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Feshbach spectroscopy of an ultracold 41K-6Li mixture and 41K atoms
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We observe 69 41K-6Li interspecies Feshbach resonances including 13 elastic p-wave resonances and 6 broad
d-wave resonances of 41K atoms in different spin-state combinations at fields up to 600 G. Multichannel quantum-
defect theory calculation is performed to assign these resonances and the results show perfect agreement with
experimental values after improving input parameters. The observed broad p- and d-wave resonances display a
fully resolved multiplet structure. They may serve as important simulators to nonzero partial-wave-dominated
physics.
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I. INTRODUCTION

Magnetic Feshbach resonance [1] provides an essential tool
in the study of ultracold-atom physics. Several breakthroughs
have been demonstrated by tuning the interaction strength with
Feshbach resonance, such as the formation of solitons [2,3],
the observation of Efimov trimer states [4–6], and the creation
of polar molecules [7]. Of particular interest are the broad
Feshbach resonances, which are useful for studying universal
properties in few-body and many-body atomic systems. Broad
s-wave Feshbach resonance offers a great opportunity to
study both weak-coupling Bardeen-Cooper-Schrieffer super-
fluid and Bose-Einstein condensation (BEC) of tightly bound
fermion pairs [8–11]. Broad high partial-wave resonances
hold great promise for the study of three-body recombination
decay [12], the formation of p-wave molecules [13], and the
realization of d-wave molecular superfluid [14].

Up to now, Feshbach resonances have been studied in most
of the laser-cooled atomic species [1,15,16]. Among them,
lithium and potassium atoms have attracted intense interest in
both experimental and theoretical studies. Many s- or p-wave
resonances have been reported in the isotopes of lithium
and potassium [2,17–20], in particular in two broad s-wave
resonances in 6Li [21] and 40K [22], respectively. Interspecies
Feshbach resonances have been studied in the Fermi-Fermi
mixture of 6Li and 40K [23,24]. The potential functions of
singlet and triplet states of the lithium-potassium mixture
have also been observed [25]. For the Bose-Fermi 41K-6Li
mixture, although the superfluid mixture has been realized with
the observation of vortex lattices [26], a full description of
its Feshbach resonance is still missing. Moreover, the recent
observation of a broad d-wave shape resonance in the lowest-
energy channel of 41K atoms [14] brings great promise for
the investigation of universal physics with strong coupling in

nonzero partial waves. Therefore, a more complete search of
the d-wave resonances in 41K systems is urgently required.

In this work, we report on an extensive experimental and
theoretical study of the s- and p-wave Feshbach resonances
in the 41K-6Li mixture and d-wave Feshbach resonances
in single-species 41K. We observe 69 interspecies Feshbach
resonances in ten spin combinations of the 41K-6Li mixture
and six broad d-wave resonances in four spin combinations
of 41K atoms (see Fig. 1 for the interested spin channels).
We perform semianalytic multichannel quantum-defect theory
(MQDT) calculations based on parameters reported in previous
literature [25] to identify these resonances. After fine-tuning
the singlet and triplet quantum-defect parameters, perfect
accord is achieved between the theoretical and experimental
results. In the case of interspecies Feshbach resonances, all
the observed s-wave resonances are identified as narrow res-
onances, while several p-wave resonances possess quite wide
resonance widths, which are also experimentally ascertained
by the distinct doublet structure on the loss spectroscopy.
For the single-species 41K system, all the d-wave broad
resonances possess a fully resolved triplet structure on the loss
spectroscopy, which exactly demonstrates that they are from
real d-wave to d-wave coupling [14,27]. Our vast amounts
of experimental data and improved scattering parameters are
important to the future research on the 41K-6Li mixture and
41K system.

This paper is organized as follows. In Sec. II we briefly
introduce the experimental method for preparing the ultracold
41K and 6Li atoms and detecting the scattering resonances
therein. In Sec. III the details of the MQDT calculation are
given. In Sec. IV we present the results of s-wave and p-wave
resonances in the 41K-6Li mixture and d-wave resonances
in the single-species 41K system. Section V summarizes and
provides an outlook for future work.

2469-9926/2018/98(2)/022704(7) 022704-1 ©2018 American Physical Society

http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevA.98.022704&domain=pdf&date_stamp=2018-08-21
https://doi.org/10.1103/PhysRevA.98.022704


LIU, YAO, QI, WANG, WANG, CHEN, AND PAN PHYSICAL REVIEW A 98, 022704 (2018)

FIG. 1. Magnetic-field dependence of the atomic ground-state
energies of 41K and 6Li in different Zeeman levels. The levels of
interest are marked in red. Throughout this paper, we use channel
|ab〉 to indicate 41K in |a〉 and 6Li in |b〉, or a 41K in |ab〉 mixture,
and so on.

II. EXPERIMENTAL PROCEDURE

The experimental procedure to produce the ultracold
41K-6Li mixture has been described in our previous
works [20,26,28]. After radio-frequency (rf) evaporative cool-
ing in the optically plugged magnetic trap, we load about
9 × 106 6Li and 3 × 106 41K atoms into a cigar-shaped optical
dipole trap and immediately prepare them in the lowest spin
states. Then we increase the magnetic field to 435 G and
implement an 8-s forced evaporative cooling on 41K atoms
by lowering the laser intensity, while the 6Li atoms are
sympathetically cooled. Next the cold mixture is adiabatically
transferred into a disklike optical dipole trap, where two
elliptical laser beams with an aspect ratio of 4:1 are crossed
perpendicularly [with a wavelength of 1064 nm, a maximum
laser power of each beam of 1.1 W, and a 1/e2 axial (radial)
radius of 48 μm (200 μm)]. Further evaporative cooling of
8 s is performed within the disklike trap, where the ultracold
41K-6Li mixture with targeted atom numbers and temperatures
can be prepared by choosing an appropriate final laser intensity.
Finally, absorption imaging along the gravity direction is
applied to probe the two species in a single experimental run.

For the s-wave Feshbach resonance measurement, we pre-
pare the mixture at the lowest temperature with 2.2 × 105 41K
atoms at 60 nK or 0.65 the BEC temperature Tc and 5.5 × 105

6Li atoms at 270 nK or 0.5 the Fermi temperature TF to reduce
the temperature-induced broadened and resonance position
shift of the loss spectrum. We mention that the 6Li and 41K
atoms cannot reach fully thermal equilibrium because the sin-
gle spin 6Li atoms can only thermalize through collisions with
41K atoms and the cloud size difference between them is huge.
Fortunately, we find this effect does not affect the Feshbach
spectroscopy. For the p-wave resonance measurements, to
allow atom to tunnel through the centrifugal barrier, we prepare
the mixture at higher temperatures with 1.4 × 106 41K atoms
at 350 nK and 1 × 106 6Li atoms at 480 nK. Next, to prepare
different spin-state combinations, several Landau-Zener pulses
are successively applied to transfer the 6Li |a〉 and 41K |a〉
atoms to the desired spin states with efficiencies higher than
99%.

To facilitate the measurements, we use the same experimen-
tal sequence to produce the ultracold 41K atoms, but without
loading 6Li atoms at the magneto-optical trap stage. In order

to detect the triplet splitting of d-wave resonances, the cloud
is prepared at 310 nK, which is slightly below the Tc [14]
with more than 1.8 × 106 41K atoms. Then we fine-tune the
rf power of Landau-Zener pulses to prepare the targeted spin
combinations of 41K atoms. We mention that the background
lifetime for all the spin combinations of the 41K-6Li mixture
and pure 41K is more than 10 s, even for the inelastic scattering
channels, long enough for the following measurements.

After the initial state preparation, inelastic loss spectroscopy
is performed to detect the scattering resonances where en-
hanced atom losses occur due to three-body decay. For each
measurement, to reduce the systematic errors, the magnetic
field is ramped from 435 G to a few gauss below or above
the resonance in 50 ms, depending on whether the resonance
position is below or above 435 G, respectively. Then, after a
100-ms holding time at that magnetic field for equilibrium, the
magnetic field is quickly switched to a desired value and holds
for some time between 100 ms and 5 s. The waiting time is
carefully chosen for different scattering resonances such that an
obvious atom loss signal can be acquired and detectable atoms
still survive in the trap to reduce the saturation effects. Finally,
the magnetic field is ramped back to 435 G to simultaneously
detect the remaining 6Li and 41K atom numbers using resonant
absorption imaging. It is found that the loss signals of 6Li
atoms are not as good as those of 41K atoms, mainly due to the
large difference in cloud sizes between the 6Li and 41K clouds.
Therefore, we adopt only the results of 41K atoms to derive
the parameters of scattering resonances. Moreover, additional
measurements on single-species 6Li and 41K atoms are taken
to ensure that the observed loss spectra are solely contributed
by the interspecies interactions.

III. THEORETICAL PREDICTION OF FESHBACH
RESONANCES

To predict the position and other scattering parameters of
the Feshbach resonances, we adopt the semianalytical MQDT
developed in [29–31]. In this approach, two quantum-defect
functions Kc

S (ε, �) and Kc
T (ε, �) are required as inputs, where ε

and � are the scattering energy and angular momentum, respec-
tively. When completely neglecting the dependence on ε and
� and setting Kc

S (ε, �) = Kc
S (0, 0) and Kc

T (ε, �) = Kc
T (0, 0),

we can already obtain most of the resonance positions with
reasonable agreement compared to the experimental results
[27,32]. However, as pointed out in [32], including the �

dependence with a linear form in Kc
S (ε, �) and Kc

T (ε, �) greatly
improves the accuracy and extends the predicting power of this
MQDT.

Considering the correction from the ε dependence is usually
much smaller than that from the � dependence, we choose the
following form in the study of 41K-6Li resonances:

Kc
S (ε, �) = Kc

S (0, 0) + βS�(� + 1), (1)

Kc
S (ε, �) = Kc

T (0, 0) + βT �(� + 1). (2)

With such a choice of parametrization for Kc
S (ε, �) and

Kc
T (ε, �), all scattering properties in all partial waves and all

different hyperfine levels can be determined by four parameters
Kc

S (0, 0), Kc
T (0, 0), βS , and βT . In turn, these four parameters
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can be set with four different known resonance positions in
two different � (two resonances for each �) from experi-
ments. In practice, we choose two s-wave resonances at B =
352.46 G (channel |ba〉) and B = 410.54 G (channel |bc〉) and
two p-wave resonances at B = 210.09 G (channel |ca〉) and
B = 239.71 G (channel |cb〉) to set these four parameters. As
a starting point, we first relate the parameters Kc

S,T (0, 0) to the
singlet and triplet scattering lengths aS and aT , respectively,
through the analytic formula [30,33]

aS,T

ā
=

√
2
Kc

S,T (0, 0) + tan(π/8)

Kc
S,T (0, 0) − tan(π/8)

. (3)

If we take aS = 42.75a0 and aT = 60.77a0 from the litera-
ture [25], we get Kc

S (0, 0) = −3.2704 and Kc
T (0, 0) = 8.5430.

Taking these values of Kc
S,T (0, 0) to calculate the s-wave

scattering, the predicted resonance positions will deviate from
the experimental values from several gauss to dozens of gauss.
Fine-tunings of Kc

S,T (0, 0) are then necessary to get a better fit.
Finally, we get Kc

S (0, 0) = −3.1235 and Kc
T (0, 0) = 8.9785,

which results in the values aS = 42.24a0 and aT = 60.48a0.
Under these choices, the predicted s-wave resonance positions
agree perfectly with experimental results, as shown in Table I.

For the 41K-6Li p-wave resonances, the predicted resonance
positions with fine-tuned Kc

S,T (0, 0) still deviate from the
experimental values1 on the level of 10 G, if we simply neglect
the � dependence in Kc

S (ε, �) and set βS = βT = 0 in Eqs. (1)
and (2). Then, by further adjusting the values of βS,T to βS =
0.0455 and βT = 0.3407, we can also get perfect agreement
for the p-wave resonances between theory and experimental
results, as shown in Table II. As for the 41K resonances,
since we focus on the d-wave resonances in this work, we
only need two parameters Kc

S (0, � = 2) and Kc
T (0, � = 2),

which are fixed by two d-wave resonance positions. By
choosing the two resonances in the channel |aa〉 (see Table III),
we find Kc

S (0, � = 2) = 2.0985 and Kc
T (0, � = 2) = 11.2949.

Similarly, we can also see the excellent quantitative agreement
with the experimental data shown in Table III.

Finally, we want to emphasize that, our MQDT approach
is supposed to work much better on light alkali-metal atoms
while not so good for the heavy ones. The reason for this
is twofold: (a) Light atoms usually have smaller hyperfine
splitting energy compared to heavy ones, which justifies the
neglect of the energy dependence in Kc

S,T (ε, �), and (b) the
effects of anisotropic interactions including magnetic dipole-
dipole interaction and second-order spin-orbit coupling are
more important in heavy atoms, which are not taken into
account in our MQDT calculations. As a result, we expect
our MQDT to have a similar predicting power of resonances
of light atoms like Li, Na, and K and their mixtures while it
may not be so accurate on heavy ones like Rb and Cs.

Besides the resonance position, several other parameters
are required for a complete description of a well-isolated

1According to the Wigner-Eckart theorem, the resonance positions
without dipole-dipole interaction satisfy (B0 + 2B1)/3 (p wave) and
(B0 + B2)/2 (d wave), respectively, where B0,1,2 is the resonance
position of |m| = 0, 1, 2.

TABLE I. 41K-6Li s-wave Feshbach resonance spectroscopy.
Here Btheor and �theor are the theoretically predicted resonance
position and width from the MQDT calculation and Bexpt and �expt are
the corresponding experimentally determined values. All the above
resonances are identified as narrow resonances. The theoretical widths
that are less than 0.01 G are recorded as 0.01 G.

Channel Btheor (G) �theor (G) Bexpt (G) �expt (G)

|a, a〉 21.15 0.01 21.17(1) 0.13(1)
31.61 0.32 31.63(1) 0.31(2)
99.50 0.05 99.56(1) 0.16(1)

104.04 0.02 104.10(1) 0.14(1)
335.18 0.96 335.13(1) 0.42(1)
341.36 0.07 341.29(1) 0.17(2)

|b, a〉 34.34 0.01 34.39(1) 0.14(1)
46.29 0.43 46.33(2) 0.23(3)
99.30 0.01 99.40(1) 0.14(1)

114.84 0.05 114.93(1) 0.15(1)
118.96 0.06 119.04(1) 0.16(1)
352.46 0.91 352.49(1) 0.72(6)
361.52 0.33 361.45(1) 0.45(5)
369.45 0.01 369.20(1) 0.14(1)

|c, a〉 35.51 0.01 35.64(6) 0.13(1)
62.10 0.04 62.14(1) 0.14(1)

124.29 0.55 124.46(1) 0.26(1)
128.03 0.05 128.12(1) 0.15(1)
374.58 0.49 374.52(1) 0.24(1)
384.14 0.12 384.06(1) 0.16(1)
393.43 0.42 393.35(1) 0.21(1)

|c, b〉 83.83 0.06 83.90(1) 0.15(1)
154.90 0.04 155.00(1) 0.20(1)
160.94 0.16 161.04(1) 0.17(1)
402.20 0.90 402.23(1) 0.36(23)
409.89 0.17 409.83(3) 0.17(2)

|a, b〉 37.57 0.03 37.60(2) 0.69(7)
49.27 0.06 49.29(8) 3.81(24)

107.06 0.55 107.21(1) 0.26(1)
358.90 0.51 358.92(18) 4.68(74)
367.56 0.14 367.58(4) 1.21(13)
375.58 0.42 375.55(2) 0.30(3)

|a, c〉 78.27 − 0.01 78.29(1) 0.26(1)
88.09 0.02 88.09(1) 1.24(4)

154.18 0.04 154.29(2) 1.93(10)
163.95 − 0.05 164.04(1) 0.30(3)
389.38 0.11 389.21(9) 5.26(38)
398.30 0.32 398.27(5) 2.40(16)

|b, b〉 63.86 0.12 63.41(1) 0.21(1)
130.25 0.23 130.34(2) 0.74(5)
142.70 − 0.02 142.77(1) 0.17(1)
378.38 0.95 378.37(5) 3.79(15)
387.58 0.17 387.52(1) 0.65(3)
396.82 0.30 396.70(1) 0.51(4)

|b, c〉 103.98 0.01 104.01(1) 0.52(3)
172.08 0.01 172.25(8) 0.54(7)
176.53 0.03 176.64(3) 1.06(1)
410.54 0.45 410.55(12) 3.92(32)
417.74 0.12 417.77(7) 1.58(15)

|c, c〉 196.11 − 0.04 196.21(1) 0.14(1)
434.16 0.51 434.17(1) 3.13(34)
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TABLE I. (Continued.)

Channel Btheor (G) �theor (G) Bexpt (G) �expt (G)

|d, a〉 102.41 0.82 102.44(1) 0.36(2)
166.75 − 0.06 166.86(1) 0.43(2)
171.33 3.54 171.44(1) 0.48(3)
402.36 0.14 402.33(2) 0.95(5)
410.02 0.46 409.94(1) 0.61(3)

resonance. Close to each �-wave resonance, we have

a�(B ) = abg�

(
1 − �B

B − Bres

)
, (4)

where a� is the generalized �-wave scattering length or the
so-called scattering hypervolume and Bres is the position
of the resonance. Another two parameters ζres and δμ are
defined through the leading-order energy and magnetic-field
dependence of the quantum defect Kc0

� (ε, B ) around ε = 0
and B = Bres [34],

Kc0
� (ε, B ) = −w�ζ

−1
res

ε − δμδB

E6
+ O(ε2, δB2, δBε), (5)

where δB = B − Bres, w� = [(2� + 3)(2� − 1)]−1, and E6 =
h̄2/mβ2

6 = EvdW/4.
The quantity ζres characterizes whether the resonance is

open-channel (|ζres| � 1) or closed-channel (|ζres| � 1) dom-
inated. It was shown that ζres > 0 for the s wave and ζres < 0
for all high partial waves [34]. For a Feshbach resonance,
δμ defined in Eq. (5) is approximately equal to the magnetic
moment difference between the free-atom pair and the closed-
channel molecule. However, for a shape resonance, since there
is no closed-channel molecule, the value of δμ does not have
such a physical meaning. We can also show that ζres abg�, δμ,
and �B are related as

ζres = −w�

abg�

ā�

δμ�B

E6
. (6)

The above resonance parameters provide a complete descrip-
tion for each isolated resonance and are shown in Tables I–III.

IV. EXPERIMENTAL RESULTS

A. s-wave Feshbach resonances in the 41K-6Li mixture

We study the 41K-6Li interspecies s-wave Feshbach res-
onances for ten different spin combinations, including four
elastic channels (|aa〉, |ba〉, |ca〉, and |cb〉) and six inelastic
ones (|ab〉, |ac〉, |bb〉, |bc〉, |cc〉, and |da〉). Figure 2 shows a
typical inelastic loss spectrum of 41K for channel |ca〉, which
is fitted with the asymmetric Lorentz function N ∝ 1/[4(B −
B0)2 + ω2], where ω = 2ω0/{1 + exp[F (B − B0)]}, with F

the asymmetry parameter. It is quite interesting that the dis-
tance between two neighboring resonances is nearly identical
and the resonance width decreases monotonically from the low
field to the high field, which we also find for |ba〉, |ca〉, |ab〉,
and |bb〉 channels. For all ten spin combinations, we success-
fully find 56 s-wave Feshbach resonances for a magnetic-field
range between 0 and 600 G, which are summarized in Table I.
The magnetic-field accuracy is calibrated by rf spectroscopy
between the two lowest hyperfine states of 41K atoms for
several magnetic-field values and it is found to be better than
10 mG.

B. p-wave Feshbach resonances in the 41K-6Li mixture

Thep-wave resonances in the 41K-6Li mixture are measured
in the four elastic channels |aa〉, |ba〉, |ca〉, and |cb〉. Figure 3
shows two typical p-wave Feshbach resonances in the |cb〉
channel. The unambiguous doublet structure of the loss spec-
trum gives direct evidence of the p-wave resonance, where the
two peaks correspond to |m| = 0 and |m| = 1 resonances due
to the magnetic dipolar interactions [35]. The large doublet
splitting often implies that the p-wave resonances are broad,
which is also confirmed by the calculated resonance parameter.
Moreover, all of the loss curves display an asymmetric shape.
This is because the atoms can access the quasibound states
that lie above the threshold of the open channel due to their

TABLE II. 41K-6Li p-wave Feshbach resonance spectroscopy. Here Btheor and �theor are the theoretically predicted resonance position and
width from MQDT calculation and Bexpt and �expt are the corresponding experimentally determined values.

Bexpt (G) �expt (G) Bexpt (G) �expt (G)
Channel Btheor (G) �theor (G) (|m| = 0) (|m| = 0) (|m| = 1) (|m| = 1) ζres δμ/μB abg/āl

|a, a〉 154.23 18.89 154.42(1) 0.17(2) 154.19(1) 0.17(1) − 0.40 1.48 2.64
179.64a 0.27 179.64(3) 0.12(5) − 0.002 1.89 0.64

|b, a〉 24.66 − 18.19 24.26(1) 0.16(1) 24.97(1) 0.17(1) − 0.22 − 0.71 3.22
150.59 20.25 151.01(1) 0.17(1) 150.43(1) 0.17(1) − 0.30 0.82 3.30
187.57a 11.95 187.66(1) 0.13(2) − 0.09 1.37 1.04

|c, a〉 25.44a − 53.99 25.60(1) 0.17(1) − 0.23 − 1.06 0.73
65.25 − 10.25 64.71(1) 0.15(2) 65.68(1) 0.16(1) − 0.13 − 0.72 3.38

168.66 11.23 169.19(1) 0.16(2) 168.50(1) 0.16(1) − 0.14 0.65 3.44
210.09 − 8.52 210.19(1) 0.17(2) 210.06(1) 0.13(3) − 0.14 1.40 2.20
226.76 6.73 226.91(2) 0.22(9) 226.77(1) 0.15(1) − 0.06 1.74 0.93

|c, b〉 74.20 − 17.10 73.74(7) 0.15(7) 74.55(4) 0.16(2) − 0.30 − 1.07 3.00
205.40 22.41 205.79(2) 0.15(1) 205.33(1) 0.15(1) − 0.34 0.97 2.92
239.71 2.37 239.77(39) 0.14(9) 239.72(20) 0.15(11) − 0.02 1.50 0.86

aResonance where we observe only a single loss peak.
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TABLE III. 41K d-wave Feshbach resonance spectroscopy. Here Btheor and �theor are the theoretically predicted resonance position and
width from MQDT calculation and Bexpt and �expt are the corresponding experimentally determined values.

Bexpt (G) �expt (G) Bexpt (G) �expt (G) Bexpt (G) �expt (G)
Channel Btheor (G) �theor (G) (|m| = 0) (|m| = 0) (|m| = 1) (|m| = 1) (|m| = 2) (|m| = 2) ζres δμ/μB abg/āl

|a, a〉 17.79a −184.4 16.83(1) 0.44(2) 17.19(6) 0.28(8) 18.75(1) 0.26(5) −263 − 12.22 9.01
530.38 4.54 530.48(1) 0.17(3) 530.40(4) 0.13(3) 530.18(2) 0.15(2) −2.50 1.98 21.47

|a, b〉 25.47a 1804.3 25.31(2) 0.28(5) 25.41(23) 0.17(40) 25.74(1) 0.43(3) −258 − 10.16 − 1.09
544.15 3.23 544.93(1) 0.16(1) 544.79(1) 0.16(2) 544.34(11) 0.15(15) −1.76 1.98 21.25

|b, b〉 64.79a −999.4 63.30(1) 0.38(4) 63.69(8) 0.30(16) 65.16(6) 0.45(9) −16.5 − 0.58 2.21
564.11 5.56 565.23(4) 0.17(5) 565.05(1) 0.16(5) 564.53(3) 0.15(6) −0.43 0.30 20.06

|c, c〉 105.66a −185.1 104.47(1) 0.43(5) 104.95(1) 0.32(4) 106.27(1) 0.34(3) −126 − 5.99 8.76

aBroad shape resonance (all others are broad Feshbach resonances).

nonzero kinetic energy and thus cause enhanced loss of them.
Another intriguing feature is the asymmetric shape inversion
of the two loss spectra. In Fig. 3(a), the threshold edge of the
two resonances appears on the low-magnetic-field side, while
in Fig. 3(b) it appears on the high-magnetic-field side. We
attribute this to the different sign of δμ. If δμ > 0 (δμ < 0), the
molecular state moves upward (downward) with respect to the
threshold of the open channel with increasing magnetic field,
which implies that the quasibound states exist at the higher
(lower) magnetic field. In addition, the locations of |m| = 0
resonances are also inverted due to the different sign of δμ,
which will be at higher (lower) field for δμ > 0 (δμ < 0).

The 13 experimentally measured p-wave Feshbach reso-
nances are tabulated in Table II, where ten broad p-wave
resonances are identified with a doublet structure. For the three
narrow p-wave resonances observed, only one loss peak can
be detected, possibly limited by the small splitting and the
controlled resolution of our magnetic field.

C. d-wave resonance of 41K atoms

For this study, we are only interested in the broad d-wave
resonances. We find six broad d-wave resonances in four spin
combinations of 41K atoms (|aa〉, |ab〉, |bb〉, and |cc〉), as
shown in Table III. Together with the one we reported in

FIG. 2. Normalized remaining atom number of 41K as a function
of magnetic field, near three s-wave resonances in the 41K-6Li channel
|ca〉. The solid line is the multipeak asymmetric Lorentz fitting curve.
The vertical dashed lines mark the fitted resonance positions. All the
data points are averaged out of five records and the error bars represent
the standard deviations.

Ref. [14], four of them are shape resonances, while the other
three are Feshbach resonances. As an example, Fig. 4 shows
the loss curves of two d-wave resonances in the |bb〉 channel,
where the one at lower magnetic field is a shape resonance.
They both display a triplet structure and an asymmetric
shape, hallmarks of the d-wave resonance. As for the p-wave
resonance, three peaks of the d-wave resonance correspond to
|m| = 0, 1, 2 resonances, which is also due to magnetic dipolar
interactions. Furthermore, the asymmetric shape inversions
are also observed due to the different sign of δμ for these
two resonances. Note that for the observed d-wave resonance,
the loss of the |m| = 0 resonance is much larger than the
|m| = 1, 2 resonances, which is because the dipolar interaction

FIG. 3. Normalized remaining atom number of 41K as a function
of magnetic field, in the vicinity of two p-wave resonances in channel
|cb〉. The solid lines are the multipeak asymmetric Lorentz fitting
curves. The vertical dashed lines mark the fitted resonance positions.
We can see an obvious doublet structure in both (a) and (b). Because
of the different sign of the δμ, the distributions of |m| = 0 and |m| =
1 resonances are inverted. All the data points are averaged out of
five experimental records and the error bars represent the standard
deviations.
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FIG. 4. Normalized remaining atom number of 41K as a function
of magnetic field, near two d-wave resonances in channel |bb〉 of 41K.
The solid lines are the multipeak asymmetric Lorentz fitting curves.
The vertical dashed lines mark the fitted resonance positions. We can
see an obvious triplet structure in both (a) and (b). Because of the
different sign of the δμ, the distributions of |m| = 0, 1, 2 resonances
are inverted. All the data points are averaged out of three experimental
records and the error bars represent the standard deviations.

can couple the s-wave scattering state to a d-wave bound
state with |m| = 0, while this is not the case for the p-wave
resonance. Moreover, when the 41K atoms are further cooled

to form a pure BEC, i.e., without visible thermal atoms, the
two peaks associated with |m| = 1 and |m| = 2 resonances
disappear. This is because in such a temperature, the kinetic
energy of atoms is too small to penetrate the d-wave centrifugal
barrier and thus the atomic loss induced by d-wave scattering
is negligible. We mention that all the features described above
are observed for all the reported d-wave resonances.

V. CONCLUSION AND OUTLOOK

We have done an intensive experimental study of the Fesh-
bach resonances of the 41K-6Li mixture and d-wave Feshbach
resonances of 41K with the aid of MQDT calculations and
confirmed the resonance positions with very high accuracy.
Several pretty wide p-wave resonances in the 41K-6Li mixture
and extremely broad d-wave resonances in the single-species
41K system were discovered. Both p- and d-wave resonances
have experimentally resolvable doublet or triplet structures,
respectively. The long background lifetime of the states pos-
sessing p- or d-wave resonances enables our system to be an
ideal platform to pursue many important nonzero partial-wave-
related physics.
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