 1=2 − F ¼ 5=2 F ¼ 1=2 − F ¼ 3=2

This work 176 878 026 393.5� 4.7 kHz 176 875 218 262.7� 1.3 kHz
Ref. [57] 176 878 026 449� 31 kHz 176 875 218 266.2� 7.1 kHz
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(a) First, a 5-ms, 399-nm resonant probe pulse is applied
to measure the number of atoms remaining in the 1S0
ground state after excitation by the 578-nm pulse, with
the resulting signal designated as V1.

(b) Second, employing two overlapping 9-ms, 649- or
770-nm pump pulses, the atoms remaining in the
3P0 ground state after excitation by the 1695-nm
pulse return to the ground state. Subsequently, a
5-ms, 399-nm pulse is employed to determine the
number of atoms, with the signal being denoted
by V2.

(c) Third, a 5-ms, 592-nm resonant pulse is used to excite
the atoms from the 4f135d6s2 (J ¼ 2) state to the
6s6d1D2 state and subsequently decay in steps to the
ground state. Concomitantly, with a 5-ms, 399-nm
pulse, the number of atoms is ascertained, and this
measurement is labeled V3.

(d) Finally, a 5-ms, 399-nm pulse is applied, and the
background signal V4 is obtained.

From these measurements, the excitation probability P
of the 1695-nm transition is calculated as

P ¼ V3 − V4

V2 þ V3 − 2V4

: ðA1Þ

APPENDIX B: BIAS MAGNETIC FIELD
CALIBRATION AND ZEEMAN SHIFT

In the experiment, precise determination of the bias
magnetic field is essential. The magnitude of the magnetic
field is deduced from the measured frequencies of the two
clock transitions of j1S0; mF ¼ 1=2i − j3P0, mF ¼ 1=2i,
and j1S0; mF ¼ −1=2i − j3P0; mF ¼ −1=2i in 171Yb at
different bias coil currents. Utilizing the intervals in the

FIG. 7. (a) Energy levels and relevant transitions for 171Yb.
(b) Measurement cycle and detailed pulse sequence of the
readout procedure. The PMT accumulates the fluorescence
signal at 399 nm.

FIG. 8. Measurement of the bias magnetic field. (a) Normalized
578-nm clock-transition spectra of two π components under a
bias coil current of 3 A. The red solid line indicates a Lorentzian
double-peak fit utilized to ascertain the line center. (b) Relative
intervals between the two π components correspond to the bias
coil current. The red line is a linear fit of the experimental data.
The error bars represent the standard deviations corresponding to
the measured intervals.
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578-nm transition spectrum and accounting for the estab-
lished first-order Zeeman effect on the π transitions [6], we
ascertain the correlation between the bias field magnitude
and the coil current. As illustrated in Fig. 8(b), the linear
Zeeman shift is 84.2� 1.9 Hz=A, which corresponds to
0.2110� 0.0046 G=A for the bias coil. Having determined
the bias magnetic field’s magnitude, the linear Zeeman
sensitivities for the 1695-nm transitions are calculated:
2.44� 0.05 MHz=G=mF for the F ¼ 3=2 state and
1.63� 0.04 MHz=G=mF for the F ¼ 5=2 state, respec-
tively. The calculation disregards the Zeeman shift of the
3P0 state, as this shift, stemming from the nuclear Zeeman
effect in the 1S0-3P0 transition, is significantly smaller than

the electronic Zeeman shift in the 1695-nm transition given
our current measurement precision. The data agree well
with the theoretical calculation, with the principal source of
uncertainty arising from the determination of the bias
magnetic field via the frequency measurements of the
578-nm clock transition.
In the 1695-nm transition, the magnitude of the second-

order Zeeman effect surpasses that observed in other
atomic optical clock species, rendering it non-negligible.
According to Ref. [59], an atomic energy level charac-
terized by electronic angular momentum J and nuclear spin
I ¼ 1=2, when subject to an external magnetic field B, is
expressed as

EJ;F¼J�1
2
;mF

¼ − 1

4
hAJ þ gJμBBmF � hAJð2J þ 1Þ

4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 − 8mFðgJμB − gIμNÞ
hAJð2J þ 1Þ2 Bþ 4ðgJμB − gIμNÞ2

½hAJð2J þ 1Þ�2 B2

s

; ðB1Þ

where AJ is the hyperfine splitting constant, gJ and gI are the electronic and nuclear Landé g factors, and μB and μN are the
Bohr and nuclear magnetons, respectively.
The atomic energy-level shifts can be obtained from Eq. (B1),

EJ;F¼J�1
2
;mF

¼ �ð2J þ 1Þ − 1

4
hAJ þ

�

1 ∓ 1

2J þ 1

�

gJμBmFB�
�

1

2
− 1

8

�

4mF

2J þ 1

�

2
� ðgJμB − gIμNÞ2

hAJð2J þ 1Þ B2; ðB2Þ

where the first term represents the hyperfine shift, whereas
the subsequent terms correspond to the linear and quadratic
Zeeman shifts, respectively.
For the 4f135d6s2 (J ¼ 2), mF ¼ �1=2 states, the level

energy shifts can be expressed as

EF¼3
2
;mF

¼ − 3

2
hAJ þ

6

5
gJμBmFB

−
�

1

2
− 2

25
mF

2

� ðgJμB − gIμNÞ2
5hAJ

B2; ðB3Þ

EF¼5
2
;mF

¼ hAJ þ
4

5
gJμBmFB

þ
�

1

2
− 2

25
mF

2

� ðgJμB − gIμNÞ2
5hAJ

B2: ðB4Þ

Consequently, the linear and quadratic Zeeman shift
coefficients are calculable from Eqs. (B3) and (B4), as
delineated in Table IV.

TABLE IV. The calculated linear and quadratic Zeeman shift
coefficients.

States Linear coefficients Quadratic coefficients

F ¼ 3=2 2.45 MHz=G=mF −142 Hz=G2

F ¼ 5=2 1.63 MHz=G=mF 142 Hz=G2

FIG. 9. A typical in-loop fractional frequency instability.
(a) The frequency correction of 1695 nm during the closed-
loop operation. (b) The stability of the atomic clock signal is
quantified in terms of the Allan deviation of fractional fre-
quency fluctuations. For Rabi interrogation, we fit a fractional
instability of 5.5 × 10−12=τ0.82.
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APPENDIX C: CLOSED-LOOP OPERATION
OF 1695-NM OPTICAL TRANSITION

Using single Rabi pulses from a 1695-nm laser, we probe
the 3P0 − J ¼ 2 clock transition and acquire excitation
spectra with an approximate 4-kHz linewidth, as illustrated
in Fig. 2(d). Subsequently, we perform a closed-loop
operation of the clock. The two π transitions (F ¼ 1=2,
mF ¼ �1=2 − F ¼ 1=2,mF ¼ �1=2) are alternately inter-
rogated to cancel the first-order Zeeman shift. The corre-
sponding frequency correction signal is then sent to the
double-passed acousto-optic modulator to lock the 1695-
nm laser on the clock transition. The in-loop error signal
stability of the clock is determined to be 5.5 × 10−12=τ0.82,
as depicted in Fig. 9, which is limited by the fluctuation of
the background magnetic field. Additional narrowing of the
1695-nm transition spectra linewidth is anticipated to
enhance the operational stability of the clock.

APPENDIX D: SYSTEMATIC SHIFTS AND
ABSOLUTE FREQUENCY CALIBRATION

In our experiment, the predominant systematic shift and
uncertainty originate from the optical lattice, which has
a much larger effect than other systematic effects on the
1695-nm transition. Factors such as BBR, atomic colli-
sions, and the ac Stark shift from the 1695-nm laser are
estimated to exert negligible influence within the current
frequency measurement accuracy [39]. Uncertainty arising
from the Zeeman effect is also disregarded due to the
interrogation of the two peaks. We investigate the influence
of the 1695-nm probe power on the transition frequency in
a similar scheme by varying the 1695-nm power. Statistical
uncertainty is deduced from the standard deviation of the
mean transition center obtained.

A commercial Er-doped femtosecond fiber frequency
comb referenced to a 1156-nm ultrastable optical cavity is
employed for the stabilization of the 1695-nm laser.
During the experiment, the repetition frequency, offset
frequency, and beat note frequency from the comb
and the 1695-nm laser are meticulously recorded using
a Kþ K counter, which is calibrated against an H maser.
The 578-nm optical clock frequency data obtained from
the comb, in reference to the H maser, are calibrated
against the absolute frequency of the 1S0-3P0 transition
[12]. For each measurement, 578-nm transition spectros-
copy with Hz-level precision is deployed to ascertain
the frequency difference between the observed 578-nm
transition frequency via the comb and its absolute
frequency.
Subsequent to the calculations, the disparity between

the comb measurements and the absolute frequency of the
578-nm transition is approximately 1.5 kHz, necessitating
a −0.5-kHz frequency correction for the 1695-nm tran-
sition frequencies. Moreover, the uncertainty engendered
by the optical-fiber transmission within the optical chain
is estimated to be less than 1 kHz. The total uncertainty
budget for the measurement is presented in Table V.
Consequently, the absolute frequencies of the 6s6p3P0 −
4f135d6s2ðJ ¼ 2Þ transition in 171Yb are ascertained to be
176 878 026 393.5� 4.7 kHz and 176 875 218 262.7�
1.3 kHz corresponding to the F ¼ 1=2 − F ¼ 5=2 and
F ¼ 1=2 − F ¼ 3=2 hyperfine transitions, respectively.

APPENDIX E: CHARACTERISTICS OF 171Yb IN
OPTICAL LATTICES OF MAGIC FREQUENCIES

From the experimentally determined data, such as the
waist size of the optical lattice, the lattice power and the
polarizabilities, the characteristics of 171Yb in optical lattice
of magic frequencies are calculated, as presented in
Table VI.

TABLE VI. Characteristics of 171Yb in optical lattices of magic
frequencies.

λclock (nm) 1695

Levels F ¼ 5=2mF ¼ �1=2 F ¼ 3=2mF ¼ �1=2

λm (nm) 832.50 832.24
kE1m ð kHz

ðkW=cm2Þ·THzÞ 24.2 6.5

βmð Hz
ðkW=cm2Þ2Þ −13.1 3.1

αTð kHz
kW=cm2Þ −4.1 −2.2

TABLE V. Uncertainty budget for the absolute frequency
measurement of the 1695-nm clock transition.

F ¼ 1=2 − F ¼ 5=2 F ¼ 1=2 − F ¼ 3=2

Effects
Shifts
(kHz)

Uncertainty
(kHz)

Shifts
(kHz)

Uncertainty
(kHz)

Second-order
Zeeman

<0.01 <0.01 <0.01 <0.01

Lattice light 6.3 4.5 4.1 0.8
Probe light −1.6 0.6 0.9 0.2
Fiber transmission 0 1 0 1
H maser 0.51 0.16 0.51 0.16
Statistics 0 0.5 0 0.4

Total 5.2 4.7 5.5 1.4
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