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In this supplemental material, we discuss the calculation of the radio-frequency spectra arising
from confinement-induced dimers and polarons in a quasi-two-dimensional Fermi gas. We determine
the dimer binding energies, including both the tight axial confinement and the nonzero transverse
confinement. We provide the probabilities for dimer-to-dimer transitions and the shape of the dimer-
to-scattering state spectrum. We also find the energy and quasi-particle weights for polarons in the
two-dimensional gas and the corresponding resonance frequencies for polaron-to-polaron transitions.
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We begin by reviewing briefly in § I the radio-frequency
spectrum arising from confinement-induced pairs, in-
cluding final state interactions, but ignoring many-
body effects, using the method employed for the three-
dimensional case by Chin and Julienne [1]. We consider
mixtures of the three lowest hyperfine states of °Li, de-
noted |1), |2), |3). For the conditions of our experi-
ments in a 12 mixture at 720 G, the observed 2 — 3
threshold spectrum is well described by a 12-dimer-to-
13-scattering-state transition. In contrast, at 834 G, the
predicted dimer spectrum is in marked disagreement with
the data. In particular, we find that the difference be-
tween the ground and excited state dimer energies is too
small. In § II we determine the energies for noninter-
acting confinement-induced polarons. We find that the
locations of the observed resonances for a 12 mixture near
834 G are well modeled by the predicted energy difference
between isolated state 2 polarons and state 3 polarons,
in a bath of atoms in state 1.

I. CONFINEMENT-INDUCED DIMERS

A simple golden rule calculation gives the radio-
frequency-induced transition rate out of the initial state
to all possible final states R;(wrf) = Y. p R, where

Ryc; = (2n/h)|H},|?6(E — E; — hw,y), with H}, =
Qi (F|I)/2. Here, Qy; is the Rabi frequency for chang-
ing the hyperfine state of a single atom from the cho-
sen populated state (i) to the initially unpopulated state
(f) and (F|I) is the overlap between the initial and fi-
nal wave-functions for the relative motion of the atom-
pair. Since the center of mass energy does not change
in the rf transition, £y — E; is the total change in the
atomic hyperfine energy (= hwy;) plus the change in
the energy of the relative motion of the pair Fr — Ej.
Since Y o (F|I)|? = 1, [dw,s Ri(wyf) = (7/2)Q3,. We
define a normalized spectrum I(w) where R;(wrf) =
(7/2)0%; I(w) and w,f = wy; +w, with w the frequency
relative to the (unshifted) free-atom hyperfine transition
frequency. Then, I(w) = >, (F|I)|> hd(Er — Er — hw)

and [ dwl(w) = 1.

For transitions between bound dimer states, we deter-
mine the resonance frequencies from the difference be-
tween the binding energies for the initial and final dimer
states. In a 1-2 mixture, for transitions from an occu-
pied state 2 to an initially empty state 3, the expected
bound-to-bound transition frequency is then determined
by the difference between the 1-2 dimer and 1-3 dimer
binding energies. We note that interactions arising from
2 — 3 scattering do not shift the 2 — 3 transition fre-
quency [2, 3].

To determine the spatial wavefunctions and the pair
binding energies, we note that the range of the two-body
interaction is small compared to the interparticle spac-
ing as well as to the harmonic oscillator confinement
scale I, = /h/(mw,). In this case, interactions be-
tween atoms in two different spin states are well described
by the s-wave pseudopotential in three dimensions [4],
V(r) = (4nh%a/m)d(r)d.(r...), where r is the distance
between the atoms, m is the mass of a single atom and
a is the magnetically tunable s-wave scattering length.
The spatial wavefunctions are readily written in terms of
the Green’s function G g(r) for the relative motion of the
two atoms in the confining potential, which we take to be
harmonic, with ground state energy Ey. The two-atom
scattering states with energy ' = Ey+ E5, where Es > 0,

take the form ¢,(r) = J('i) (r) — aGg_(r)u,(0), where

J(EOB is the input state and ¥ = w/r with u regular at
r = 0. For the bound states, where there is no input, we
have ¢y (r) = —a G, (r) u;(0), where E = Ey — E}, with
Ey, > 0. Using 0, [rp(r)]r—0 = u;(0) yields the equa-
tion for the binding energy [4], 1 = —a 0, [rGg, (r)]r—o0,
where the right side projects out the regular part of G
at r = 0. For a three dimensional harmonic trap, the
Green’s function is
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where £ = FEy + ehw,, with ¢ = —¢, for bound
states and € > 0 for scattering states. Here, f;(n) =

\/25]/(1 _e—ZiﬁjTl)’ with BZ = 1) Bm,y

= Wy y/w, and



l; = 1./+/B;. After subtracting the irregular part of G
and changing to real variables, we determine the dimer
binding energies E, = eyhw, > 0 from
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The dimer binding energy is significantly increased for
nonzero transverse confinement. At resonance, where
l./a =0, for v) /v, = 0 we obtain E, = 0.245 hv,, while
for v /v, = 1/25 we obtain E, = 0.290 hv,. At 842
G in the shallowest trap, the binding energy of the 13
dimer is increased from 0.15 kHz without transverse con-
finement to 0.78 kHz with transverse confinement. We
compute the pair binding energy F}, = ¢, hw, as a func-
tion of magnetic field using the s-wave scattering lengths
a measured in Ref. [5].

The scattering state is determined using u,(0) =
u’go)(O)/{l + a0, [rGg, (r)]r—o0}. Using the relation
(one-to-one correspondence) between the scattering
length and the bound state energy, we have u/(0) =
u’io)(O)/{a [Gg,(r)— GEg,(r)]r—0}, where Ej is the bind-
ing energy corresponding to the scattering length a and
we have used 0,{r[Gg,(r) — Gg,(r)]r»0} = [Gg.(r) —
GEg,(r)]r—0, which is regular at » = 0. Then, the scat-
tering state takes the form

G, (r) ' (0)
[Gr.(r) — Gr, ()]0

Ys(r) = 9§ (r) - (3)

1(0)

where u'

at r =0.

For 2 — 3 transitions in a 12 mixture at 834 G,
the binding energies are small compared to the en-
ergy difference between symmetric axial states 2hw,,
which are coupled by the s-wave scattering interaction.
In this case, the Green’s functions, and hence the 1-
2 and 1-3 bound states and the 1-3 scattering states,
are well approximated by axial ground state compo-
nent. For the scattering state Green’s function, ig-
noring the transverse confinement in Eq. 1 and taking
FE, = e hw, = K2 ki /m, the axial ground state com-
ponent is G{” (2, p) = ¢o(2) [ dz' ¢o(2") Ge, (2, p), where
¢o(z) is the axial ground vibrational state for the relative
motion (reduced mass = m/2), which is real. It is easy
to show by direct integration that

60 (z.p) = () en(0) {mim? (2= ] @

where /el /l. =k, is the transverse wavevector. For a
bound state, the axial ground state Green’s function is
G (z,p) = ¢o(z) [ dZ'¢o(2") G, (2, p), which is readily
obtained from Eq. 1 and corresponds to taking /e, —
i\/€p in Eq. 4. We obtain

G(z.p) = o) anl0) {20 (22) . 9

(0) = 1(395)(0)7 since the input state is regular

Eq. 5 yields the normalized bound state,

=

where E, = €, hw, is the pair binding energy for the
given scattering length, and h2/i2/m = E, e, Kk =
Ve /l.. The 1-2 bound state to 1-3 bound state transi-
tion strength is then determined by the overlap between
of the modified Bessel functions, Ko(k12p) and Ko(k13p),

where r13(13) is determined by 6;2(13). The 1-2 bound to

1-3 bound contribution to the lineshape is then given by

e, (2:0) = ¢o(2) —= Ko(rp), (6)

Ibb(v) = ebb(q) 5[1/ — (6;{2 — 6%3)1/2], (7)

where v, is the axial harmonic oscillator frequency in Hz
and v is the rf frequency in Hz, relative to the bare 2-
3 hyperfine transition frequency of ~ 83 MHz. For the
axial ground state, the frequency integrated bound to
bound transition strength can be written compactly in
terms of ¢ = In(e}3/et?),

2

/du Top(v) = enn(q) = m o

We plot €, as a function of magnetic field in Fig. 1 for
the general case, valid for both weak and tight binding of
the 1—2 or 1—3 dimers, including the contribution of the
first 50 even axial states. For comparison, we show the
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FIG. 1: Bound 12 dimer to bound 13 dimer transition frac-
tion versus magnetic field for v, /v, = 1/25. Upper curves
(red online): Trap depth Uy = 280 uK, v, = 82.5 kHz; Lower
curves (blue online) Uy = 21 uK and v, = 24.5 kHz. Solid
lines denote the square of Frank-Condon overlap integral, in-
cluding the first 50 even axial states. Dashed lines denote the
corresponding results using only the ground axial state, Eq. 8.

weak binding approximation given by Eq. 8, which in-
cludes only the ground axial vibrational state. For small
binding energies, increasing the trap depth significantly



increases the pairing energy, increasing the overlap inte-
gral for bound-to-bound transitions.

From Fig. 1, we see that for a trap depth Uy = 21 uK
at 720 G, the 2 — 3 transition in a 12 mixture is dom-
inated by bound-to-free transitions. In contrast, at 834
G, the corresponding bound-to-bound transition is dom-
inant and increases with increasing trap depth.

In the same weak binding approximation as used for
the bound states, again neglecting the transverse con-
finement, the two dimensional box-normalized (to area
A) 1-3 scattering state takes the form v, (z,p) =
b0(2) e, (p), with By = e hw, = h*k3/m. Assum-
ing that the incident transverse state is the azimuthally-
symmetric part (I = 0) of a box normalized plane-wave

state exp(ik, - x1)/VA, ie., Jo(kip)/VA, Eq. 3 with

u'{”(0) = po(0)/V/A gives
IR N m Ho(k
%JP)—\/Z{ o( LP)_W 0( LP)},

where we have used

(i Hy" (pv/eL /1) = 2 Ko(pv/@/12)him po
=mi+In(ep/eL).

We determine the overlap integral of the 1-2 bound
state Eq. 6 with the 1-3 scattering state Eq. 9 and inte-
grate the transition rate using the density of transverse
states, A/(27)? 27k, dk, , to obtain the 1-2 bound to 1-

3 scattering state contribution to the lineshape, which
takes the form of a threshold function,

Iyp(v) =

e;;VZ POV —e 1/2) . (10)
[ )

Note that [dv Is(r) =1 — e (q), as it should. We find
that Eq. 10 well fits the radio frequency spectra obtained
at 720 G, where the dimer binding energy is larger than
the transverse Fermi energy.

II. POLARONS IN A TWO-DIMENSIONAL
FERMI GAS

For radiofrequency 2 — 3 spectra obtained near 834
G in a 12 mixture, we find that the difference between
the calculated dimer binding energies significantly un-
derestimates the observed frequency shifts, as shown in
Figs. 2, 3, and 4 of the main paper. We consider the
possibility that the spectra may arise from transitions
between polaronic states, as the atom produced in state
3 is naturally an impurity. Further, the polaron energy is
significantly more negative than the corresponding dimer
energy when the transverse Fermi energy is larger than
the dimer binding energy and is therefore energetically
preferred [6].

To estimate the polaron energies, we consider either
an isolated impurity atom in state 2 or in state 3, im-
mersed in a bath of atoms in state 1. We note that for

the 2 — 3 transition, the interaction between states 2
and 3 does not affect the transition frequency of the co-
herently rotated hyperfine state. We employ the method
described for polarons in three dimensions in the supple-
mentary material of Schirotzek at al. [7], which is based
on the zero momentum polaron wavefunction proposed
by Chevy [8], which for a polaron in state i = 2,3 takes
the form

E:) = 0i0)i [FS)1 + Y ¢rald — k)i cfycqr [FS)1.
q<kp<k
(11)

Here, the first term describes an impurity 7 of zero mo-
mentum in a Fermi sea of atoms in state 1 for which the
net momentum is zero. Collisions between the impurity
and the background atoms couple the zero momentum
impurity state to that with momentum q — k, producing
a particle-hole pair from the Fermi sea of atoms in state
1 with net momentum k — q, conserving the total zero
momentum.

For the 2D calculations, we replace the box normaliza-
tion volume in the supplementary material of Schirotzek
at al. [7] by the corresponding area A, so that the polaron
energy in 2D takes the form

1
Epi = Z Z f(Epi7Q)a (12)
q<kp
where
FUEmd) =t g 3 = . (13)

90 k>k — €q + €q—k — Epi
Here, €, = h*k?/(2m) and kg is the local Fermi wavevec-
tor Wlth Er = h*k%/(2m) the corresponding local trans-
verse Fermi energy.

Following Zollner et al., Ref. [6], we assume that the
effective bare interaction U arises from a short range
2D potential, so that the matrix elements Uy = go/A4
are momentum independent. gy can be rewritten using
the physical two-body T-matrix element in 2D, 1/gg =
1/T23(k0) — (1/A) Zk 1/(26}C — 2€k0)- This method is
similar to that employed previously [6, 9, 10]. Here,
we choose the T-matrix element Ty, = Tap(ko)/A so
that the scattering rate calculated using the generalized
Golden rule reproduces the scattering rate obtained from
the 2D flux corresponding to Eq. 9. Then Tap(ke) =
h? f(ko)/m, with f(ko) = 4m/[mi + In(Ey/e.)]. Here,
€1 = 2¢, and By = elw, is the dimer binding energy
calculated from Eq. 2. Both the mi term and the kg de-
pendence in To (ko) are canceled by correbponding terms
in the sum (1/A4) >, 1/(2¢ — 2¢x,), so that f~1(Ey;, q)
is independent of kg as it should be. For attractive po-
larons with energy E,; < 0, we then obtain the simple
integral equation e(L;) = X(L;, ¢;), where

Z:/l —2du
S Jo LA/ -52—u+(1-§-%)]




Here, €(L;) = ¢; = E,i/Ep and L; = In(E}"/EF) for an
impurity in state ¢. Eq. 14 yields the polaron energies
Ep; = €; Ep for the initial and final states ¢ = 2, 3, using
the binding energies El}i = eéihwz determined from Eq. 2.

Fig. 2 shows the attractive polaron energies obtained
from Eq. 14, which agree with the numerical results of
Ref. [6] and the approximate analytic result of Ref. [11].
We see that the polaron energy F, is a large fraction of
the local Fermi energy, which can be much larger than
the corresponding dimer binding energy Ej.
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FIG. 2: Polaron energy FE,/FEp versus In[Ey/Er], where E,
is the dimer binding energy and Er is the local Fermi energy.

For radiofrequency transitions between impurity states
2 — 3 in a bath of atoms in state 1, the momentum of
the impurity does not change. We therefore assume the
coherent part of the spectrum is given by

I(hw) = Zo Z3 0[hw — Eys + Epa], (15)

where |¢fs002]? = Z2 Z3 is the square of the overlap
integral between the part of the initial and final polaron
states that yields the coherent part of the spectrum. We
determine Zo = |pgz|? using Z; ' = 1 — O%(Ly,€)/0e,
with € — Epo/EF, as described in Ref. [7] for the 3D
problem, and similarly for Z3 = |pg3|?. Fig. 3 shows
the quasiparticle weight Z obtained from Eq. 14. For the
dimer binding energies in a 12 mixture near 834 G, Table
1 of the main paper, we find that Z5 ~ 0.85 and Z3 ~

0.94 for the shallowest trap depth, both close to unity.
Hence, we expect that the overlap between the initial and
final polaron states is strong and that transitions between
polaron states should make an important contribution to
the spectrum.

In the limit that the dimer binding energy is small
compared to the local Fermi energy, ie., E, << Ep,
one verifies from Eq. 14 that the corresponding polaron
energy yields the limiting form [6, 11]
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FIG. 3: Polaron quasiparticle weight Z versus In[E;/EFr],
where Ej is the dimer binding energy and EF is the local
Fermi energy.

which can be interpreted as an effective mean field shift,
since Er is proportional to the 2D density n, (p). At 842
G, where the dimer binding energy is reasonably small
compared to the transverse Fermi energy in our experi-
ments, this formula overestimates the magnitude of the
polaron energy difference E,3 — Ep,» by about 10% for the
most shallow trap. At 811 G, it overestimates the energy
difference by about 40%. As Fj is not small compared to
FEr for most of the data, it is not surprising that Er can-
not be adjusted in Eq. 16 to give the measured frequency
differences.
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