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Photoassociation spectroscopy of ultracold *Yb atoms near the intercombination line
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We report on photoassociation (PA) spectroscopy of a degenerate Fermi gas of 7> Yb atoms near the dissociation
limit of the spin-forbidden 'S,—>P intercombination transition. An atom-loss spectrum is measured from a trapped
sample for a spectral range down to —1 GHz with respect to the f = 5/2 — f’ = 7/2 atomic resonance. The
spectrum shows 80 PA resonances, revealing the high nuclear spin nature of the system. To obtain additional
information on the excited molecular states, we investigate the Zeeman effect on the spectrum near a detuning of
—0.8 GHz and examine the quantum numbers of the Zeeman levels using various two-component spin mixture
samples. Finally, we measure the atom-loss rate under PA light for several pronounced PA resonances.
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I. INTRODUCTION

Photoassociation (PA) is a process in which two colliding
atoms form an excited molecule by absorbing a photon. PA
spectroscopy provides a versatile tool for probing the physics
of rovibrational molecular states [1] and precisely determining
the collisional properties of atoms, such as scattering length
and interatomic potential coefficients [2]. Furthermore, the
PA process can be actively used to control the strength of
atomic interaction via coupling to an excited molecular state, a
phenomenon called optical Feshbach resonance (OFR) [3-8],
and to measure pair correlations in strongly correlated atomic
gas systems [9,10].

Recently, there has been broad interest in studies on the PA
physics of two-valence-electron atoms such as Yb [2,6,11-17],
Sr [8,18-23], and Ca [24,25]. These atoms have a narrow
1S3P intercombination transition, which is beneficial for
the precise determination of PA resonances and enables the
implementation of OFR without significant atom loss [5-8].
In particular, Yb atoms have rich, stable isotopes, including
five spinless bosons ('¥Yb, 170Yb, 172Yb, 1"*Yb, and '7°Yb)
and two fermions (mYb, with a nuclear spin of i = 1/2 and
13Yb, with i = 5/2), providing an interesting opportunity to
study the mass scaling of PA physics [2,15]. To date, many PA
spectra of Yb atoms have been reported for bosonic isotopes
[2,12,13,15], fermionic '7'Yb [14], and isotopic mixtures
[16,17]. However, the complete PA spectrum of fermionic
173Yb, with its high nuclear spin, is still unknown, although
a couple of PA resonances have been reported [2,10,26]. In
addition, the '7>Yb Fermi gas system has been discussed as a
candidate platform for studies of exotic SU(N > 2) quantum
magnetism [27]. Information on the PA spectrum of '7>Yb near
the intercombination line is highly desirable for such a quantum
simulation applications [28].

In this paper, we report the PA spectrum of a degenerate
Fermi gas of '’Yb atoms near the dissociation limit of
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the |'So, f = 5/2) — |°P1, f’ = 7/2) intercombination tran-
sition. We measured an atom-loss spectrum as a function of the
frequency of the PA light, and we observed 80 PA resonances in
the spectrum on the red-detuned side of the atomic resonance
down to —1 GHz. The high density of the spectral lines can be
attributed to the high nuclear spin number of '"*Yb, which
we confirmed by performing a multichannel calculation of
the molecular energy levels based on known spectroscopic
results. To collect further spectroscopic information on the
excited molecular states, we investigated the Zeeman effect
in the spectrum near the frequency detuning of —0.8 GHz.
By employing various two-component spin mixture samples,
we determined the quantum numbers of the Zeeman sublevels
and estimated the g factor of the molecular state corresponding
to the PA line at —796 MHz detuning. Finally, we measured
the two-body loss rates under PA light for several pronounced
PA resonances. Our measurement results provide a starting
point for studies of the PA physics of fermionic '>Yb atoms,
although further theoretical efforts will be required to interpret
the measured spectra.

II. EXPERIMENT

We prepared an ultracold gas sample of "*Yb atoms as
described in Ref. [29]. The atoms were first collected in a
magneto-optical trap using the 556-nm !Sy—*P, intercom-
bination transition and transferred into a 1070-nm optical
dipole trap (ODT). Then, the atoms were transported to an
auxiliary vacuum chamber by moving the focus of the trapping
laser beam and were loaded into a crossed ODT, formed
by superposing an additional 532-nm trapping laser beam.
The atomic sample was evaporatively cooled by lowering
the trap depth, and after cooling, it was held for an ad-
ditional 0.3 s to ensure equilibrium. The final sample was
an equal mixture of all six spin components of the 'Sy
ground state, containing approximately 3.1x10° atoms. The
sample temperature was measured to be 7 = 130 nK. The
in situ density distribution of the trapped sample was found
to be well fit by a Gaussian profile with a 1/¢* radius of
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FIG. 1. Photoassociation (PA) spectrum of unpolarized !> Yb atoms at low temperature. The various colored lines represent different PA
laser beam conditions with intensity Ips and pulse duration 7: blue (v = —1000 to —727 MHz, Ipy = 0.74 W/cm?, t = 100 ms), black
(=752 to —477 MHz, 0.37 W /cm?, 100 ms), red (—484 to —176 MHz, 74 mW /cm?, 100 ms), green (—259 to —48 MHz, 74 mW /cm?, 50 ms),
orange (—110 to —48 MHz, 74 mW /cm?, 30 ms), and purple (—88 to 0 MHz, 37 mW /cm?, 30 ms). The bar-code lines at the bottom of the
plot show the numerical calculation results obtained for the adiabatic molecular potentials with 7 = 1 (bottom) to 5 (top) (Fig. 2).

{oy,0y,0.} ~ {12.0,7.5,3.8} um, and the central density was
estimated tobe ng ~ 1.6x 10" cm ™3, corresponding to a Fermi
energy of Er = h*(2ng)*?/(2m) ~ kg x 190 nK, where / is
the Planck constant & divided by 27, m is the atomic mass,
and kp is the Boltzmann constant. To measure the sample con-
dition, we take absorption image using the 'So—'P transition.
PA resonances were detected via atom loss by illuminating
the trapped sample with a pulsed PA laser beam. The linewidth
of our PA laser was <70 kHz, which is sufficiently narrow
to probe excited molecular states with a natural linewidth
of I'nat/2m = (21',)/2m = 364 kHz, where I, is the atomic
linewidth of the 'So—>P; transition [5]. The PA laser beam was
o~ polarized and focused onto the sample with a Gaussian
beam waist of ~114 pm, which was large to uniformly
irradiate the entire sample. We obtained a PA spectrum by
measuring the remaining atom number fraction 7, as a function
of the frequency v of the PA laser beam. For each v, we
determined 1, by measuring the numbers of atoms with and
without application of the PA laser beam, respectively.

III. RESULTS

A. PA spectrum

Figure 1 shows the PA spectrum measured for §v = v —
vg = —1 ~ 0 GHz, where vy = 539384 174(10) MHz is the
resonance frequency for the |'So, f = 5/2) — [*P1, f' =17/2)
atomic transition [30]. In the measurement, we reduced the PA
beam intensity Ips and the pulse duration T in a piecewise
manner as we approach the atomic resonance to avoid power
broadening and photon scattering loss effects, where Ipy =
0.037—0.74 W/cm? and v =30 — 100 ms. The saturation
intensity for the atomic transition is Iy = 0.14 mW/cmz.
The spectrum shows a high density of spectral lines, and
we identified 80 PA resonances in the range of —1 GHz <
Sv < —38 MHz. For év > —38 MHz, it was difficult to
unambiguously identify PA resonances because of high photon
scattering loss near the atomic resonance. The positions v

and linewidths I';, of the spectral lines were determined from
Lorentzian line fits to the measured data and are listed in
Table I. In our experiment, the ac Stark shift due to the dipole
trapping beams was <100 kHz and insignificant, and the
thermal broadening was negligible for kg7 /h ~ 4 kHz.

B. High spectral density

To understand the observed high density of the spectral
lines, we calculate the bound-state energy levels for two
173Yb atoms in the 3P + 'S, channel, following the methods
presented in Refs. [19] and [28]. The Hamiltonian for the two
atoms is

2 2

A=r

2p
where the first and second terms represent the radial and
angular kinetic energies, respectively, of the nuclei of the
two atoms, Vpo(r) is the electronic Born-Oppenheimer (BO)
potential, and Hy; is the hyperfine interaction term. Here,
and r denote the reduced mass and radial separation of the
two nuclei, respectively, and R is the quantum number for the
overall rotation of the atom dimer. The BO potential is given by

C 6 C$
VBo(V)=—r—:(1—J—) —5—2. )

The first term is the Lennard-Jones potential and the
second term represents the dipole-dipole interaction, where
s = +1(—1) for the gerade (ungerade) potential and < is
the projection of the angular momentum J = j, + j, on
the internuclear axis. Here, j,_,, is the total electronic
angular momentum of atom k. From Ref. [15], we have
Co = 2.41(0.22)x10°Eal, o =8.5(1.0)ap, and C? =
—2C31 = —0.1949(1 l)thag, where Ej, is the Hartree energy
and qy is the Bohr radius. The hyperfine interaction is described
o e P
by Ay = Al - jy)+ BXLEE I EOED g,
where we assume that the k =2 atom belongs to the 'S

mﬂmR+U+%dﬂ+mn (1)
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TABLE 1. Measured PA resonances v, and the corresponding
linewidths I'y, from Lorentzian fits to the individual resonances
depicted in Fig. 1 [31]. The errors represent the 95% confidence
intervals from the fits. For some resonances, no linewidth is given
due to insufficient data points. Note that the PA laser beam intensity
varies over the frequency detuning (see the caption of Fig. 1).

Vp Fb/27r Vp Fb/271
(MHz) (MHz) (MHz) (MHz)
—-997.8 £0.1 1.3£0.2 —529.8 £0.1 0.6+0.5
—-993.1£0.3 0.6£0.4 —523.9£0.1 -
—987.4£0.2 1.6 £0.6 —520.3 £ 0.1 1.5+04
—955.0£0.2 1.5+0.5 —513.3 £0.1 1.1£0.3
—-9459 £ 0.1 21£04 —496.3 £0.2 -
—940.0 £ 0.1 12+03 —492.8 £0.1 1.3+£04
—925.4 £0.1 0.5+£04 —483.3 £ 0.1 1.1+£0.3
-9104£0.2 2.8£0.5 —478.5£0.1 0.9+0.3
—895.3£0.1 1.3+£03 —452.0%£0.2 0.6+£0.3
—887.6 £ 0.1 0.5£0.2 —438.6 £ 0.1 1.2£0.5
—870.2£0.2 1.6 £0.5 —432.1£0.1 0.8+0.5
—865.3+0.2 09+04 —423.6 £ 0.1 -
—859.3£0.2 04+£0.3 —405.7 £ 0.1 1.1£0.6
—832.9£0.1 0.8+0.3 —3749£04 -
—824.5 £ 0.1 2.1+03 —363.1 £0.1 -
—812.5£0.1 1.5+£04 —338.5+0.2 1.3+£0.5
—796.2 £ 0.1 14+02 —316.6 £0.4 1.1+0.3
=791.3 £0.1 1.3+£0.2 —299.4£0.2 -
—776.1%+0.3 0.6£0.4 —295.1£0.1 1.3+04
=771.0£1.2 - —278.2£0.2 -
—763.3+0.2 0.6+£0.3 -270.2+04 23+13
—750.1 £0.1 - —-259.5+0.5 -
—748.3 £ 0.1 - —251.7£0.5 -
—744.9 £ 0.1 0.5+£0.3 —238.9+0.1 0.9+£0.7
—738.9£0.1 1.1+0.2 —226.4£0.5 -
—734.4%0.1 0.7+0.3 —220.6 £0.2 -
—732.8 £0.1 09+£0.2 —216.1 £0.1 0.7+0.3
—730.7 £ 0.1 0.5£0.2 —-207.8+0.3 1.9+09
—724.1+0.7 - —197.4+0.7 26+2.2
—705.4 £0.1 0.8£0.2 —-193.7 %+ 1.1 -
—686.5 0.1 1.0£0.3 —190.24+0.3 1.1£0.9
—668.1 £0.1 1.0+0.2 —184.5+0.3 1.9+0.9
—659.9 £ 0.1 1.1+£0.3 —180.0+0.1 1.5+£04
—647.6 £ 0.1 0.5+£0.3 —168.0 £0.2 1.4+£09
—640.5 £ 0.1 0.5+0.3 —137.3£0.2 1.5+0.8
—633.1 £0.1 1.0+£0.3 —-119.1£0.5 -
—622.9£0.1 0.6£0.2 —80.7£0.2 1.0+£0.7
—599.1 £0.1 1.4+03 —57.1£0.5 -
—588.5 £ 0.1 0.7£0.3 —49.5£0.2 1.2+£09
—557.7+0.3 - —38.1£0.2 0.9+£0.7

state, i.e., ip-j, =0. We adopt the values of A/h =
—1094.328 MHz and B/ h = —826.635 MHz from Ref. [30].

At the low temperature of our experiment, we expect only
s-wave (R = 0) collisions for two fermionic '">Yb atoms in
the 'S ground state, and the initial IS0 + 'S¢ dimer state should
have total angular momentum of 7T = F =1 =0,2, or 4
and even spatial parity (p = 1). Here, F = f, + foand I =
i1 + i,. According to the selection rules for optical excitation,
excited molecular states shouldhave 7' = 1,2,3,4, or 5 and odd
parity (p = —1). Inthe modified Hund’s case (e) thatis relevant
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FIG. 2. Adiabatic molecular potentials for a "*Yb, dimer in
the 'Sy 4+ *P; channel as functions of the interatomic separation r.
The molecular potentials for 205 different (7', F,R) configurations
are displayed, which are accessible via PA from the initial s-wave
colliding atoms in the 1Sy + 'Sy channel. At large r, the potentials
converge to three asymptotic branches which correspond to excited
atomic states with hyperfine numbers of f{ =3/2, 5/2, and 7/2.
Some of the potentials have a local minimum (inset), possibly hosting
purely long-range bound states [14]. The energy offset is adjusted to
the f| = 7/2 asymptote. The shaded region indicates the spectral
range of our measurements.

to our condition, with large spin-orbit coupling and hyperfine
interaction, we count 205 different configurations of (7', F, R)
for the final states of the PA transition. Note that the transition
from the initial ' ¥, molecular state to a gerade-symmetry
state is possible because the u-g symmetry is broken in Hund’s
case (e) [32].

The adiabatic potentials for molecular states can be ob-
tained by diagonalizing the Hamiltonian in Eq. (1) via basis
transformation between different Hund’s cases [28,33]. For a
short distance r, the BO potential, which is diagonal under
Hund’s case (c), is dominant. In this case, the basis set is
given by |y) = |J,R2,1,.,®,(T,M7,p)), where ¢ and ® are the
projections of I and F onto the internuclear axis, respectively,
and M7 is the projection of the total angular momentum onto
a space-fixed quantization axis. At large r, i.e., when the
two atoms are far apart, Hund’s case (d) becomes relevant
and results in the product basis of internal atomic states and
nuclear rotations, |7) = | fi,my, fo,m2,R,(T,Mr,p)). In the
intermediate range of r, we consider Hund’s case (e), in which
rotational and hyperfine interactions are diagonal and use a
basis of |€) = | fi1, fo, F,R,(T,Mr,p)).

The calculated adiabatic potentials for the 205 channels for
excited molecular states are displayed in Fig. 2. At small r, the
potentials are grouped into four branches representing the four
different dipole-dipole interaction configurations, and at large
r, they converge to three asymptotes near the dissociation limit,
which correspond to f{ =3/2,5/2, and 7/2, respectively.
We note that some of the potentials related to the f{ =5/2
asymptote have local minima near ~70ay (Fig. 2 inset),
predicting purely long-range molecular states. This is due to
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the large hyperfine structure of heavy Yb atoms, and purely
long-range states have been observed with !7'Yb [14].

From the calculated molecular potentials, we compute
the bound-state energy levels using a multichannel discrete
variable representation (DVR) method [28,33,34]. This cal-
culation predicts more than 200 bound states in the range of
—1GHz < §v < —38 MHz, whose positions are indicated in
Fig. 1 alongside the measured PA spectrum [35]. Considering
the limited experimental sensitivity, the observed high density
of the spectral lines is reasonably explained by the calculated
results. With regard to the resonance positions, a better com-
parison might be enabled by using an iterative fitting method
to tune the potential coefficient values [15], but because of the
heavy calculation load involved, we will leave such an effort
as a topic for future studies.

C. Zeeman effect

Information on the excited molecular states can be further
obtained by investigating the Zeeman effect on the spectrum
by applying an external magnetic field B [36]. In the presence
of B, the total angular momentum 7 and its projection My
onto the field direction are still good quantum numbers of the
system, and for low B the Zeeman shift is described as AE; =
wpgBMry, where g is the Bohr magneton and g is the Lande
g factor of the molecular state. Thus, the quantum number
T and the g factor value of the molecular state can be directly
revealed by the number of Zeeman sublevels and the magnitude
of their spectral splitting for B, respectively. The value of g is
sensitively determined by the interatomic potential [24,25].

In this section, we describe an experimental investigation of
the Zeeman splitting of a few PA lines. In the situation where a
large number of PA lines from many molecular potentials are
observed in a complicated pattern with high spectral density,
identifying the 7 numbers for some PA lines would be very
beneficial for future theoretical efforts to make a full account
of the observed PA spectrum.

We applied the magnetic field along the axis of the PA laser
beam and measured the PA spectra for various B (Fig. 3).
The scan range of §v was chosen to be from —820 MHz
to —780 MHz, where for B =0 G, three pronounced PA
lines are located at v = —812.5 MHz, —796.2 MHz, and
—791.3 MHz, with relatively large linewidths of >1 MHz. The
latter two PA lines have been reported in previous experiments
[2,10,26]. With increasing B, each spectral peak broadens and
splits into multiple weak peaks. The Zeeman splitting response
appears relatively rapidly for the line at —791.3 MHz and
slowly for the line at —812.5 MHz, reflecting the different
magnitudes of g7 for these PA lines. Asymmetric shifting
toward negative detuning is observed, which we attribute
mainly to the o~ polarization of the PA light, which allows
only AM7y = —1 transitions.

For B > 30 G, the spectrum shows a group of fully resolved
Zeeman peaks with linewidths of ~1 MHz. To determine
the M7 numbers of the Zeeman peaks, we measured the
PA spectra of two-component spin mixture samples. When
such a sample is prepared with two spin components with
magnetic Zeeman numbers of m s, and m f,, the initial dimer
state for s-wave collision in 'Sy + Sy has a specific quantum
number of My = my, 4+ m,, and witha o~ -polarized PA laser
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FIG. 3. PA spectra near §v = —800 MHz for various magnetic
fields of B =0 G, 8.3 G, 16.6 G, 33.2 G, and 49.8 G. The PA laser
beam was o~ polarized, and the magnetic field was applied along the
beam axis. All data points except those at B = 8.3 G were obtained by
averaging five independent measurements and the error bars denote
their standard deviations. The data are offset for clarity.

beam, this state can be coupled only to excited molecular
states with M7y = m, + my, — 1. Thus, the corresponding M7
number can be assigned to Zeeman peaks that appear in the PA
spectrum of such a two-component sample. In our experiment,
we employed five binary spin mixtures of m s = —5/2 and
my, ={-3/2,—1/2,1/2,3/2,5/2} [29], and the PA spectra
of the samples were measured at B = 33.2 G [Fig. 4(b)]. As
expected, each spectrum shows a subset of the Zeeman peaks
observed in the PA spectrum of a fully balanced spin mixture
[Fig. 4(a)]. To suppress unwanted optical pumping by the PA
light into different spin states, we set Ipy = 0.16 W/cm? and
7 = 100 ms to obtain I'y.t & 0.8, where I'y. is the Rayleigh
scattering rate of the PA light at 5v = —800 MHz.

The main finding from the M7y analysis is that the three
Zeeman peaks that are almost equally spaced in the detuning
range of —805 MHz < §v < —798 MHz have My = -3, —
2, and —1, respectively. We find that Zeeman peaks are also
located at the positions linearly extrapolated for M7 = 0, 1, 2,
and 3 from these three Zeeman peaks and, in particular, that
the peak position corresponding to M7 = 0 coincides with the
zero-field PA line at —796.2 MHz. From these observations
and the fact that there is no My = —4 Zeeman peak at the
corresponding expected spacing from the M = —3 peak, we
infer that the total angular momentum number of the PA line
at 5y = —796.2 MHz is T = 3. From a linear fit to the seven
Zeeman peak positions, a g factor of g = 0.056(3) can be
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FIG. 4. PA spectra of various spin mixtures for B = 33.2 G:
(a) an unpolarized spin mixture, as shown in Fig. 3; (b) two-
component spin mixtures; and (c) a spin-polarized Fermi gas. The
red lines show the sums of the Lorentzian fit curves to guide the
eye, and the dotted vertical lines indicate the resonance positions
as fitted from the spectrum of the balanced mixture. All data points
were obtained by averaging five independent measurements of the
same experiment and the error bars denote their standard deviations.
(d) Zeeman splitting of the —796.2 MHz resonance (dotted lines),
with markers representing the measured PA resonance positions.

determined, which is approximately ten times smaller than the
atomic value of gz = 0.426 for the 3P state. In Fig. 4(d), we
display the PA resonance positions measured from the data
in Fig. 3 as a function of B, and the Zeeman splitting lines
predicted from the measured g factor are found to reasonably fit

the experimental data. For a high B of approximately 50 G, the
PA resonance positions slightly deviate from the predictions
toward a negative detuning except for M7y = 0, indicating
higher-order Zeeman effects.

Although the M7 information is helpful for deciphering
the linear Zeeman splitting of the PA line at —796.2 MHz, an
analysis of the Zeeman effects of the other two PA lines is
not straightforward. First, we observe no My = —1 Zeeman
peaks for these two PA lines, although such peaks should exist
because T > 1. Second, each PA spectrum for My = —3 and
—4 shows four resonances [Fig. 4(b)], which means that our
PA spectrum for a high B of >30 G must involve Zeeman
contributions from other PA lines outside the measurement
range. Theoretical support will be critical for a complete
understanding of the observed Zeeman effects.

D. Two-body loss rate

Finally, we characterized some of the pronounced PA reso-
nances by measuring the two-body loss rate K, under PA light.
K contains important information such as the Franck-Condon
factor for the optical transition [1,37] and the so-called optical
length I, that describes the magnitude of the change of the
scattering length due to the OFR [5,15,23].

In the presence of PA light, the atom density n evolves
as n(t) = —2K,n?> — yn, where the first term represents the
two-body PA process and the second term accounts for one-
body decay processes, such as Rayleigh photon scattering loss
and background trap loss. For a case of a trapped sample,
considering its inhomogeneous density distribution, the rate
equation for the total number of atoms N is given by N(¢) =
—ZKZNVCZ — ¥ N, where V, = 2n)*?0,0,0, is the effective
volume of the sample for a Gaussian density distribution. To
avoid nonlinear effects caused by sample heating on K, and
V., we measured the decay rate y’ of N from an exponential
fit to the initial 10 ms of N(¢) data and calculated K, as
K, = 2‘;] (y' — y). Here N denotes the average number of
atoms over the initial 10 ms and y was independently measured
at off-resonance detuning, which is more than 4I";, away from
the PA resonance (Fig. 5).

1.0 i$® PP I Py I 4
0.8f

0.6} ]

04+t

é On resonance
¢ Off resonance

0.0 ) , \ , N
0 20 40 60 80 100

PA laser pulse duration, T (ms)

0.2}

Remaining atom fraction

FIG. 5. Atom-loss curves as functions of the pulse duration t
of the PA light for v = —791.3 MHz (on resonance, solid green
circles) and v = —784 MHz (off resonance, open blue circles) with
Ipa =0.74 W/ cm?. The solid lines are exponential fits to the initial
10 ms of decay data. All data points were obtained by averaging the
results of five independent runs of the same experiment.
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We measured K, for the three PA resonances at v =
—38.1 MHz, —791.3 MHz, and —796.2 MHz, and obtained
K> =1.03)x10~"2 cm3/s with Ipy = 74mW/cm2, K, =
0.5(1)x107'2 cm3/s with Ipy = 0.74W/cm?, and K, =
0.8(5)x 1072 cm? /s with Ipy = 0.74 W /cm?, respectively. In
the cold collision limit, the optical length is given as [y, =
nukK,/(8mh) [5,8], where 7 is the enhancement factor of the
molecular linewidth with respect to the natural linewidth. As-
suming that n is order of unity, our measurement results suggest
that /oy ~ 10ag at Ipgy = 1 W/ cm?. Itis surprising that the esti-
mated value of /oy is more than 2 orders of magnitude smaller
than the values reported for other Yb isotopes [15,28,38]. It
would be worthwhile to investigate the temperature and §v
dependence of K in a further systematic manner [15].

IV. SUMMARY

We have measured the PA spectrum of a degenerate Fermi
gas of '3Yb atoms near the dissociation limit of the 'So—>P,
intercombination transition and have characterized some of
the prominent PA lines by investigating their Zeeman splitting
and measuring their two-body loss rates under PA light. The
high density of the spectral lines was accounted for by the
calculation of the molecular energy levels based on an extended
version of Hund’s case (e), but further theoretical investigation

will be necessary for spectral identification of the observed
molecular states. This will improve our understanding of
the collisional properties of Yb atoms in 'S 43S, which are
important for many applications using Yb atoms, such as
optical clocks [39,40] and the simulation of novel quantum
magnetism [10,27].

Finally, we note that when the Zeeman splitting of a PA line
is fully understood in terms of its molecular quantum number,
the spin-dependent PA transitions may find immediate use in
probing interspin correlations, particularly in optical lattice
experiments [10,41]. For example, the correlations between
the m ; = m and —m spin states may be distinctively detected
by using the PA resonance at —798.4 MHz for B = 33.2
G. Thus, it might be worthwhile to search for an isolated
T =5 PA line whose Zeeman lines are spectroscopically
well resolved and have reasonable transition strengths for a
moderate magnetic field.
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