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Universal feature in optical control of a p-wave Feshbach resonance
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We report the experimental results on the optical control of a p-wave Feshbach resonance by utilizing a
laser-driven bound-to-bound transition to shift the energy of a closed-channel molecule state. The magnetic field
location for the p-wave resonance as a function of laser detuning can be captured by a simple formula with
essentially one parameter, which describes how sensitively the resonance depends on the laser detuning. The key
result of this work is to demonstrate, both experimentally and theoretically, that the ratio between this parameter
for the m = 0 component of the resonance and that for the m = 31 component, to a large extent, is universal.
We also show that this optical control can create intriguing situations where interesting few- and many-body
physics can occur, such as a p-wave resonance overlapping with an s-wave resonance or the three components

of a p-wave resonance being degenerate.
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I. INTRODUCTION

The capability to control the interaction strength between
atoms has led to tremendous progress in the field of ultracold-
atomic gases. Magnetic-field-induced Feshbach resonance is
one of such powerful tools and has been widely used in
studying strongly correlated degenerate atomic gases [1].
Another technique for tuning interatomic interactions is the
optical Feshbach resonance, in which a pair of atoms in the
scattering states is coupled to an excited molecular state by
a near photoassociation resonance laser field [2]. The optical
Feshbach resonance offers a more flexible spatial and temporal
control of interaction since the laser intensity can vary on
short-length and -time scales [3,4]. However, it also suffers
from rapid losses of atoms due to the light-induced inelastic
collisions between atoms.

Recently, an alternative method of optical control has been
implemented to avoid the problem of atom losses, in which
the optical control is combined with the magnetic Feshbach
resonance [5—14]. The key idea is that instead of coupling
atoms in scattering states to a bound state, the laser in-
duces a bound-to-bound transition between the closed-channel
molecule responsible for a magnetic Feshbach resonance and
an excited molecular state. In this way, the laser can shift the
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energy of the closed-channel molecule, and thus moves the
location of the magnetic Feshbach resonance. This method has
been recently demonstrated in both ultracold Bose [6,8,11] and
Fermi [10,12] gases. It has been shown that the atom-loss rate
can be reduced by an order of magnitude, while the advantage
of high resolution of spatial and temporal control is still
maintained. To distinguish this method from the conventional
optical Feshbach resonance, we shall refer to it as the optical
control of a magnetic Feshbach resonance.

The p-wave interaction plays a crucial role in many quan-
tum many-body systems [15-21], especially in the realization
of topological superfluids [22—24]. Thus, intensive experimen-
tal efforts have been made on p-wave Feshbach resonance in
the last decade [25-33]. In this paper, we apply the method
of optical control to a higher partial-wave magnetic Feshbach
resonance. We will highlight the universal features in such
an optical control. In addition, we will show that interesting
situations such as degenerate p-wave and s- and p-wave
overlapping resonances can indeed be created.

This paper is arranged as follows: In Sec. II, we describe our
experimental setup and show the bound-to-bound spectroscopy
for excited “°K, molecules, which is used as a frequency
calibration in our further experiments. In Sec. III, we show
the shift of p-wave resonance, which is induced by a laser
beam polarized along the direction of the magnetic field
(i.e., the mw-polarized light). In this section, we focus on the
universal feature of such optical shift. Section IV is devoted
to the theoretical explanation of that universal feature. The
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laser-induced overlapping of s- and p-wave resonance is
illustrated in Sec. V. In Sec. IV, we show the shift induced
by the laser with polarization perpendicular to the magnetic
field (i.e., the o-polarized light). Some discussions are given
in Sec. VII. In the Appendix, we show some detail of our
theoretical analysis.

II. EXPERIMENTAL SETUP

Our experiment is performed with a “°K Fermi gas in the
F = 9/2 manifold with atom number N =2 x 10° and at
temperature 7/Tr = 0.3 in a crossed 1064 nm optical dipole
trap. Here, Tr is the Fermi temperature defined as Tp =
(6N)'3hw/ kg, with @ ~ 2 x 80 Hz labeling the geometric
trapping frequency. The fermionic atoms are transferred to
the |9/2, — 9/2) state as the initial state via a rapid adiabatic
passage induced by aradio frequency (rf) field at 5 G. Then, the
Fermi gas is transferred to the |9/2, — 7/2) state using arf field
with duration of 30 ms at B =~ 219.4 G, where the frequency of
center is 47.45 MHz and the width is 0.3 MHz. In addition, we
can also prepare the Fermi gases at the |9/2, — 5/2) state via
transferring atoms in the |9/2, — 7/2) state to the |9/2, — 5/2)
state by a rf field of 7 pulse.

Subsequently, a homogeneous magnetic bias field Beyp
produced by quadrupole coils is applied in the Z axis (gravity
direction). The laser beam propagating along ¥ or Z, respec-
tively, is used as the tool to manipulate the p-wave Feshbach
resonance. The laser beam is extracted from a continuous-wave
Ti-sapphire single-frequency laser and focused at the position
of the atomic cloud with 1/ €2 radii of 200 pm, which is larger
than the size of the degenerate Fermi gas. The laser beams
are frequency shifted by an acousto-optic modulators (AOM),
which allows precise control of the laser intensity and duration
of the pulse.

In order to observe and control the p-wave Feshbach
resonance, we start with the ultracold Fermi gases in the
[9/2, —7/2) state at B >~ 219.4 G. Then we adiabatically
ramp the magnetic field to the various expected field Bexp
in 1 ms, and hold 20 ms to observe the atomic losses at the
|9/2, — 7/2) state by counting the number of atoms. Then the
laser is switched on and couples the closed-channel molecular
state to the excited molecular states, as shown in Fig. 1(a).
Finally, we immediately turn off the laser beams, the optical
trap, and the magnetic field, and let the atoms ballistically
expand in 12 ms and take the time-of-flight (TOF) absorption
image. The number of atoms in the [9/2, —7/2) state is
obtained from the TOF image.

To calibrate the experimental setup, we first measure the
bound-to-bound spectroscopy for excited “°K, molecules be-
low the 2P, 2+ 2, /2 threshold near p-wave Feshbach reso-
nance. The magnetic field Bey, is set to be 198.3 G. At this
value, the atoms are subject to inelastic loss since the energy of
the closed-channel molecular state m = 41 coincides with the
energy of two free atoms. When the laser illuminates the atomic
gas and is near resonant with a bound-to-bound transition
from ¢, to one of the excited molecular states ¢, shift of
the resonance position is induced by the ac-Stark effect, ex-
hibiting displacement of the peak of atomic loss spectroscopy.
Figure 1(b) shows the bound-to-bound spectroscopy near
p-wave Feshbach resonance. Here, the laser intensity is
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FIG. 1. Energy-level diagram and excited molecule state spec-
troscopy. (a) Schematic diagram of the energy curves of two atoms.
A bound-to-bound transition from closed-channel molecular state ¢,
to one of the excited molecular states ¢, occurs when a near-resonant
laser with frequency w; is applied. Two curves at the low-energy end
denote the energy of two single-component “°K atoms in the electronic
ground state. The curve at the high-energy end denotes the energy
of two atoms composed of one electronic ground-state atom and
one electronic excited state atom. (b) Bound-to-bound spectroscopy
below the %P, 2+ %, ,2 threshold near p-wave Feshbach resonance
of 19/2, —7/2) ® 9/2, —7/2) at the magnetic field B = 198.3G.
(c) Bound-to-bound spectroscopy below the ’p, 2+ 25, /2 threshold
near s-wave Feshbach resonance of 9/2, — 9/2) ® 19/2, — 7/2) at
the magnetic field B = 202.1G.

I = 60 mW and the laser wavelength ranges from 771.5 to
772.7 nm.

We compare this bound-to-bound spectroscopy near
p-wave Feshbach resonance with that near s-wave Feshbach
resonance of [9/2, —9/2) ® [9/2, —7/2) at the magnetic
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field B = 202.1 G, shown in Fig. 1(c), which was reported
in our earlier work [10]. In Ref. [10], Feshbach molecules are
prepared in the BEC regime of the resonance at B = 202.1 G
and the atomic loss spectroscopy is measured during the laser
drive of the bound-to-bound transition. The bound-to-bound
spectroscopy obtained by these two different ways shows a
high level of consistency. The observed peaks in the bound-to-
bound spectroscopy near p-wave Feshbach resonance corre-
spond to the vibrational level of the excited molecular states.
There should be the multisubstructures at each vibrational
level induced by vibration, rotation, hyperfine interaction,
and Zeeman interaction of molecules, which were observed
in the bound-to-bound spectroscopy near s-wave Feshbach
resonance in Ref. [10].

In addition, in this work we focus on the influence of
the laser beam on the magnetic Feshbach resonance point.
In our system, there are two main loss mechanisms, i.e.,
the three-body loss induced by the three-body recombination
process, and the two-body loss induced by the spontaneous
emission of the excited molecule states. Both of the loss effects
are significantly enhanced when the resonance occurs. Thus, in
our experiments, we measure the total atom loss as a function of
magnetic field and identify the magnetic field with maximum
loss to be the resonance point.

III. OPTICAL SHIFT OF RESONANCE POSITION
AND THE UNIVERSAL FEATURE

We start with the p-wave resonance for two atoms in
9/2, —7/2) ® 19/2, — 7/2) with a magnetic field along the
Z direction. Because of the magnetic dipolar interaction, the
m = 0 resonance occurs at a slightly higher field of 198.8 G
and the m = %1 resonance at a slightly lower field of 198.3 G,
asshowninFigs.2(bl)and 2(c1). We first consider the situation
that a laser with linear polarization along Z (i.e., the 7 -polarized
light) is applied to the sample, as shown in Fig. 2(a). Both the
rotational and the time-reversal symmetry are still preserved,
under the condition that the photon recoil energy is sufficiently
weak compared to the detuning and can be safely ignored.
Hence, the m = %1 resonances remain degenerate even in the
presence of the optical control laser.

When the laser is red detuned to the bound-to-bound transi-
tion, the energy of the closed-channel bound state is effectively
pushed down due to the coupling to the excited molecular state.
For the p-wave Feshbach resonance of |9/2, — 7/2) ® [9/2,
— 7/2), the magnetic momentum of the closed channel is larger
than that of the open channel. Consequently, it requires larger
Zeeman energy to bring the bound state to threshold, and the
Feshbach resonance moves toward high magnetic fields. When
the laser detuning becomes smaller, the bound-state energy
experiences stronger level repulsion. As a result, the shift of
the resonance position becomes larger. As shown in Fig. 2(c),
we find that the position of the m = 0 resonance moves much
faster than those of the m = %1 resonances as the detuning
decreases. For instance, when the red detuning is ~1.55 GHz,
as shown in Fig. 2(c4), the m = =£1 resonance is only shifted
to 198.8 G and the m = 0 resonance is shifted to 201.6 G.

When the laser is blue detuned, the energy of the closed-
channel molecule is effectively pushed to higher energy, and it
therefore requires less Zeeman energy to bring the molecule to
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FIG. 2. The p-wave Feshbach resonance manipulated by a laser
field with polarization parallel to the external magnetic field. (a)
Schematic diagram of the laser beam and the external magnetic field.
(b),(c) Atom-loss measurements of the p-wave Feshbach resonance
of 9/2, —7/2) ® |9/2, — 7/2) (located at 198.3 G for m = 1 and
198.8 G for m = 0 without laser field) as a function of the magnetic
field for (b) blue and (c) red laser detuning. The laser field drives a
bound-to-bound transition around w,, >~ 388.105 THz. The intensity
of the laser is 50 mW.

threshold, and consequently the Feshbach resonances move
toward lower magnetic fields. Similarly, the resonance of
m = 0 moves faster. Hence, for small detuning, the m =0
resonance locates at a lower field than m = 1 resonance,
as shown in Fig. 2(b4). Nevertheless, when the detuning
becomes larger, it will eventually recover the situation in the
absence of the laser field, that is, the m = 0 resonance locates
at a higher field than the m = %1 resonance, as shown in
Fig. 2(b2). Hence, at a specific intermediate detuning, the
m = 0 resonance will overlap with the m = %1 resonance,
creating another interesting situation that all three resonances
appear as a single resonance. This is indeed observed, as shown
in Fig. 2(b3). In other words, this happens when the difference
in dipolar interaction energy between molecules is canceled by
the difference in the molecular ac-Stark effect. In this specific
situation, the SU(2) rotational symmetry is restored.

To clearly visualize how the resonance position is shifted
by the laser, in Fig. 3 we plot the magnetic field location as
a function of the laser detuning. In Fig. 3(a), we consider the
p-wave resonance for spinless “°K in the |9/2, — 7/2) state
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FIG. 3. The position of the shifted Feshbach resonance as a function of the laser detuning. (a),(b) p-wave Feshbach resonance of two atoms
in the |9/2, —7/2) ® |9/2, — 7/2) state [25] at about 198 G using a bound-to-bound transition with frequency (a) we, >~ 388.105 THz and
(b) we, ~ 388.31 THz. (c) p-wave Feshbach resonance of two atoms in the [9/2, —5/2) ® [9/2, — 5/2) state [34] at about 232 G using a
bound-to-bound transition with frequency w., 2 388.105 THz. The curves are obtained by fitting experimental data using Eq. (1).

[25] and the bound-to-bound transition at we, 2~ 388.105 THz;
and in Fig. 3(b), we consider the same p-wave resonance but
a different bound-to-bound transition at we; >~ 388.31 THz. In
Fig. 3(c), we consider a different p-wave resonance for spinless
40K in the |9/2, — 5/2) state [34] with the bound-to-bound
transition at a similar frequency as Fig. 3(a).

In Fig. 3, we also show that all these cases can be well
captured by the simple equation as

(1)

M(Bm — Byo) = _Re|: ](m) :|7

A—iy/2

where B,, and B, are the magnetic field position for reso-
nances in the presence and in the absence of the laser field,
respectively, p is the magnetic moment difference between
the closed and open channels, A is the laser detuning from the
excited molecular states, and y is the spontaneous-emission
rate of excited molecular states. /(m) represents the laser-
induced coupling between the closed-channel molecule and
the excited molecular state. The right-hand side of Eq. (1) is
simply the laser-induced energy shift of the closed-channel
bound state. This formula can be derived from a microscopic
coupled-channel model [35,36].

By fitting the data shown in Fig. 3 with Eq. (1), we find
1(0)/1(£1) =~ 2.1, 1.9, and 1.9 for Figs. 3(a)-3(c), respec-
tively. This strongly indicates that 7(0)/I(%1) is a universal
number. Here, universal means that this ratio is not sensitive
to either the choice of closed molecule, that is, which p-wave
resonance to start with [e.g., Figs. 3(a) and 3(c)], or the choice
of the excited molecular state, that is, which bound-to-bound
transition to couple to [e.g., Figs. 3(a) and 3(b)].

IV. THEORETICAL EXPLANATION OF
THE UNIVERSAL FEATURE

Here we offer a theoretical explanation of why 7(0)/1(£1)
is indeed universal. To start with, let us state the necessary
quantum numbers to describe a diatomic molecular state in the
center-of-mass frame. r, denotes the displacement between
two nuclei, and r., and r, are the displacements between the
two electrons and the center of mass. The necessary quantum
numbers include (i) the total angular momentum / and its Z
componentm (here, X, ¥, and Z label directions in the laboratory
frame), (ii) the projection of L., + L., along the direction

of £,, denoted by A, (iii) n, denoting the vibration between
two nuclei, and a set of quantum numbers {n.} describing
the vibration of two electrons, and (iv) the quantum numbers
describing the electron and nuclear spin degree of freedom.

For the problem considered here, it is quite reasonable
to make the following assumptions: (i) The energy splitting
between different spin states is much smaller compared to the
laser detuning, such that we can ignore the spin-orbit coupling
and the hyperfine coupling, and therefore we will not explicitly
include the electron and nuclear spin degree of freedoms. (ii)
The energy splittings between states with different quantum
number / are also considered to be small compared to the laser
detuning and, therefore, we treat them as “degenerate” states in
the laser coupling. (iii) The radial wave functions of the excited
molecular states are not sensitive to the quantum numbers /
and m. Assumptions (ii) and (iii) are essentially based on the
consideration that the molecules involved in this process are
deeply bound such that their wave functions largely reside in
the centrifugal barrier.

Moreover, due to the rotational symmetry along Z, m is a
good quantum number between the initial and final states. With
assumptions (i) and (ii), the laser coupling between closed and
excited molecular states is proportional to

2

. (@)

n

li,m,ki,{ni},ni>

I(m) x Z |(lf,m,)»f,{n£},nfl|fo
It

where Ty denotes the 2 component of r., + r.,, and f and i
in the upper superscript label the quantum numbers for the
initial- and final-state quantum numbers, respectively. Since
we consider a p-wave resonance, the closed-channel molecule
should be a p-wave one, that is, I' = 1; and for two alkali
atoms in the electronic ground state (X orbital), Al = 0. In
the expression for 1(m), the different choice of n! and {n!}
corresponds to different closed-channel molecules and, thus,
different p-wave resonance; and the different choice of n! and
{ng} corresponds to different excited-state molecules and, thus,
different bound-to-bound transition frequency.

The key theoretical result is to show that I(m) can be
factorized into

I(m) = gm, AOHh({nl},nl {nl}.n} A7), 3)

012702-4



UNIVERSAL FEATURE IN OPTICAL CONTROL OF A ...

PHYSICAL REVIEW A 97, 012702 (2018)

where g and & are two functions. This result follows from as-
sumption (iii) and the use of the Born adiabatic approximation.
Thus, we can see that 7(0)/1(%1) only depends on A" and

1(0) {3 for A =0,

IED | 1/2for Af = £1. @

1(0)/1(£1) is independent of nfl, {ni}, nin, and {nie}, that is to
say, it is independent of the choice of p-wave resonance and,
up to these two different values, it is independent of the choice
of the bound-to-bound transition. The detailed proof of Egs. (3)
and (4) can be found in the Appendix.

This result provides a qualitative explanation of the ex-
perimental observations. Assuming the three cases shown in
Fig. 3 all come from excited molecular states with A =0,itis
consistent with the fact that the m = 0 resonance always moves
faster than the m = %1 resonance, and the ratio 7(0)/1(%1)
is nearly a constant. The quantitative difference between
our theoretical and experimental results is likely due to the
assumptions (i)—(iii) being not perfectly obeyed in practice.

V. OVERLAPPING OF s- AND p-WAVE RESONANCE

Recently, several works have predicted that interesting
many-body physics can occur when a p-wave Feshbach
resonance sits nearby an s-wave one [37—40]. For instance,
it has been predicted that for a one-dimensional Fermi gas
with strong s-wave interaction, an extra p-wave interaction
can make the system favor an itinerant ferromagnetic phase,
providing a new mechanism for itinerant ferromagnetism

Fraction

+1 s- + p-wave
' 200 204 208
Magnetic Field (G)

FIG. 4. Overlapping a p-wave Feshbach resonance with an s-
wave resonance by applying a laser field. (a) Loss measurements
of the p-wave Feshbach resonance of [9/2, —7/2) ® [9/2, —7/2)
as a function of the magnetic field for red laser detuning. (b) Loss
measurements of the p- and s-wave Feshbach resonances of [9/2,
—7/2) ®19/2, —9/2) as a function of the magnetic field for red
laser detuning. The laser beam propagating along the J axis is linearly
polarized parallel to the external magnetic field and red detuned by
1.1 GHz.

[39,40]; and it has also been predicted that the interesting
pairing structure can happen for a three-dimensional Fermi
gas with overlapping s- and p-wave resonances [37,38].
Nevertheless, without the optical control, even in the most
promising situation of “°K, the p-wave resonances sitting at
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FIG. 5. The p-wave Feshbach resonance manipulated by the
laser field with the polarization perpendicular to external magnetic
field. (a) Schematic diagram of the laser beam and the external
magnetic field. The laser beam propagating along the j axis is
linearly polarized perpendicular to the external magnetic field. (b),(c)
Atom-loss measurements of the p-wave Feshbach resonance of
19/2, —7/2) ® |9/2, — 7/2) as a function of the magnetic field for the
different blue and red laser detuning. (d) The resonance position of the
shifted Feshbach resonance as a function of the laser detuning. Three
different lines correspond to the m = 0 and m = %1 resonances,
respectively.
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198.3 and 198.8 G are still some distance away from the s-wave
resonance sitting at 202.1 G [41].

With our optical control, as shown in Fig. 4, for a red
detuning of 1.1 GHz, one of the resonances with m = 0 can
be shifted to the position very close to the s-wave resonance,
which has also been shifted a few Gauss by the laser. Figure 4(a)
shows the loss for a single-component Fermi gas with only
the 19/2, — 7/2) state and with applied optical control, and
Fig. 4(b) shows the loss feature for a mixture of [9/2, — 7/2)
and |9/2, — 9/2) with the same laser present. One can see
that one of the p-wave resonances is entirely buried inside the
s-wave resonance. In fact, by tuning the laser detuning, one
has the flexibility of controlling the relative position between
the p-wave and the s-wave resonances. Therefore, it creates
the situation where the predications from Refs. [37—40] can be
tested in this system.

VI. SHIFT INDUCED BY ¢-POLARIZED LASER BEAM

We also consider the situation where the laser polarization
is perpendicular to the magnetic field. In Fig. 5, we show the
case where the laser propagates along y, while the polarization
is along X. In this case, the laser breaks rotational symmetry
along Z and the m = =1 resonances split as a result. We find
that when the laser is red detuned and large in strength, one
of the peaks from the m = %1 manifold moves closer to the
m = (0 resonance and they become incidentally degenerate, as
shown in Fig. 5(c3). When the laser frequency is tuned further
to the resonance, the m = 0 peak moves much more quickly,
still consistent with the analysis in the previous part.

In Fig. 6, we show a different case in which the laser
propagates along the magnetic field direction, but the po-
larization is circularly (or linearly) polarized in the plane
perpendicular to the magnetic field (i.e., the x y plane). Here, we
fix the laser detuning at —2.6 GHz and find that the resonance
position behaves differently depending on the laser ellipticity
& (§ = 0 denote linear polarization, and § = &1 denotes o1
polarization.) Thus, we see that by combining laser detuning

e %
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199.0¢ 1
Q/Q/Q/Q

198.5 . ;
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FIG. 6. The p-wave Feshbach resonance manipulated by the laser
field propagating along the external magnetic field with circular
polarization. The position of the shifted Feshbach resonance as a
function of the ellipticity. Here, laser detuning is —2.6 GHz. Inset:
Schematic diagram of the laser beam and the external magnetic
field. Three different lines correspond to the m =0 and m = +1
resonances, respectively.

and ellipticity, one can almost independently control all three
resonances.

VII. CONCLUSION

In summary, we have studied the optical control of a p-wave
Feshbach resonance by utilizing bound-to-bound transitions
driven by alaser field. The main finding is a universal feature of
this optical control, that is, the ratio 7(0)/1(£1) to large extent
is a universal constant. By this optical control, we demonstrate
that intriguing scenarios can happen such as a p-wave reso-
nance overlapping with an s-wave resonance. We have also
considered the situation that the polarization of the laser is
not along Z, but in the xy plane. This breaks the rotational
symmetry and all three resonances will split. This allows us to
access independent control of all three resonances. Our work
opens many opportunities for investigating interesting few- and
many-body problems in these settings.
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APPENDIX: PROOF OF EQS. (3) AND (4)

Now we prove Egs. (3) and (4) in the main text by calculate
the intensity /(m) of the laser-induced coupling between the
closed-channel bound state and the excited molecular state.

We start with a brief introduction of the wave function
of the molecular state |I,m,\,n,,{n.}). Since the freedom of
the inner-shell electron can be safely ignored, a homonuclear
diatomic molecule, e.g., a molecule of two 40K atoms, can

<

A

€2

n
€1 Te, 2

X

FIG. 7. The coordinate system used in our calculation.
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be viewed as being composed of two nuclei n;, and two
outermost-shell electrons e; », (Fig. 7). We study the relative
motion of these four particles, which is decoupled from the
center-of-mass motion. Thus, as shown in Fig. 7, we choose
the origin of our coordinate system to be the center-of-mass
position, which is approximated as the middle point of the two
nuclei. We also define the x, y, and z axes to be parallel to
the ones of the laboratory frame. In our system, the molecule
wave function is a function of the relative position r, of the
two nuclei and the position re,, of the electrons e » (Fig. 7).
Notice that re, (i = 1,2) is actually the relative position of e;
and the center of mass of the two nuclei. As shown in the main
text, spin-orbit coupling and hyperfine interaction are ignored.
Thus, in our calculation, we only consider the spatial motion
of the electrons and nuclei.

In our system, the total orbital angular momentum of
all four particles is denoted by L, and the orbital angular
momentum of the electron e; (i = 1,2) is denoted by L,. For
simplicity, we ignore the fine and hyperfine interaction and
only consider the Coulomb interaction. Therefore, for our
system, the total angular momentum L and the component
of L., + L., in the direction of r, are conserved. Thus, the
molecule state can be denoted as |I,m,A,n,,{n.}), where [ and
m are the quantum numbers for L? and the z component of
L, respectively, A is the quantum number for the component
of L, + L., along the direction of r,, while n, and {n.} are
the nuclear and the electronic vibrational quantum numbers,
respectively. Under the Born adiabatic approximation [42],
the molecular wave function

\Ijl,m.)\ﬁn“,{ne}(rn;reprez) = <rn;re|arez lam,)‘-ann’{ne}) (Al)

can be factorized as

\Ill,m,)\,nn,[ne} (rn; Ie, 7rez)

(n) (e) .
= 1)0l,m,)u,nn,{ne](rn)l[f{ne},k(rn’ Te, 7r62)' (Az)
Here, 1//{(22}’ , 1s the wave function of the two outermost-shell
electrons when the positions of the two nuclei are pinned
down, and can be expressed as

—iLl®¢ —il®
W{(Z],)\(rn;relyrez) =e D 6¢{nc}.k(rn;rewrez)s (A3)

where r,, 6, and ¢ are the norm, polar angle, and azimuthal
angle of r,, respectively (Fig. 7), I:((f) (¢ = x,y,7) is the
component of L¢, + L., along the o axis, and ¢y, is
the electronic wave function when the nuclei are pinned
on the z axis, which satisfies L©@.);(rniTe, re,) =
A@(n.).1(Tn; e, Xe, ). Moreover, it can be shown that the nuclear
wave function ¥y , 5 n,.(n.}(n) can be further factorized as [43]

wl,m.}\,n",{ne}(rn) ZXI,m,)\.,iln,{ile}(rn)

2l + 1
?Dgfm(qﬁﬂﬁ),

(A4)
with Df\l,)m (o, B,y) being the Wigner’s D function and
Xi,m,pn{n.}(Tn) being the radial wave function of the nuclei.
With the above results, we can calculate the dipole transition
matrix element (If,m,Af,nl {(nf}|To|l1,m, 21 ni {nl}), which

n’

appears in Eq. (2). This matrix element can be expressed as

<lf,m,kf,n£,{ni}}fovi,m,ki,ni {n‘})

n’ e

* . '3
= /dreldrezdrn[\lllf!mdxf,ng,{ng}(rn,re],rez)To

X \Ijl‘,m,)\i,n}],{nie}(rn;relarez)]v (AS)

where
]Ab = (Zel + Zez)’

with z, (i = 1,2) the z component of r.,. For future use, we
further define the operators

) |::F(xel +xez) -
Ty = NG

with x¢, and y., (i = 1,2) being the x and y component of
re,, respectively. It is clear that Tj (j =0, £ 1) form rank-1
irreducible tensor operators under the total rotation of the two
electrons, and thus satisfy

(A6)

; (AT)

i(ye, + yez)]

oI o110 — S D) (6,6,0). (A8)
q'=0,%+1
Substituting Egs. (A3) and (A4) into Eq. (A2) andlthen into
Eq. (AS), and using Eq. (A8) and the facts that ' = 1 and
A' = 0, we obtain

(lf,m,)»f,nf],{n£}|f"0|li,m,ki,ni {n‘})

n’ [

f -
= (_I)A " 3(2lt + 1)A{ng},n{;,{n‘c},ni“,lf,m,)\f

It 1 1 It 1 1

X 3 9
A A o/)\—-m 0 m

J2

where (li‘l o n’f}) is the Winger-3j symbols and
Afntynt 1t mr 18 defined as

f
e

(A9)

A{ng},nﬁ,{n;},ni",lf.m,)uf

)
2., % -
:/O dry {rn le,m,xf,{,,g},ng(rn)X1i=1,m,xi=0,{n;},n;(rn)

X/dreldreg [¢Ekn£},}\f (Vn; Ie, 1r62)T)\,f¢{Vlie}.)\,i:0 (rn; Ie, 9re2)] } .

(A10)

In the derivation of Eq.
D,),($,6,0 = (=1y" DY)

m'm —m',—m

/ sin ¢pdpd6
4

(0 BN 2 3
- my my, mh)\m; my m3

are adopted [43]. Now we consider the dependence of
Aty nf ni)ni 11,mr ON the quantum numbers (" and m of the
final state. In the radial Schrédinger equation satisfied by
Xinty.nf 1t m,2f (1), the value of I" and m only influence the
intensity of the centrifugal potential which is proportional to
—r;2, and thus do not have strong effects for the deep bound
state. As shown in the main text, here we assume that the
excited molecular states are deep bound states and thus assume

(A9), the relations that
(¢,0,0) and

D, ($.6,0D,7 ($.6,00D,7) ($,6,0)

mhm;

(Al1)
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the radial wave function x(ui) af it m,at(rn) to be approximately
independent of the values of I’ and m. Therefore, according to
Eq. (A10), the parameter Aty uf {ni).ni ifm.af 18 also indepen-
dent of [ and m. Therefore, we can simplify the notation

(A12)

A{ng},n,r,,{n;},n:],lf,m,)\r - A{n@],n,ﬂ,{né},nL,A“
and rewrite Eq. (A9) in a more concise form as

<lf,m,kf,n£, {ni} | fb|li,m,)»i,ni {ni })

n’ €

= (=" "V3QIT+ DAty at gy o

If 1 1 1 1
X .

2 A 0)\-m 0 m
Equation (Al3) shows that the dependences of
(5 m A i} nf | ol m, AT {ni},nl) on I' and m are all
included in the Winger-3 j symbols and the factor /3(2If + 1),
and thus can be evaluated precisely. Substituting Eq. (A13)

into Eq. (2), we immediately obtain the laser coupling intensity
I(m):

(A13)

I(m) = gm AHh({nk}ng,{ni}nb A, (A14)

where
. , oo
g(m,k)=;3(21 +1)<_Af N 0)
x(lf : 1>2 (A15)
-m 0 m)’
and
h({nt}onl (n)mhn) = |Augag o (A16)

Equation (A14) is simply Eq. (3).

Furthermore, using Eqs. (A14)-(A16), we can immediately
obtain the result /(4+1) = I(—1), as well as Eq. (4). Notice
that this result is independent of the value of {ng}. This result
means that if the 7 -polarized laser couples the closed-channel
bound state of the magnetic Feshbach resonance to the excited
molecular states with AT = 0 (i.e., the states in the electronic
% orbit), then the shift of the resonance point for m = 0 is
more significant than that for m = 1. On the other hand,
if the excited molecular states have Af = +1 (i.e., the states
are in the electronic IT orbit), then the shift of the resonance
point for m = =£1 is more significant than that for m = 0. This
result implies that in all of our experiments, the laser induces
the coupling to the excited molecule states with AT = 0.
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