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Hyperfine-resolved optical spectroscopy of ultracold 87Rb 133Cs molecules:
The b 3�0 metastable state
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Using an ultracold gas of 87Rb 133Cs molecules, we perform hyperfine-resolved spectroscopy of transitions
from the vibronic ground state to the lowest rovibrational states of the electronic state b 3�0 as a function of
magnetic field. These transitions are spin forbidden, resulting in narrow linewidths, and feature near-diagonal
Franck-Condon factors. We develop a model of the hyperfine and Zeeman structure that includes coupling
between the 0+ and 0− components of b 3�0. We fit the spectra to obtain rotational and hyperfine coupling
constants. We measure transition dipole moments associated with specific transitions by directly observing Rabi
oscillations as a function of a resonant laser pulse duration. Using resonant π pulses, we prepare molecules in
the electronically excited state and directly measure the spontaneous emission rate.
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I. INTRODUCTION

Ultracold polar molecules have applications in the fields of
quantum simulation and computation [1–9], quantum-state-
controlled chemistry [10–12], and precision measurement
of fundamental constants [13–16]. Dipole-dipole interac-
tions between molecules can be precisely engineered using
microwaves or static electric fields, resulting in detectable
quantum entanglement over long range [17–21]. Molecules
also possess rich internal structure due to the combination
of electronic, vibration, rotation, and nuclear-spin degrees
of freedom. This presents opportunities for experiments; for
example, vibrational transitions allow precise clock measure-
ments in the terahertz (THz) frequency domain [22], while
rotational and hyperfine states can be used to encode interact-
ing [18–21] and storage [23–25] qubits.
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At present, the coldest and densest samples consist of
bialkali molecules prepared by association from precooled
atomic mixtures [26–30]. The RbCs molecule is the heav-
iest heteronuclear combination of two alkali atoms and
was the second polar molecule to be produced by asso-
ciating atom pairs. This is a two-step process. Initially,
weakly bound molecules are produced by magnetoassocia-
tion [31,32]. After formation, molecules are transferred to
the X 1�+ ground state using stimulated Raman adiabatic
passage (STIRAP) [33,34]. From here, electronically excited
states can be accessed with transition frequencies greater
than 261.5 THz. The lowest electronically excited states are
the interacting A 1�+– b 3�0 and b 3�0 states, which are
mixed by spin-orbit interactions [35]; their potential curves
are shown in Fig. 1. Current experiments exploit the mixing to
achieve effective coupling between the triplet state produced
by magnetoassociation and the singlet rovibronic ground
state.

Our group has recently demonstrated a magic-wavelength
trap for 87Rb 133Cs that allows second-scale coherences to
be engineered between rotational states [21,36,37]. This trap
uses light that is carefully tuned between transitions to the
lowest two vibrational levels of the A 1�+– b 3�0 system,
where it has predominantly b 3�0 character, to suppress
the anisotropic components of the polarisability tensor
[38]. These transitions have narrow linewidths because they
are nominally forbidden. Knowledge of the energies and
linewidths associated with these transitions is important for
understanding the magic trap.
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FIG. 1. The relevant electronic potentials for RbCs. In the ex-
cited state, the potentials for the mixed A 1� and b 3�0 states are
shown by black lines, while those for b 3�1 and b 3�2 are shown
in gray. The shaded areas indicate regions of the mixed states that
have been investigated by (i) photoassociation in magneto-optical
traps [50], (ii) laser-induced fluorescence and Fourier transform
spectroscopy in heat pipes [48,49], and (iii) absorption spectroscopy
with ultracold molecules produced via magnetoassociation [51]. The
energy region studied in this work is shown in green, with the vertical
green arrow labeled “probe” indicating the X 1�+ → b 3�0 transi-
tions. The inset illustrates the rotational structure of the X 1�+, v = 0
ground state.

Transitions to the lowest-energy levels of b 3�0 may be
useful for other applications. In particular, they have highly
diagonal Franck-Condon factors and may offer nearly closed
optical cycles for direct laser cooling [39] or absorption
imaging [40] of the molecules. Moreover, they may allow im-
plementation of schemes for two-photon collisional shielding
[41] and nondestructive detection [42] of molecules. Spec-
troscopy of the lowest vibrational levels of b 3�0 has been
performed for other bialkali molecules KRb [43], NaK [44],
NaRb [45], and very recently LiK [46], but not for RbCs.

In this article, we perform hyperfine-resolved spec-
troscopy of the lowest vibrational levels of the b 3�0 state
of 87Rb 133Cs (hereafter RbCs) by driving spin-forbidden
X 1�+ → b 3�0 transitions. We prepare molecules in the
rovibrational and hyperfine ground state of the X 1�+ state
at a magnetic field of 181.6 G by magnetoassociation fol-
lowed by STIRAP. We then pulse on light to drive electronic
transitions in the molecule. We observe loss of molecules
from X 1�+ when the light is resonant with an X 1�+ →
b 3�0 transition. Our work focuses on the transitions (v′′ =
0, J ′′ = 0, 1) → (v′ = 0, 1, J ′ = 0, 1, 2) that occupy the
region 261.6 THz to 264.6 THz, where v′′, J ′′ and v′, J ′ are

the vibrational and rotational quantum numbers of the ground
and excited states, respectively. These are the transitions clos-
est to the rotationally magic condition observed in Ref. [36].

II. BACKGROUND

A. The mixed electronic states A 1�+– b 3�0 of RbCs

The level structure of the mixed electronic states
A 1�+– b 3�0 that correlate with the dissociation limit
Rb(5s)+Cs(6p) has been characterized for RbCs over a broad
energy range by measurements of laser-induced fluorescence
and Fourier transform spectroscopy in heat pipes [47–49].
The uncertainty in these measurements is estimated to be
±0.3 GHz, with measurements limited by a combination
of spectrometer resolution and Doppler broadening. Spec-
troscopy using ultracold samples allows the structure to be
resolved more precisely by suppressing Doppler broadening.
Kerman et al. [50] studied photoassociation lines in a dual-
species magneto-optical trap that probes the long-range part
of the potential. Debatin et al. [51] performed hyperfine-
resolved spectroscopy on ultracold molecules produced by
magnetoassociation, accessing states in the range 304.6 THz
to 307.6 THz from the ground state with an accuracy of
±10 MHz, to identify an optimum intermediate level for
STIRAP. However, no work has previously reported direct
measurements of the lowest vibrational levels of b 3� in
RbCs.

Spin-orbit coupling with the A 1�+ state and the two other
states B 1� and c 3�+ that correlate with Rb(5s)+Cs(6p)
splits the b 3� state into separate b 3�0, b 3�1, and b 3�2

components, corresponding to projections � = 0, 1, 2 of the
total electronic angular momentum onto the molecular axis.
The effect of the coupling between A 1�+ and b 3�0 is
strongest around the crossing of the two potentials at an
internuclear separation of 0.53 nm, resulting in the avoided
crossing shown in Fig. 1. The lowest vibrational levels of
the b 3�0 state are well below this crossing and so are only
weakly mixed, with <0.5% singlet character. Nevertheless,
this small mixing is sufficient to allow us to drive transitions
from the X 1�+ ground state. In addition, spin-orbit coupling
with the c 3�+ state (well above X 1�+ in energy) splits the
b 3�0 state into two components, b 3�0+ and b 3�0− , where
the sign indicates the parity of the electronic wave function
with respect to the plane containing the molecular axis.

B. Production and detection of RbCs molecules

We create ultracold RbCs molecules by magnetoassoci-
ation from a thermal mixture of 5 × 105 87Rb atoms and
3 × 105 133Cs atoms. The atoms are prepared at a temperature
of ∼300 nK in a magnetically levitated crossed optical dipole
trap of wavelength λ = 1550 nm, and occupy their internal
ground states, ( fRb = 1, m fRb = 1) and ( fCs = 3, m fCs = 3)
[52]. To form molecules, we sweep the magnetic field down
across an interspecies Feshbach resonance at 197.10 G [31],
following the scheme established in Ref. [32]. We purify
the sample of molecules by removing any remaining atoms
from the trap using the Stern-Gerlach effect [53]. We then
transfer the molecules to an unlevitated optical potential by
first increasing the optical trap depth, which compresses the
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molecules and adiabatically heats the sample to a temperature
of 1.5 µK. After this, the magnetic field gradient is ramped
off without changing the temperature of RbCs cloud. Finally,
the dipole trap is switched off, leaving the molecules in free
space, where they are transferred to the rovibrational ground
state of X 1�+ using STIRAP, with a typical efficiency of
∼90% [34,54]. The STIRAP is performed at a magnetic field
of 181.6 G; except for measurements of Zeeman shifts, all our
spectroscopy is performed at this field.

To detect the molecules, we reverse the STIRAP and disso-
ciate; absorption imaging of the resulting atoms allows us to
count the number of molecules that were present. This method
detects only molecules that are in the specific hyperfine state
in which they were initially prepared. There is no change in
the observed molecule number for hold times in free space
up to 1 ms. After this time, the number decreases as the
molecules fall out of the ∼35 µm region addressed by the
STIRAP beams.

We label the states in a given electronic and vibrational
state by quantum numbers (J, MF )G,E. Here, J is a pure ro-
tational quantum number for the electronic ground state, but
it includes contributions from orbital and electron spin angu-
lar momenta for the excited state. MF = MJ + mRb + mCs is
the projection of the total angular momentum, including the
projections mRb and mCs of the nuclear spins IRb and ICs. J
is a nearly good quantum number because the hyperfine and
Zeeman effects are small compared to the rotational spac-
ing, but the total angular momentum F = J + IRb + ICs is not
conserved in the presence of a magnetic field. The subscript
denotes whether the state is in the electronic ground state
(G) or the excited state (E). In this work, the ground-state
molecules are prepared in either (0, 5)G or (1, 6)G. Both these
states are spin stretched so have well-defined quantum num-
bers in the uncoupled basis (J, MJ , mRb, mCs):

(0, 5)G ≡ (0, 0, 3/2, 7/2),

(1, 6)G ≡ (1, 1, 3/2, 7/2).

For other states, MF is conserved but MJ , mRb, and mCs are
not individually good quantum numbers. The state (0, 5)G is
the one that is populated by the STIRAP. For spectroscopy of
molecules in the initial state (1, 6)G, we use two microwave
π pulses [55]: one to transfer the molecules from (0, 5)G

to (1, 6)G and one to return the molecules to (0, 5)G after
exposure to the probe light.

C. Driving X– b transitions

We expect electronic transitions from X 1�+ to obey the
electric dipole selection rules, �J = ±1 and �MJ = 0,±1,
where the latter depends on the polarization of the light.
We also expect that the allowed transitions couple only state
components that preserve the nuclear-spin projections, such
that the selection rule on �MJ effectively implies �MF =
0,±1. The strength of the transitions observed will therefore
depend on the transition dipole moment (TDM) for the elec-
tronic transition, the selection rules for J and MJ , and the
nuclear-spin composition of the specific hyperfine states being
addressed.

We use an external-cavity diode laser (Toptica DL pro)
to generate the probe light (1133–1147 nm). To ensure

long-term frequency stability, we couple the laser to an op-
tical cavity with an ultra-low-expansion glass spacer (Stable
Laser Systems). The finesse of the cavity in this wavelength
range is approximately 37 000 and the free spectral range is
1496.755 1729(9) MHz. We offset-lock the laser frequency to
a cavity mode using the Pound-Drever-Hall (PDH) technique
[56]. We use a fast feedback loop (Toptica FALC), which
helps to reduce the laser linewidth. We estimate that the laser
linewidth is 4.7(1) kHz from the deviation of the error sig-
nal when locked. The probe light is delivered to the main
experiment using a polarization-maintaining optical fibre. We
deliver up to 1.4 mW of light to the molecules with a beam
waist of 1.09(5) mm. This waist size is much larger than the
size of the sample (∼10 µm), which ensures that all molecules
are illuminated uniformly.

We perform spectroscopy in two geometric configura-
tions. First, we have the light propagating perpendicular to
the magnetic field that sets the quantization axis. In this
case, the light is linearly polarized either parallel or per-
pendicular to the quantization axis to drive either π or σ±
transitions, respectively. In the second configuration, the light
propagates at an angle of ∼10◦ to the quantization axis and
is circularly polarized to drive either σ+ or σ− transitions
preferentially.

Our experimental procedure is as follows. We prepare the
molecules in either (0, 5)G or (1, 6)G at 181.6 G and expose
them to a 500 µs pulse of probe light before detecting the
number remaining. We repeat this sequence, each time chang-
ing the laser frequency to find the excited-state resonances,
which appear as loss in the number of molecules as we drive
the transition to (J ′, M ′

F )E. To begin, we perform an initial
search for transitions using the highest probe power avail-
able. This yields power-broadened spectra with loss features
that are saturated and flat-bottomed. For each loss feature
observed at high power, we scan the frequency over the
feature using progressively lower probe powers in order to
desaturate the transition, typically aiming for a loss feature
with depth ∼50%–80% of the initial molecule number. Each
feature is therefore observed using a different probe power.
We fit each loss feature with a Gaussian to extract the center
frequency.

III. RESULTS

A. Vibrational structure of b 3�0

To study the vibrational structure of the b 3�0 state, we use
light polarized perpendicular to the quantization axis to drive
transitions from (1, 6)G to v′ = 0, 1, 2, J ′ = 0. In each case,
only one transition is accessible: the σ− transition to (0, 5)E.
The results are shown in Fig. 2. The absolute transition fre-
quencies for each transition are shown in Table I, where the
uncertainties (±60 MHz) come from the wavemeter (Bristol
621A). The difference in transition frequencies is determined
much more precisely (±2 kHz) by using the modes of the
reference cavity as a frequency ruler. We compare the absolute
transition frequencies that we measure with those calculated
from the molecular potential curves of Refs. [48,57–59].

Anharmonicity of the potential curves leads to �Ev′
01

>

�Ev′
12

, where �Ev′
01

and �Ev′
12

are energy differences between
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FIG. 2. Characterization of the vibrational structure. The
b 3�0 electronic potential with the energies of v′ = 0, 1, and 2
shown on the left. The green arrow indicates the probe laser driving
transitions from (1, 6)G to the (0, 5)E state in each vibrational level.
Spectroscopy on each of these transitions performed at 181.6 G is
shown on the right, with the laser detuning ( f − f0) plotted rela-
tive to the center frequency f0 of each of the observed transitions.
We attribute the sloped background in the spectra for v′ = 2 to
nearby hyperfine structure combined with imperfect polarization of
the probe laser. In the analysis of this measurement only, we fit the
results with a linearly varying background.

excited vibrational levels v′ = 0 and v′ = 1 and between v′ =
1 and v′ = 2, respectively. The energies Ev of the states near
the bottom of the potential are approximately

Ev = hνe

[(
v + 1

2

)
− xe

(
v + 1

2

)2
]
, (1)

where νe is the harmonic-oscillator frequency. The
second term in Eq. (1) gives the effect of the anhar-
monicity, characterized by xe, which is a small unit-less
number. Fitting the observed vibrational structure
with Eq. (1), we find νe = 1.497 603 712(7) THz
≡ 49.954 6827(2) cm−1 and xe = 1.275 851(2) × 10−3.
We have previously measured the binding energy
of the rovibrational and hyperfine ground state of the
X 1�+ potential using an optical frequency comb [60].
Using this result and the measurement reported here, we

TABLE I. Results of spectroscopy to investigate the vibrational
structure near the bottom of the b 3�0 potential. Absolute and rel-
ative frequencies for the transitions from (1, 6)G to (0, 5)E in v′ =
0, 1, and 2, extracted from the spectroscopy shown in Fig. 2.

Transition frequency (THz)

v′ Theory [61] This work �Ev′
i j /h (GHz)

0 261.531 261.569 87(6)
1 263.034 263.063 63(6) �Ev′

01 = 1493.782 274(2)
2 264.531 264.553 58(6) �Ev′

12 = 1489.960 836(2)

estimate the binding energy of the rovibrational ground
state of the b 3�0+ state, with respect to the asymptote
Rb(52S1/2) + Cs(62P3/2), to be D0 = h × 205.171 33(6)
THz = hc × 6843.779(2) cm−1, where the uncertainty is
dominated by the precision of our wavemeter.

B. Rotational and hyperfine structure

In Fig. 3, we present spectroscopy of the rotational and
hyperfine structure associated with the v′ = 0 level of the
b 3�0 state at 181.6 G. Figure 3(a) shows the rotational
structure of the transitions. The green feature indicates the
transition J ′′ = 1 → J ′ = 0, while the red and blue features
indicate the transitions J ′′ = 0 → J ′ = 1 and J ′′ = 1 → J ′ =
2, respectively. The spacing between the features depends on
the rotational constants for the ground and excited states, as
shown in the inset. We observe spectra by driving transitions
from both (0, 5)G and (1, 6)G. The green feature corresponds
to the σ− transition (1, 6)G → (0, 5)E already shown in Fig. 2,
and is recorded using light polarized perpendicular to the
quantization axis.

Figures 3(c) and 3(d) show the hyperfine structure asso-
ciated with the red and blue features in panel (a). The red
features with solid markers were recorded using light polar-
ized parallel to the quantization axis, capable of driving π

transitions. The open red markers represent σ± transitions,
recorded using light perpendicular to the quantization axis.
Figures 3(e)–3(k) label the individual components according
to the excited-state hyperfine character. There are three π

transitions from (0, 5)G to states with character (1, 5)E, as
shown in Figs. 3(e), 3(h), and 3(i). In addition, we initially
observed five σ± transitions, as shown in Figs. 3(f)–3(h) and
3(k). Of these, four are σ− transitions from (0, 5)G to states
with character (1, 4)E and one is a σ+ transition from (0, 5)G

to the single stretched state with character (1, 6)E. To identify
the σ+ transition, we used right-circularly polarized light and
were able to drive only one of the five perpendicular transi-
tions from (0, 5)G.

Theory predicts the existence of six hyperfine states with
character (1, 4)E. As described above, we initially observed
only four of these. However, after fitting our initial results
to the theoretical model discussed in Sec. III D, we searched
for the two missing transitions in the regions predicted by the
model, shown by the open red markers in Figs. 3(i) and 3(j);
they are significantly weaker than the transitions observed
initially.

The blue features in Fig. 3(d) were recorded using light
polarized parallel to the quantization axis. They are transitions
from (1, 6)E to states with character (2, 6)E, as we drove
only π transitions. These three transitions are spread over
approximately 12 MHz.

We have performed similar, though less thorough, spectro-
scopic measurements for transitions v′′ = 0 → v′ = 1, 2. In
v′ = 1, we have mapped out all the excited states labeled by
(0, 5)E, (1, 5)E, (2, 6)E and in v′ = 2 we have measured the
transition to (0, 5)E.

Our measurements were performed over a period of several
months. To negate the effects of our reference cavity drifting
(around 100 kHz per month), we reference our measure-
ments to the transition (1, 6)G → (0, 5)E associated with that

023005-4



HYPERFINE-RESOLVED OPTICAL SPECTROSCOPY OF … PHYSICAL REVIEW RESEARCH 8, 023005 (2026)

b

FIG. 3. An overview of rotational and hyperfine structures of the transitions at 181.6 G for v′ = 0. (a) The coarse rotational structure.
The inset shows the level diagram of the transitions we drive. The colors of the vertical arrows match the corresponding data points. Panels
(b)–(d) show the observed hyperfine structure. (b) The σ− transition from (1, 6)G to (0, 5)E [also shown in Fig. 2(d)]. (c) π and σ± transitions
from the (0, 5)G state to (1, M ′

F )E states. (d) π transitions from the (1, 6)G state to (2, 6)E states. Panels (e)–(k) show the enlarged view of all
transitions that we observed in panel (c). All transitions in panels (e)–(k) are marked with the character of the hyperfine state (J ′, M ′

F )E. The
x-axis scale of panels (e)–(k) is the same. For a clearer view of the transition profiles, we have shown the error bars only on panel (e), while all
other results have similar error bars.

vibrationally excited state. These relative frequencies can be
measured precisely using the known free-spectral range of the
cavity and the applied frequency offset of the laser from the
nearest cavity mode. The measured transition frequencies are
given in Table II. We also give the hyperfine shifts, defined as
the transition frequencies relative to the lowest-energy com-
ponent in that rotational manifold.

During our measurement campaign, we observed that the
transition to (1, 4)E shown in Fig. 3(j) is subject to an

intensity-dependent light shift. The shift is quadratic and
shifts the frequency of the transition downward as the light
intensity increases. We believe this is caused by the light
coupling the excited state to states labeled by (0, 3)G; the
nearest such state is detuned from (0, 5)G by only 124 kHz.
This coupling is present only for (1, 4)E excited states; for the
states (1, 5)E and (1, 6)E, there is only one ground state with
coupling allowed by the selection rules. To mitigate this effect,
we performed the spectroscopy on this line at a sufficiently
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TABLE II. Summary of the spectroscopic measurements performed at 181.6 G. The columns show: the vibrational levels involved in the
transition (v′′ → v′); the ground state (J ′′, M ′′

F )G; the character of the transition; the hyperfine assignment of the excited state (J ′, M ′
F )E; the

relative transition frequency calculated with respect to the transition (1, 6)G → (0, 5)E for each vibrational level; the hyperfine shift calculated
with respect to the lowest-energy state of each rotational manifold; the effective magnetic moment (μeff ) of the excited state over a defined
field range of 180 G to 210 G. The hyperfine shifts obtained from the theory model (Fit1) are included for comparison.

v′′ → v′ (J ′′, M ′′
F )G Transition (J ′, M ′

F )E

Transition
frequency

(MHz)
FWHM
(MHz)

Hyperfine shift from
experiment (MHz)

Hyperfine shift from
Fit1 (MHz) µeff/μN

0 → 0 (1, 6)G σ− (0, 5)E 0 0.046(3) −18.6(1)
(0, 5)G π (1, 5)E 2004.792(2) 0.039(4) 0 −0.21 −26.7(4)

σ− (1, 4)E 2005.491(4) 0.058(11) 0.700(5) 0.49
σ− (1, 4)E 2011.603(2) 0.037(4) 6.812(3) 6.83
σ− (1, 4)E 2015.608(3) 0.051(7) 10.817(3) 11.51
σ+ (1, 6)E 2015.789(2) 0.041(5) 10.998(3) 10.94
π (1, 5)E 2015.943(1) 0.037(2) 11.152(2) 11.22 −11.9(5)
σ− (1, 4)E 2017.258(6) 0.051(16) 12.467(6) 12.87
π (1, 5)E 2019.345(2) 0.051(4) 14.554(2) 14.58 −10.1(5)
σ− (1, 4)E 2019.663(8) 0.079(19) 14.871(8) 14.82
σ− (1, 4)E 2022.587(1) 0.045(3) 17.796(2) 17.75
π (2, 6)E 3091.352(1) 0.041(3) 0 0.04 −20.2(2)

(1, 6)G
π (2, 6)E 3100.718(1) 0.045(2) 9.366(2) 9.31 −9.8(3)
π (2, 6)E 3103.627(1) 0.045(2) 12.275(2) 12.26 −8.0(3)

0 → 1 (1, 6)G σ− (0, 5)E 0 0.037(4) −18.5(1)
π (1, 5)E 2003.596(2) 0.034(2) 0 −25.9(3)
π (1, 5)E 2014.197(1) 0.040(2) 10.600(2) −13.7(2)

(0, 5)G π (1, 5)E 2014.465(2) 0.034(3) 10.869(2) −11.3(2)
π (2, 6)E 3087.249(2) 0.032(2) 0 −20.0(2)

(1, 6)G π (2, 6)E 3096.148(2) 0.033(3) 8.899(2) −11.3(2)
π (2, 6)E 3096.370(2) 0.034(3) 9.121(2) −9.6(2)

0 → 2 (1, 6)G σ− (0, 5)E 0 0.040(3) −18.6(2)

low intensity that any residual light shift is negligible. There
may be small light shifts for transitions to other states (1, 4)E,
but we estimate that they are smaller than the FWHM of the
respective features and comparable to the statistical uncertain-
ties in line positions.

C. Zeeman shift

To characterize the structure further, we measure the shifts
in the transition frequencies as a function of the magnetic
field. We accomplish this by recapturing the molecules in
the dipole trap and ramping the magnetic field to the target
value before turning the trap off again and driving the opti-
cal transition. The molecules are then recaptured again, the
magnetic field is ramped back to 181.6 G, and the remaining
molecules are detected. For each transition, we measure the
transitions in the region from 180 G to 210 G, where we
observe a quasilinear Zeeman shift. We perform a linear fit to
the measurements to extract the Zeeman shift of the transition.
Then, to extract the effective magnetic moment of the excited
state in this magnetic field range (μeff ), we subtract the well
known magnetic moment of the spin-stretched ground states
(−5.3 µN). The values of the effective magnetic moments are
included in Table II.

We have performed more detailed measurements of the
spin-stretched transition, (1, 6)G → (0, 5)E. For this, we mea-
sure the shift for magnetic fields from 44 G to 369 G, with

respect to the frequency at 181.6 G. The resulting shifts are
shown in Fig. 4. We fit the shifts with linear and quadratic
functions, giving the parameters in Table III. It may be seen
that the quadratic term is significant by comparing the reduced
χ2(χ2

ν ) values between the two fits and also the residuals
shown in the bottom panel of Fig. 4. The residuals of the linear
fit deviate more in the small and large magnetic field regions
than those of the quadratic fit, indicating that the observed
shift includes a quadratic component. This is further sup-
ported by the difference between the quadratic and linear fits
(red solid curve on the linear-fit residuals), which reproduces
the same curvature as the linear-fit residuals. As will be seen
in Sec. III D, the quadratic term provides valuable information
on the position of the 0− state that is otherwise hard to extract.

TABLE III. Fitted values of the parameters for the linear and
quadratic fits to the frequency of the transition (1, 6)G → (0, 5)E as
functions of magnetic field along with the reduced χ2 (χ 2

ν ).

Linear fit Quadratic fit
(a0 + a1x) (a0 + a1x + a2x2)

a0 (MHz) 1.84(2) 1.77(1)
a1 (MHz/G) −0.0102(1) −0.0093(1)
a2 (MHz/G2) −0.000 0022(3)
χ 2

ν 14.3 1.6
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FIG. 4. Shift in frequency with magnetic field for the (1, 6)G →
(0, 5)E transition between 44 G and 369 G. To characterize the shift,
we fit the experimental results (black markers in upper panels) with
both linear (blue dashed line) and quadratic (red solid line) functions.
The residuals of both fit functions are shown in the bottom panel,
where the blue and red markers correspond to the linear and quadratic
fits, respectively. The red solid curve overlaid on the linear-fit resid-
uals represents the difference between the quadratic and linear fits,
indicating the quadratic nature of the shift.

D. Model for the rotational and hyperfine structure
of the v′ = 0 level of the b 3�0 state

We model the substructure of the vibrational level v′ = 0
of the b 3�0+ state of RbCs, for which the most experimental
results are recorded here (Table II). We first define an effective
Hamiltonian along lines similar to Ref. [62]. Considering
the scale of energies involved, we start with a zero-order
Hamiltonian Ĥ0 with energies E0+ and E0− , corresponding
to the v′ = 0 levels of these electronic states. We treat the
rotational Hamiltonian Ĥr, the hyperfine Hamiltonian Ĥhf , and
the Zeeman Hamiltonian ĤZ as perturbations. Our effective
Hamiltonian Ĥeff is

Ĥeff = Ĥ0 + Ĥr + Ĥhf + ĤZ, (2)

with

Ĥr = Bv �J2, (3)

Ĥhf =
∑

i=Rb,Cs

eQ̄(i).q̄(i) +
∑

i=Rb,Cs

ĤMD(i), (4)

ĤZ = gJμB �J · �B +
∑

i=Rb,Cs

gi(1 − σi )μN �I (i) · �B. (5)

The rotational part Ĥr involves the rotational constant Bv

of the level concerned (here, the level v = 0 of the 0+
component), with �J the total angular momentum of the
molecule excluding nuclear spins. The hyperfine Hamiltonian
Ĥhf contains several terms. The first is the interaction be-
tween the electric quadrupole moment tensors of the nuclei
eQ̄(i) and the electric-field-gradient tensors q̄(i) due to the
electrons, with coupling constants (eQq)Rb and (eQq)Cs. The

second term, involving ĤMD(Rb) and ĤMD(Cs), accounts for
magnetic-dipole interactions between the nuclear magnetic
moments and those due to electron spin, orbital angular
momentum, and rotation. These terms all have the same
angular-momentum structure [63], so they are characterized
by two effective coupling constants ARb and ACs, as described
in the Appendix. The interaction between the two nuclear
spins is neglected, as it is expected to be very small [64]. The
term ĤZ includes the interactions of magnetic field �B with �J ,
described by an effective g factor gJ , and with nuclear spins,
involving the nuclear g factor gi and the shielding factor σi for
each nucleus i. The expressions for the corresponding matrix
elements are given in the Appendix.

The Hamiltonian Ĥeff is expressed on the basis
|nJMJ p, IRbmRbICsmCs〉, with n corresponding to the vibronic
part (one vibrational level for each of 0+ and 0−), including
J = 0, 1, 2, 3, and all possible projections that satisfy
MF = MJ + mRb + mCs. The total parity, p = (−1)J for 0+
and (−1)J+1 for 0−, is a conserved quantity that reduces
the size of the basis. The Hamiltonian is diagonalized to
obtain eigenvalues and associated eigenvectors that model the
spectrum.

ĤMD(i) and the first term in ĤZ impose the selection rule
�J = ±1 for each parity. They do not have diagonal matrix
elements for � = 0; only off-diagonal elements between 0+
and 0− contribute to the hyperfine structure. These two op-
erators are the dominant terms in the hyperfine structure of
alkali-metal atoms and can induce strong effects in a dimer.
However, if the energy gap � between 0+ and 0− is large
enough, they produce only weak perturbations. This explains
the small hyperfine splittings observed for � = 0±, compared
to those for � = 1, where the hyperfine splittings are in the
gigahertz range [65,66].

To ensure the best possible least-squares fitting of the
experimental results and to reduce correlations between the
fitted parameters, it is desirable to reduce the number of
free parameters. We note that, for all operators, off-diagonal
couplings between two different rotational levels J are ei-
ther very small or represent a perturbation between the 0+
and 0− states. If the rotational constants of these two lev-
els are much smaller than their energy separation �, their
influence on the observed hyperfine shift will be minor.
Thus, before starting our fitting procedure, we fixed the
rotational constant B0(0+) ≈ 510 MHz, based on the spec-
troscopic study of Docenko et al. [48]. We checked after
the fitting procedure that this approach was accurate, as sig-
nificant variations in the value of B0 do not affect the fit
results.

For the electronic ground state, (eQq)Rb 
 (eQq)Cs

[55,64]. In the present work, there are insufficient ex-
perimental data to determine the corresponding quantities
for b 3�0+ for both nuclei, so we set (eQq)Cs = 0. The
quantity (eQq)Rb is retained as a fitting parameter. It de-
pends on the gradient of the electric field due to the
electrons, so is different in the ground and excited states.
The nuclear Zeeman coupling constants are set equal to
the ground-state values gRb(1 − σRb) = 1.8295 [55] and
gCs(1 − σCs) = 0.7331 [55].

The matrix elements of the non-nuclear part of ĤZ follow
the selection rule �J = ±1 for � = 0, and are therefore all
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off diagonal between 0+ and 0−. They are much smaller than
the separation � between 0+ and 0− and are proportional to
B, so they produce a contribution to the Zeeman effect that
is quadratic in B. The magnitude of their matrix elements is
known a priori, so that the quadratic Zeeman effect described
in Table III provides direct information on �, which is other-
wise difficult to determine.

Once the parameters of the model are set, we need
to compare the computed energies and magnetic shifts
to the experimental ones to obtain residuals that will be
used in the least-squares fit. Because hyperfine shifts are
largely insensitive to the rotational constant, we computed
the residuals of the manifolds for J ′ = 1 and J ′ = 2 inde-
pendently. However, the origin of energy used to present
the experimental results–chosen for each rotational mani-
fold as the position of the lowest-frequency line–does not
match the origin of energy of the model, which is the energy of
the spin-free level (0+, v′ = 0, J ′). Therefore, two additional
free parameters EJ ′=1 and EJ ′=2 are needed to align the calcu-
lated hyperfine structure with the experimental measurements.
These correspond to the energy difference between center
of gravity of the rotational manifold and the lowest-energy
hyperfine state experimentally observed in that rotational
manifold.

In summary, there are six free parameters of the model.
These are the energy gap � between the lowest rovibrational
levels of 0+ and 0−, the magnetic dipolar coupling con-
stants ARb and ACs, the electric quadrupole coupling constant
(eQq)Rb, and the energy shifts EJ ′=1 and EJ ′=2.

The least-squares fit is performed using the Python li-
brary lmfit with the Levenberg-Marquardt algorithm. The
initial set of experimental results included in the fit is the
thirteen energies of the J ′ = 1 and J ′ = 2 rotational levels of
v′ = 0 and the six related effective magnetic moments (see
Table II). In addition, the quadratic fit to the Zeeman shift for
the transition (1, 6)G → (0, 5)E, described above (Table III),
produces three magnetic data for J ′ = 0, namely, the param-
eters a0, a1, and a2. This gives a total of 22 data points
to fit.

Despite the simplifications described above, the fit was
unstable due to a strong correlation between the param-
eters. To resolve this, we began with a sequential fit
(referred to as Fit1 in the following) that takes advan-
tage of physical insight into the ways in which particu-
lar features of the spectra depend on the parameters of
the model.

As noted above, the quadratic coefficient of the Zeeman
effect in Table III depends mainly on the energy gap �

between the v′ = 0 levels of the 0+ and 0− states. Thus,
we run the fitting procedure with only five free parameters
and with � frozen to an arbitrary value. This procedure is
repeated for many values of �, allowing us to identify sets
of parameters that correctly reproduce the quadratic Zee-
man shift. Since the simplified Hamiltonian of the model
ignores several small contributions, the fit is not expected
to reach the experimental accuracy (estimated at a few kilo-
hertz). The resulting parameters are reported in Table IV,
and the experimental energy levels are reproduced with a
mean error of 240 kHz. The uncertainty on � is obtained
first, from the variation of the quadratic Zeeman coefficient

TABLE IV. Best fitted values (with uncertainties) of the parame-
ters involved in the model for the substructure of the v = 0 level of
the 0+ state.

Fit1 Fit2

Parameter Value Uncertainty Value Uncertainty

� (GHz) 291 20 294 20
ARb (MHz) 940 92 987 86
ACs (MHz) 379 37 368 32
(eQq)Rb (MHz) 9.7 0.8 12 1
EJ ′=0 (MHz) – – 13.4 0.4
EJ ′=1 (MHz) 20.76 0.34 – –
EJ ′=2 (MHz) 17.53 0.37 – –
B0 (MHz) 515.96 0.10 515.95 0.03

a2 (Table III) with �: The experimental uncertainty on a2

determines the uncertainty on �. The uncertainty on the other
parameters is the quadratic sum of two independent uncer-
tainties of comparable magnitude. The first is provided by
the fitting routine itself. The second is deduced from a Monte
Carlo exploration of the variation of the parameters for about
1000 values of � randomly chosen within its uncertainty
interval.

Only four of the six lines predicted to states with J ′ =
1, M ′

F = 4 were initially recorded, making their assignment
unclear. We ignored them in the first step. After obtaining
reliable values for the parameters, the model was precise
enough to assign the four recorded lines, allowing us to re-
fine the fit by including them and to predict the position of
the two missing lines. The initially missing lines were then
measured, as described in Sec. III B, and included in the final
fit. To compare experiment and theory, we show the rela-
tive transition frequencies in the form of a stick spectrum in
Fig. 5.

The fit yields the positions of the center of gravity of
the manifolds for J ′ = 0, 1, and 2. This allows us to model
the rotational energies proportional to J ′(J ′ + 1). We extract
B0(0+) = 515.9(1) MHz, with an uncertainty related to those
on EJ ′=1 and EJ ′=2. Our result agrees with the value B0 =
516 MHz calculated from the experimental measurement of
Ref. [49]. Recently Mukherjee et al. reported B0 = 512 MHz
using an ab initio calculation [67], which is also close to our
result. Our result is more precise than that of Ref. [49] because
it includes hyperfine structure.

Table II shows that Fit1 yields line positions with an
average accuracy of about 240 kHz, which is much larger
than the experimental uncertainty. This is mostly due to the
neglected terms in the model Hamiltonian. Nevertheless, to
assess the robustness of the results, we relaxed the constraints
of Fit1 by treating B0 and � as free parameters, resulting
in the second fit Fit2. The rotational manifolds are now
included simultaneously, using the transition frequencies of
Table II (instead of the hyperfine shifts with respect to the
center of gravity), so we replace the parameters EJ ′=1 and
EJ ′=2 by a single global shift named EJ ′=0. To ensure con-
vergence when calculating the residuals, we replace the initial
option in lmfit to evaluate the uncertainties on energies by
another option that imposes a fixed model uncertainty σmodel in
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FIG. 5. Comparison between experimental and theoretical relative transition frequencies (hyperfine shifts) from J ′′ = 0 to J ′ = 1. The
upper panel shows the relative transition frequencies and the relative transition strengths extracted from the model (shown in Table II), while
the lower panel shows the experimentally observed relative frequencies only. The x axis shows the transition frequency relative to the observed
lowest-energy state with M ′

F = 5. Solid lines in the upper panel are shown in green, red, and blue, corresponding to upper states with M ′
F =

4, 5, and 6, respectively. The experimental observations are shown with markers in the lower panel using the same colors. The vertical position
of the marker indicates the M ′

F value, as shown on the y axis. Gray vertical lines in the lower panel are included as visual guides to facilitate
comparison between the experimental and theoretical results. The transitions that were initially unobserved in the experiment are indicated by
open green markers.

addition to the experimental uncertainty. The fitted parameters
of Fit1 are the starting values for Fit2. The optimal fit uses
σmodel = 160 kHz and results in a value of χ2

red close to 1,
with an average accuracy of 179 kHz in the line positions. We
see in Table IV that the fitted values of � and B0 are robust,
as the two fits are consistent with each other. The parameter
that changes the most between the two fits is (eQq)Rb, which
characterizes the weakest interaction in the model; this sug-
gests that its value partially compensates for the limitations of
the model.

For completeness, we tried to refine the fit by treating
(eQq)Cs and the nuclear g factors as free parameters. This
did not give reliable values for these parameters due to their
expected weak contributions.

E. Transition dipole moments

We measure the vibronic TDM by driving Rabi oscillations
on the spin-stretched transitions (0, 5)G → (1, 6)E. The Rabi
frequency here is related to the TDM through

h̄� = 1√
3
μ0,v′E = 1√

3
μ0,v′

√
2I

cε0
, (6)

where � is the angular Rabi frequency, μ0,v′ is the TDM, and
E is the amplitude of the electric field of the probe light driv-
ing the oscillation with intensity I . The transition linewidth

�0,v′ is then related to the TDM by

�0,v′ = ω3
v′

3πε0h̄c3
|μ0,v′ |2, (7)

where ωv′ is the angular transition frequency.
We measure Rabi oscillations for the transitions (0, 5)G →

(1, 6)E for v′ = 0, 1 using circularly polarized light propa-
gating approximately along the quantization axis. We pulse
the resonant probe light on with an acousto-optic modula-
tor for a variable duration and then measure the number of
ground-state molecules remaining as a function of the pulse
time. The results are shown in Fig. 6. We fit the data with
a damped oscillation to extract the Rabi frequencies. The
calculated values of TDM and transition linewidth from the
experimental measurement are compared with the theoretical
values in Table V.

There are two sources of uncertainty in the TDMs and the
transition linewidths. The first is the uncertainty of the Rabi
frequencies from fitting and the second is the shot-to-shot
fluctuation in the probe power. For the latter, we record the
power for each shot and then compute the standard deviation
over the measurement to quantify the uncertainty.

We observe that there is a decay in the oscillation am-
plitude due to dephasing. The decay times of the Rabi
oscillations amplitudes for v′ = 0 and 1 are also extracted
from fitting as 1.8(1) and 3.1(2) µs, respectively. We attribute

023005-9



ARPITA DAS et al. PHYSICAL REVIEW RESEARCH 8, 023005 (2026)

s s

FIG. 6. Rabi oscillations between (0, 5)G and (1, 6)E for (a) v′ =
0 and (b) v′ = 1. The lines are fits of a damped Rabi oscillation
model to the data. Note that the two measurements were taken using
different probe intensities 30(1) and 46(2) mW/cm2, respectively.

the dephasing to a combination of factors: laser power fluc-
tuations (both from shot to shot and during a single pulse),
frequency noise on the laser due to noise on the PDH lock,
magnetic field noise that affects the transition frequency,
Doppler shifts due to molecular motion, and small inho-
mogeneities in the intensity distribution over the molecule
cloud.

F. Natural linewidths of the excited state

The vibrational levels of the b 3�0 state can decay on
multiple transitions. This sets the lifetime of the excited state,
τ0 and hence the natural linewidth, γ e

0,v′ = 1/τ0.
We measure the lifetime of the excited state (1, 6)E for

v′ = 0 and v′ = 1 by directly measuring loss from this state.
We transfer the molecules from (0, 5)G to (1, 6)E using a π

pulse of the resonant probe beam. The molecules are then
held in the excited state for a variable time before they are
transferred back to the ground state by another π pulse of
the probe. Around half the molecules are lost due to imper-
fections in the π pulses. The number of molecules in the
ground state is measured as a function of the hold time, from
which we extract the lifetime of the excited state by fitting
to an exponential model of the decay. Loss measurements of
(1, 6)E states for v′ = 0 and at v′ = 1 are shown in Fig. 7,
and the lifetimes and hence the natural linewidths are given in
Table V. The uncertainties in their values are purely from the
uncertainty of the fitting.

TABLE V. The TDM and linewidthsa of transitions to v′ = 0
and v′ = 1 of the b 3�0 state. The TDM and transition linewidths
are calculated from the Rabi frequencies of Fig. 6 and the associated
intensities. The lifetime and natural linewidth of the excited states
are derived from the loss measurement of Fig. 7.

�hf
0,v′ μ0,v′ �0,v′ (kHz) τ0 γ e

v

v′ (kHz) (Debye) Theory [38] This work (µs) (kHz)

0 897(7) 0.65(2) 15.5 14.1(7) 12.3(1) 13.0(9)
1 855(7) 0.50(1) 6.84 8.2(4) 7.20(4) 22.1(8)

aThe values of �0,v′ , γ e
v′ are reported in Hz (cycles/s). Conversion to

angular units (rad/s) requires multiplication of the reported numerical
values by 2π [68].

s s

FIG. 7. Measurement of the lifetimes of molecules prepared in
the state (1, 6)E for (a) v′ = 0 and (b) v′ = 1.

Our results are consistent with the transition to v′ = 0
being vibrationally closed as �0,0 ≈ γ e

0 . The lower limit for
the probability of decay from v′ = 0 to v′′ = 0 is greater
than 79% at the 95% confidence level. This is a significant
difference from that observed for the equivalent transition in
NaRb, where measurements suggested significant loss due to
spontaneous emission to the triplet ground state a 3�+ [45].

IV. CONCLUSION

We have investigated transitions from the lowest vibra-
tional level of the electronic ground state X 1�+ to the
lowest few vibrational levels of b 3�0 and have observed
well-resolved hyperfine structure associated with these transi-
tions. We have measured vibrational, rotational, and hyperfine
splittings, effective magnetic moments, transition dipoles, and
excited-state linewidths. Our findings suggest that the v′ = 0
level has a greater than 79% probability to decay to v′′ = 0
at the 95% confidence level, which makes this transition a
promising candidate for implementing proposed techniques
for direct detection of bialkali molecules [40,42]. The narrow
linewidth may also be useful for laser cooling [39,43], as the
associated Doppler temperature (∼300 nK) is significantly
lower than the temperature currently achieved for gases of
RbCs.

We have fitted the observed transition frequencies to ob-
tain excited-state spectroscopic parameters. These include
the rotational constant, hyperfine coupling constants, and
the separation between the 0+ and 0− components of the
b 3�0 electronic state. This work complements previous spec-
troscopy performed on RbCs in heat pipes. The results will
help us to develop an improved model of magic-wavelength
trapping conditions and extend coherence times for ultracold
RbCs molecules [36,37].
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APPENDIX: MATRIX ELEMENTS OF THE TERMS COMPOSING Ĥeff

Following Refs. [63,70], the matrix elements are expressed in the uncoupled basis

|i〉 = |n, JMJ p, IRbmRbICsmCs〉, (A1)

| j〉 = |n, J ′M ′
J p′, IRbm′

RbICsm
′
Cs〉. (A2)

They are displayed below for Rb for simplicity, and similar terms are present for Cs.
The electric quadrupole operator, ĤQ(Rb) = q̄(Rb) · eQ̄(Rb), has matrix elements

〈 j|HQ|i〉 = δpp′
(eQq)Rb

4
(−1)J ′+J−�′+IRb−MJ −m′

Rb ×
√

(2J + 1)(2J ′ + 1)

(
J ′ 2 J
�′ �� �

)(
J ′ 2 J

−M ′
J �MJ MJ

)

×
√

(2IRb + 1)(2IRb + 2)(2IRb + 3)

2IRb(2IRb − 1)

(
IRb 2 IRb

−m′
Rb �mRb mRb

)
. (A3)

The dipolar magnetic operator can be expressed in terms of a single effective coupling constant, along the lines summarized
in Table II of Ref. [63]. It has matrix elements

〈 j|ĤMD(Rb)|i〉 = δpp′ARb(−1)J ′+J−�′+IRb−MJ−m′
Rb ×

√
(2J + 1)(2J ′ + 1)

(
J ′ 1 J
�′ �� �

)(
J ′ 1 J

−M ′
J �MJ MJ

)

×
√

IRb(IRb + 1)(2IRb + 1)

(
IRb 1 IRb

−m′
Rb �mRb mRb

)
. (A4)

The electronic term ĤZJ = gJμB �J · �B in the Zeeman Hamiltonian has matrix elements

〈 j|ĤZ|i〉 = δpp′δMJ M ′
J
δmRbm′

Rb
δmCsm′

Cs
δ��′ (−(gL − gS ))μBBZ(−1)MJ −�′√

(2J + 1)(2J ′ + 1)

×
(

J ′ 1 J
�′ �� �

)(
J ′ 1 J
M ′

J �MJ MJ

)
. (A5)

where BZ is the magnitude of the applied magnetic field.
The nuclear term ĤZI (that is, the second term in ĤZ) has matrix elements

〈 j|ĤZI |i〉 = −δi jgRb(1 − σRb)μNBZmRb. (A6)
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