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We observe a weakly allowed optical transition of atomic ytterbium from the ground state to the
metastable state 4f135d6s2 (J = 2) for all five bosonic and two fermionic isotopes with resolved
Zeeman and hyperfine structures. This inner-shell orbital transition has been proposed as a new
frequency standard as well as a quantum sensor for new physics. We find magic wavelengths through
the measurement of the scalar and tensor polarizabilities and reveal that the measured trap lifetime
in a three-dimensional optical lattice is 1.9(1) s, which is crucial for precision measurements. We
also determine the g-factor by an interleaved measurement, consistent with our relativistic atomic
calculation. This work opens the possibility of an optical lattice clock with improved stability and
accuracy as well as novel approaches for physics beyond the Standard Model.

Recent development of optical atomic clocks using ions
and neutral atoms has established a high fractional ac-
curacy at the 10−18 level [1–3]. In addition to the con-
tribution to metrology such as the redefinition of the
second [4, 5] and geodesy [6, 7], a highly stable atomic
clock enables various applications ranging from quantum
simulations [8, 9] to fundamental physics [10] including
gravitational wave detection [11], and others. The devel-
opment of even more precise clocks benefits all of these
applications.

Recently, the optical transition of atomic ytterbium
(Yb) to its metastable state 4f135d6s2 (J = 2) with
an energy of 23188.518 cm−1 [12], has been proposed
as a new frequency standard with high stability and ac-
curacy [13, 14]. As shown in Fig. 1, the radiative life-
time of the 4f135d6s2 (J = 2) state is calculated to be
much longer than that of the other metastable states,
which potentially improves the quality factor of an opti-
cal lattice clock. In addition, the quadratic Zeeman shift
as well as the black-body-radiation shift of the 1S0 ↔
4f135d6s2 (J = 2) transition are calculated to be con-
siderably small compared to those of the 1S0 ↔ 3P0 and
1S0↔ 3P2 transitions [14], suggesting that the inner-shell
orbital clock transition has a potential to reduce system-
atic uncertainties. The dual clock operation [15] com-
bined with the well-established 1S0 ↔ 3P0 transition, or
already observed 1S0 ↔ 3P2 transition [16] of Yb atoms,
possibly can further reduce systematic uncertainties in a
clock comparison.

This metastable state of Yb also attracts considerable
interest from the viewpoints of new physics searches [13,
14, 17]. The 3P0 ↔ 4f135d6s2 (J = 2) as well as 3P2 ↔
4f135d6s2 (J = 2) [18] transitions show some of the high-
est sensitivities in neutral atoms to the variation of the
fine-structure constant, providing also the possibilities of
searching for ultralight scalar dark matter [19] and test-
ing Einstein’s equivalence principle [10]. The metastable
state has also high sensitivity to the violation of local
Lorentz invariance in the electron-photon sector [17, 20],
so far studied using single or two ions [21–24] and dyspro-
sium atoms [25]. Furthermore, establishing a new clock
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FIG. 1. Clock transitions in an Yb atom. The relevant
transition wavelengths and lifetimes τ [14] are shown.

transition associated with the metastable state, in addi-
tion to the 1S0 ↔ 3P0 and 1S0 ↔ 3P2 transitions, pro-
vides a unique possibility to study a nonlinearity of the
King plot using five bosonic isotopes of Yb in the search
for a hypothetical particle mediating a force between elec-
trons and neutrons beyond the Standard Model [26, 27].
Clearly, the first step towards these experiments is to ex-
perimentally observe the associated transition and char-
acterizations such as the lifetime [13, 14, 18] and possible
existence of a magic wavelength [14, 18].

In this Letter, we report the observation of the 1S0

↔ 4f135d6s2 (J = 2) optical transition of Yb. The
resonances for all five bosonic and two fermionic iso-
topes are clearly observed with resolved Zeeman and hy-
perfine structures. We find two magic wavelengths of
797.2(4) nm and 834.2(1) nm for the practical condi-
tion of mJ = 0 and the laser polarization perpendic-
ular to a magnetic field, through the measurement of
the polarizability. Here mJ is the projection of the to-
tal electronic angular momentum J along the quantiza-
tion axis. In addition, our excitation and de-excitation
sequence measurement of atoms in a three-dimensional
optical lattice enables us to obtain the trap lifetime to
be 1.9(1) s. Through an interleaved measurement with
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different magnetic fields, we determine the g-factor to
be 1.463(2), consistent with our relativistic many-body
calculation. These findings are promising for the devel-
opment of an optical lattice clock with improved stability
and accuracy, and its various applications for searching
for physics beyond the Standard Model.

Experimental setup. All spectroscopic measurements
other than the lifetime measurement are done using ul-
tracold Yb atoms evaporatively cooled in a crossed far-
off resonance trap (FORT) [28]. The number of atoms is
about 2× 104 ∼ 1.3× 105 and the temperature is about
0.3 ∼ 1µK, depending on the isotope. We apply a lin-
early polarized excitation light beam at a wavelength of
431 nm. We measure the number of atoms remaining in
the ground state after the irradiation of the excitation
laser, and identify the optical resonance through the res-
onant atom loss. The angle of linear polarization, light
intensity, and irradiation time are adjusted to optimize
each spectroscopic measurement. We note that the life-
time measurement is done for atoms loaded into a three-
dimensional (3D) optical lattice.

Zeeman and hyperfine spectra. Figure 2 summarizes
the isotope shifts, Zeeman, and hyperfine spectra of
the five bosonic isotopes (168Yb,170 Yb,172 Yb,174 Yb, and
176Yb with nuclear spin I = 0) and the two fermionic iso-
topes (171Yb and 173Yb, with I = 1/2 and 5/2, respec-
tively). The upper panel of Fig. 2(a) shows the spectra of
the five bosonic isotopes, and the lower panel shows mJ -
resolved spectra of 174Yb. The angle between the prop-
agation (polarization) direction of the excitation light
and the quantization axis, defined by a magnetic field,
is 45◦(24◦). This configuration allows the excitation to
all magnetic sublevels of the 4f135d6s2 (J = 2) state, ac-
cording to the selection rule for a magnetic quadrupole
(M2) transition. The typical full width at half maximum
(FWHM) is about 30 kHz, limited by the Doppler broad-
ening of about 20 kHz and the finite laser linewidth of
about 10 kHz. Note that more than half of the atoms are
lost at the peak, suggesting some atom loss mechanism in
the 4f135d6s2 (J = 2) state, possibly caused by a shallow
trapping potential and inelastic atom collisions.

Successful observation of the spectra of all bosonic iso-
topes enables us to determine the isotope shifts of the
1S0 ↔ 4f135d6s2 (J = 2) transition [29]. The determined
isotope shifts are summarized in Table I, where only the
statistical errors are evaluated. Note that many system-
atic effects, such as the light shift and the quadratic Zee-
man shift, are common among the isotopes within the
accuracy of the present measurement. In order to evalu-
ate a possible line shift due to s-wave collisions between
trapped ultracold atoms, which would be the largest sys-
tematic effect among many, we perform interleaved mea-
surements with two different numbers of atoms by adjust-
ing the evaporative cooling process. For the five bosonic
isotopes, the resonance shifts, corrected for the difference
in the atomic temperature, are within the uncertainties of
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FIG. 2. Excitation spectra of all stable isotopes. (a) Five
bosonic isotopes. The upper figure shows all spectra of the
five isotopes for mJ = 0 state, except for 174Yb, and the
lower shows a magnified view around 174Yb. The horizontal
axis is the detuning from the resonance frequency of 174Yb
(mJ = 0). (b, c) Two fermionic isotopes, (b) 171Yb(I = 1/2)
and (c) 173Yb(I = 5/2). The top figures show all spectra of
all hyperfine states, and the lower show mF -resolved spectra
of each hyperfine state. The horizontal axis is the detuning
from the average of mF = ±1/2 in F = 3/2 for 171Yb and
F = 1/2 for 173Yb. The solid curves are the fits with a
Gaussian function. Note that not all the magnetic sublevels
for F = 5/2(9/2) state of 171Yb(173Yb) are shown.

about 5 kHz, and we find no evidence of atomic collision
shifts at our measurement conditions.

In addition, we precisely determine the g-factor of the
4f135d6s2 (J = 2) state as gJ = 1.463(2) with the un-
certainty determined by the propagation of the fitting
error and the uncertainty of the magnetic field calibra-
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TABLE I. Measured isotope shifts νA
′A := νA

′
− νA of the

4f146s2 1S0 ↔ 4f135d6s2 (J = 2) transition, where νA is the
transition frequency of an Yb isotope with a mass number A.
Statistical 1σ uncertainties are shown as (·)stat.

Isotope pair (A′, A) Isotope shift νA
′A (MHz)

(168, 174) −4564.596 (2)stat

(170, 174) −2810.666 (2)stat

(172, 174) −1180.614 (2)stat

(174, 176) −1115.766 (6)stat

tion [30]. Our theoretical calculation of the g-factor using
the DIRAC program [31, 32] gives gJ = 1.465(2), which
is consistent with the experiment [33].

Figures 2(b) and (c) shows the hyperfine (top panel)
and Zeeman spectra (lower panels) of 171Yb and 173Yb,
respectively. The observed Zeeman spectra for fermionic
isotopes are well explained by the measured gJ . Here,
we identify an excitation mechanism other than the
M2 transition. A hyperfine interaction can cause the
4f135d6s2(J = 2) state to mix with other states such
as 3P1 and 4f135d6s2(J = 1) states, making the electric-
dipole (E1) transition partially allowed, which is called
a hyperfine-induced E1 transition [34]. The transition to
the F = 3/2 state of 171Yb and those to the F = 3/2,
5/2, and 7/2 of 173Yb are E1-allowed, and give resonance
signals much stronger than other transitions that are al-
lowed only by M2.

The data shown in Figs. 2(b) and (c) enable us to
determine the hyperfine constants of 171Yb and 173Yb
of the 4f135d6s2 (J = 2) state, respectively [35]. We
obtain the magnetic dipole constant AHFS(171Yb) =
1123.3(3) MHz, and AHFS(173Yb) = −309.46(4) MHz,
and the electric quadrupole constant BHFS(173Yb) =
−1700.6(9) MHz, with the uncertainties due to the fitting
error. Note that the presumably much smaller system-
atic effects such as the collision shift are not evaluated at
present. The careful evaluation of the systematic effects
and precise determination of the hyperfine constants will
be an important future work. It is also noted that in-
troducing a magnetic octupole constant CHFS for 173Yb
does not improve the fitting.

Differential polarizability. We perform a measure-
ment of the wavelength-dependent polarizability of the
4f135d6s2 (J = 2) state. This is very important in the
search for a magic wavelength at which the polarizabil-
ities of the ground and 4f135d6s2 (J = 2) states coin-
cide, and thus the line shift due to the trapping light is
largely suppressed, enabling ultra-narrow-linewidth spec-
troscopy and accurate clock operation [36].

In the case of linear polarization, the total polarizabil-
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FIG. 3. Differential polarizability measurement between
1S0 and 4f135d6s2 (J = 2) states. Measurements around the
transitions: (a) 4f135d6s2 (J = 2) ↔ 4f136s26p3/2 (J = 3) at

792.5 nm, and (b) 4f135d6s2 (J = 2) ↔ 4f136s26p3/2 (J = 2)
at 833.7 nm. The differential polarizability, shown on the
vertical axis as arbitrary units, is obtained from the linear fit
to the measured differential light shifts ∆ν as a function of the
Ti:sapphire laser intensity. The error bars on the vertical axis
are obtained from the error propagation of the standard error
of ∆ν and the uncertainty of the Ti:sapphire laser intensity.
The solid curves are fits to the data.

ity α of the state |J,mJ〉 is

α = αS +
3cos2θ − 1

2

3m2
J − J(J + 1)

J(2J − 1)
αT , (1)

where the superscripts S and T denote scalar and tensor,
respectively, and θ is the polarization angle with respect
to the quantization axis [37]. Using this formula, the
differential polarizability ∆α between the ground state
with J = 0 and the 4f135d6s2 (J = 2) state is given in a
straightforward manner.

In this work, we search for a magic wavelength within
the tunable range of a titanium(Ti):sapphire laser which
can provide enough power for optical lattices [38]. In
particular, in this wavelength range, there are two E1-
allowed optical transitions of 4f135d6s2 (J = 2) ↔
4f136s26p3/2 (J = 3) at a wavelength of 792.5 nm
and 4f135d6s2 (J = 2) ↔ 4f136s26p3/2 (J = 2) at
832.7 nm [12], which will resonantly change the polar-
izability. In fact, according to our calculation for the ex-
cited state and Ref. [39] for the ground state, the magic
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wavelengths are expected to be around 795.5 nm and
833.7 nm for mJ = 0 and θ = 90◦ [40].

As shown in Fig. 3(a) and (b), we observe the reso-
nant changes of the polarizability in the vicinity of the
transition wavelengths of 792.5 nm and 832.7 nm. The
solid curves are the fits to the data using the follow-
ing equation: ∆α(ω) = a/(ω2

0 − ω2) + b, where a and
b are fitting parameters, ω is the angular frequency of
a Ti:sapphire laser, and ω0 is the resonance angular fre-
quency of the 4f135d6s2 (J = 2)↔ 4f136s26p3/2 (J = 3)
or 4f135d6s2 (J = 2) ↔ 4f136s26p3/2 (J = 2) tran-
sition, given in Ref. [12]. Note that this model as-
sumes that only one resonant transition with ω0 dom-
inantly contributes to the wavelength dependence, while
the effects of other off-resonant transitions contribute as
wavelength-independent offset constant b. From the fit-
ting, we can determine the magic wavelengths λmagic as
follows:

λmagic =


798.9(4) nm (mJ = 0, θ = 0◦),

797.2(4) nm

834.2(1) nm

}
(mJ = 0, θ = 90◦),

833.28(4) nm (mJ = 2, θ = 90◦).

(2)

Since two measurements with different θ or mJ at each
wavelength are performed, we can determine the differ-
ential scalar polarizability ∆αS and the tensor polar-
izability αT from Eq. (1). Possible trap geometries to
minimize the uncertainty of the tensor light shift on the
performance of clock operation using the 797.2-nm op-
tical lattice are discussed in Supplemental Material [41].
It should be noted that the differential higher-order light
shift due to M1 and E2 multipolar polarizabilities and E1
hyperpolarizability [42] should exist even at an E1 magic
wavelength, where the differential light shift due to E1
polarizability vanishes [36]. The investigation of the op-
erational magic condition for wavelength and intensity,
where the overall light shift is insensitive to the lattice-
intensity variation [43], will be an important future work
for clock operation.

Lifetime. The lifetime of the excited state of a clock
transition is important because it is directly related to
the quality factor of the clock transition. In this mea-
surement, we use spin-polarized 173Yb atoms in the
|F = 5/2,mF = 5/2〉 state loaded into a 3D optical lat-
tice to minimize the possible atom loss due to inelastic
interatomic collisions. The 3D optical lattice consists of
a 2D optical lattice at the wavelength λ1 = 759.4 nm and
a 1D optical lattice at the wavelength λ2 = 797.2 nm, su-
perimposed on the excitation light [44]. Figure. 4 shows
the number of excited atoms as a function of the holding
time in the optical lattice. The lattice depths are 28ER

for the 2D optical lattice at λ1, and 25ER for the 1D op-
tical lattice at λ2. Here ER = h2/(2mλ22) = h× 1.8 kHz
represents the recoil energy at the wavelength λ2, where h
is the Planck constant, and m is the mass of an Yb atom.

FIG. 4. Lifetime measurement of atoms in 4f135d6s2 (J = 2)
state. The horizontal axis shows the time to hold the excited
atoms in the optical lattice, and the vertical axis shows the
number of atoms in the excited state after the hold time.
The measurements are repeated four times, and the mean
and standard deviation are plotted.

From the fit to the data with a single exponential func-
tion, the trap lifetime of the excited atoms is obtained as
1.9(1) s. As a reference, we also investigate the trap loss
of atoms in the ground state 1S0 in the same experimen-
tal setup, and find the trap lifetime to be 2.8(2) s, which
would be limited by some mechanism such as collisions
with background gases. Assuming that the same mecha-
nism also limits the trap lifetime of the 4f135d6s2(J = 2)
state, we infer the intrinsic state lifetime of the excited
state to be 5.9(1.3) s. This is compared with the the-
oretical calculations in Refs. [14], [13], and [18], which
predict a lifetime of about 200 s, 60 s, and 190 s, respec-
tively. Our preliminary estimation shows that the rate of
the photon scattering γsc due to the lattice laser beam of
near resonant 797.2-nm light at 25ER is γsc = 0.15 s−1,
which seemingly explains the measured result. Further
systematic measurements with various experimental con-
ditions will clarify the intrinsic lifetime of this state.

Summary. We report the observation of the 1S0 ↔
4f135d6s2(J = 2) optical transition of all seven Yb iso-
topes with resolved Zeeman and hyperfine structures.
Two magic wavelengths of 797.2(4) nm and 834.2(4) nm
for practical conditions are found and the measured life-
time is 1.9(1) s, promising for applications for precision
measurements. We also determine the g-factor to be
1.463(2), and compare the result with our relativistic
many-body calculation with good agreement. A 3D op-
tical lattice experiment with many ultracold atoms with
isotope mixtures for the observed 4f135d6s2(J = 2) state
is promising to test the violation of local Lorentz invari-
ance of electron-photon sector and Einstein’s weak equiv-
alence principle.
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