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Signatures of macroscopic quantum coherence in ultracold dilute Fermi gases
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We propose a double-well configuration for optical trapping of ultracold two-species Fermi-Bose atomic
mixtures. Two signatures of macroscopic quantum coherence attributable to a superfluid phase transition for
the Fermi gas are analyzed. The first signature is based upon tunneling of Fermi pairs when the power of the
deconfining laser beam is significantly reduced. The second relies on the observation of interference fringes in
a regime where the fermions are trapped in two sharply separated minima of the potential. Both signatures rely
on small decoherence times for the Fermi samples, which should be possible by reaching low temperatures
using a Bose gas as a refrigerator, and a bichromatic optical dipole trap for confinement, with optimal heat-
capacity matching between the two species.
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I. INTRODUCTION allow for quantitative studies of quantum coherence in an

Degenerate Fermi gases are rather ubiquitous in nature dffracold Fermi gas. In Sec. Il we describe a geometry for an
both the microscopic and macroscopic level, from nuclea@ptical d|pole trap which creates a blsyable potential for both
matter to neutron stars. Studies of both their noninteractingh® Fermi species and the Bose species necessary to sympa-
and interacting features allow for the understanding of g&hetically cool the Fermi gas. In Sec. lll we discuss possible
wealth of physical phenomena occurring in the mesoscopigignatures for macroscopic quantum coherence through tun-
realm, in particular superconductivity. More recently, theneling phenomena in a regime where the laser intensity of
possibility to cool dilute samples of Fermi gases below thethe blue-detuned beam is kept low. In Sec. IV we describe
uK range has opened up a different route to identify some ofnterference experiments which should be able to disentangle
the fundamental features underlying interacting many-bodyetween a BCS or a BEC regime for the degenerate Fermi
Fermi system$1]. While Pauli blocking[2] and Fermi pres- gas by observing the dynamics of the fringe visibility during
sure[3,4] have been already evidenced, focus on interactinghe free expansion of the clouds. Macroscopic coherence in
properties has recently led to interesting effects in Fermiitself does not rely on the Fermi gas being in an effective
Bose mixtureg5], and in two-component Fermi gasé&3. In  BEC or a BCS state, as correlated Fermi pairs, either in a
particular, in the latter case evidence has been reported fonolecular stat¢BEC limit) or amany-bodystate(BCS limit)
anisotropic free expansions of a Fermi cloud when this isallways behave as quantum coherent systgths However,
brought to a deep degenerate regime. The data have beér the interference fringe experiment and BCS-paired fermi-
interpreted in terms of a superfluid state of the Fermi gas, agns, a sudden loss of fringe visibility is expected for large
predicted in Ref[7]. However, alternative interpretations in times of flight, while such a loss is not expected in the case
terms of hydrodynamic behavior of a high density Fermi gaf fermions coupled in a molecular state. Potential decoher-
are also plausiblg8]. More recently, various groups have ence sources and some technical difficulties to be overcome
used resonant superfluidifp—12 to explore the BEC-BCS are then discussed in the conclusive Sec. V.
crossovel[13—-15, with various claims for the formation of
bound states of many body character, as expected for in-
stance by BCS-like couplings, based on the dynamics of for-
mation of Fermi pairs and on collective propertj@$]. This
reminds of the previous situation of degenerate Bose gases, The configuration we analyze relies on using an optical
when various indirect evidences were collected for the exisdipole trap made of focused red-detuned beams for trapping
tence of a macroscopic quantum state by studying collectivéhe atoms, and further blue-detuned beams for their selective
properties. The final evidence was only achieved by explicdeconfinement. Such a bichromatic optical dipole trap could
itely showing quantum coheren¢&7] and, thereafter, mac- allow us to achieve a deep degenerate regime for a Fermi gas
roscopic quantum transport phenomena like superfluidityvhen the latter is sympathetically cooled through a Bose gas
[18] and quantized vorticeld 9,20. Analogously, we do ex- undergoing evaporative coolif@?2].
pect the coherence of the macroscopic wave function associ- Let us consider an optical dipole trap consisting of a
ated to a Cooper-paired state of Fermi atoms to play an imsingle red-detuned beagoptical source Lpropagating along
portant role to assess its superfluid nature. In this paper, winex axis, and a single blue-detuned beg@ptical source 2
discuss a configuration for an optical dipole trap that couldalso focused on the same spot, propagating along the or-

II. DOUBLE-WELL BICHROMATIC OPTICAL
DIPOLE TRAPS
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thogonal axisy. The resulting effective potential experienced
by the atoms of species (a=f for fermions anda=b for
bosong can be written as
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whereT=1/(Q,-Q;)+1/(Q,+€;) is a parameter related to
the detuning between the atomic transition angular frequen-
cies ,=2mc/\, and the laser beam angular frequencies
QO;=2mc/\; (\, and\; being the atomic transition and laser
beam wavelengths, respectivgly?; and w; are power and
waist of the laser beamRi:mNiz/)\i their Rayleigh ranges,
and 15¥=403T",/127c? is the saturation intensity for the
atomic transition. The potentiél) is well approximated by a
second-order Taylor expansion around xhaxis,

U.(Xy,2) =

(&

FIG. 1. Bistable potential for optically trapped Fermi-Bose mix-
tures. The plots represent the equipotential surfaces above the
minima of the potentiaU™ by an amountAU,=0.5, 2.5, 5, 10,

20 nK (from inner to outer shells, respectivglior Fermionic®Li
(top) and Bosonic®®Na (bottom). We assume a laser power Bf
=10 mW at\;=1064 nm,P,/P;=2.5X 1073 at \,=532 nm, and
waistsw;=w,=10 um. The atomic transition wavelengths axg
=671 nm and\,=589 nm.
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The expression fod ,(x) explicitly shows that there is a soft

attractive potential on the Rayleigh range scRlgand a

sharp repulsion around the origin on the beam waist lengt

T3P

U, (x) = 2
2

exp(- 2x2/vv§)) :
trapping frequency for fermions and bosons maintains a
value greater than unity, with a negligible decrease with re-
spect to the case of coaxial beams. This allows for efficient
sympathetic cooling of a degenerate Fermi gas and a less
rdegenerate Bose gas, through matching of the specific heats.

scalew,. The net effect of the beams is to establish a double!"deed the Bose gas, less degenerate, maintains its large clas-
well potential along thex axis with minima at ., sical specific heat at lower temperatures with respect to the

=(+x,,0,0 having at the same time a strong quasiharmoni¢"0re degenerate Fermi gib]. Third, this reduces the peak

confinement in thg-z plane. The transverse angular frequen-d(':‘nsr[y of the Bose gas at the center Of. the trap makiljg less
Cies .y (x)=] t9§Ua(X) Im, ]2 and w,,(x)=[ aﬁua(x) /m, M2 relevant both the boson-boson interaction, and most impor-

are one order of magnitude larger than the intrawell Iongitu-tang% ;Tle ft?\remflggt-lt)r?asfgolgéir:g(ogrience a hiaher potential
dinal angular frequencyw (X, =[d2U ,(x,)/m,]*2 For Y P gher p

atomic gases with chemical potential, satisfying Zw,,
LAy, o
quasi-one-dimensiondlLD) trapped gas analogously to that
obtained in highly elongated magnetic trd@s).

In Fig. 1 we show the potential energy for the Fermi an
Bose components in the case of tfid-**Na mixture, al-
ready brought to degenerate regirf@&], by assuming a
Nd:YAG laser emitting at\;=1064 nm as red-detuned

« the present configuration thus realizes a

barrier and a larger separation between the minima, strongly
differentiates the dynamics of the two species. As explained
in the following, the latter feature allows for two unambigu-
ous signatures of the macroscopic coherence associated to a

dpossible superfluid phase of the Fermi gas, based on tunnel-

ing oscillations and interference, respectively.

[II. TUNNELING PHENOMENA

source, and its second harmonic as blue-detuned source. De-
tails of the potential energy profiles are shown for the two Macroscopic tunneling phenomena have been success-
species in Fig. 2. It is evident that the bosonic species expdully explored in a Fermi liquid, namel§He [26], and it is

riences a double-well potential with larger distance an

dtherefore natural to explore their counterpart in dilute Fermi

higher potential barrier between the minima with respect taggases. In our configuration, by using sufficiently low barriers

the Fermionic one.

the tunneling probability for fermions may become large

Some comments are in order. The Fermi gas is alwaysnough to make the detection of the corresponding interwell
more deeply and strongly confined than the Bose gas, whichscillation feasible. Here there is a rich scenario due to the
is favorable for different reasons. First, this allows for a con-possibility of single-particle tunneling for both fermions in a
tinuous evaporative cooling of the Bose gas marginally af-degenerate but normal state and bosons in a thermal state
fecting the Fermi gas. Second, the ratio between the averadeither quantum or thermally activatedand macroscopic
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FIG. 2. Equipotential profiles in they plane ofU (x,y, 0) (left), for AU,=0.5, 2.5, 5, 10, 20, 30, 40, 50, 60, 70 fKom inner to outer
shells, respectively and potential energy along theaxis for the two specie@ight). The minima of the bistable potentials have been shifted
to zero for the sake of comparison, their values beiff'=-3.87 uK and Up""=-3.31 K. All trap parameters as in Fig. 1.

quantum tunneling of fermions in a BCS state and of bosons 0

in a BEC state. An oscillating tunneling current between the szzj 1 (X) 3 (x)dx ()
two wells of the trap is obtained by breaking the symmetry —

along thex axis by means of a tilting potential/(x)=bx, ) )

suddenly added to the trapping potentisj(x,y,2), e.g. us- IS the overlap integral.

ing Zeeman shifts generated by a quadrupole magnetic field 10 evaluate the macroscopic tunnelirlg current for the re-
with symmetry axis along the direction. alistic trap potential2), the eigenvalue&? andE; and the

The evaluation of the macroscopic tunneling current iscorresponding eigenfunctions; and ¢; must be found nu-
particularly simple within the quasi-one-dimensional ap_men'cally. Due to the strongly dlfferen_tlated tunneling dy-
proximation(2) of the potential. Suppose that the total num-"amics for bosons and bosonized fermions, we have the hard
ber N, of trapped (bosons or bosonized fermionatoms numerlcal problem of fmdmg_ exceedmgly small energy split-
avaliable for macroscopic tunneling is in the ground state ofiNgs- The selective relaxation algorithm proposed in Ref.
the potential3) and lety,(x) be the unit-normalized associ- [27]_ allows us to sc_)Ive the problem at least in the parameter
ated wave function. If a tilting potentidl(x) =bx with small reglloanf p;ysmal mtetre:[ﬁt. litud d th lar f
bias parameteb is added at tim&=0, the evolution of the n Fg. 5 we report the amplitude an € anguiar re-
system wave function can be obtained as

Va0 = I B0 + 35500, (4) oL N ]
where ¢{(x) and ¢5(x) are the first two eigenfunctions, with —
eigenvaluesEf and EJ, respectively, of the tilted potential 'ﬁ
U,(x)+V(x) and the coefficients{ andcj are given by =3

<l.‘ \\ \\
(44 +°° « H gS—‘\ \\\ 7
¢'= ()P x)dx,  1=1,2, (5) I .
, oA [ SLiSLi

In the absence of decoherence phenomena the evolution of M~
the macroscopic wave functigd) gives rise to condensate /" \®Na
fractions in the left and right wellg\(t) andNF(t) oscillat- e ——— o o oo oo
ing in time with N5(t)+NR(t)=N,. The corresponding cur- ' ' b (uK/pum) ' "

rent is easily evaluated as
ANt d (0 A FIG. 3. Macroscopic coherence of the Fermi gas through tun-
@ N — |¢ (x,t)|2dx: A sin Eat' (6) neling experiments. Dependence of tunneling current amplitude per
dt Yt “ unit of available atom#,/N,, (solid line) and tunneling angular
frequencyAE,/# (dashed lingfor 2*Na and®Li-®Li Cooper pairs
with A,=2cicyci,N,AE, /% the amplitude of the tunneling versus bias strength. For the sake of comparison, amplitude and
current, depending upon the energy splitting,=E5—E7,  frequency of bosons have been multiplied by.IThe trap param-
and eters are as in Fig. 1.
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quency of the currents for macroscopic tunnelindldf ®Li T T
Cooper pairs and of the Bose condensed compon X
versus the tilting parametdy. For both species there is an
optimum value of the bias maximizing the observability of
tunneling oscillations, with a maximum valde,=4 s ob-
tained for a bias value of the tilting potentiab
=14 pK/um. Tunneling current and frequency for the Bose
gas are smaller by five orders of magnitude with respect to
the analogous quantities of the Cooper pair gas. This results
from the exponential sensitivity of quantum tunneling to the
different potentials experienced by the two species and to
their different masses. i 1
Provided that the number of Cooper pairs is large enough, O e e
the modulation of the number of atoms in the two wells can ! B/P,
be evidenced by using nondestructive phase-contrast imag-
ing. The low intensity of the blue-detuned beam required to FIG. 4. Macroscopic coherence of the Fermi gas through inter-
create a tunneling regime in the presence of a magnetic traprence experiments. Dependence of fringe spadipgor *Na
with limited confinement strength prevented observation obosons andLi-°Li Cooper pairs vsP,/P;. We assume a time of
tunneling phenomena in the experiment described in Reflight t=10 ms.
[.17] (s_ee also Ref[2_8] fqr a recently achleved_bl§table con- looking at the interference fringes resulting after their release
figuration. In the situation proposed here this issue is Cirtrom a bistable potentidlL7]. The latter was obtained by the
cumvented due to the possibility to change both the intenSiéombination of a harmonié potential created by a magnetic
ties of the beams while maintaining their ratio constant, a rap, and a blue-detuned beam focused on the magnetic po-
least to the extent that heating from residual Rayleigh Scatfenti’al minimum with propagation orthogonal to the weaker
tering does not play a significant role. Current techniquegonfining axis. The average distance between the two con-
allow for relative stabilization at the 1% level or beléfor a  gensates was controlled by changing the power of the blue-
general discussion of laser stabilization techniques see Refietuned beam.
[29]), especially for frequency-doubled beams as in the pro- A similar experiment can be repeated with an ultracold
posed configuration. _ _ Fermi-Bose mixture in a bistable optical dipole trap. Above
An important requirement for this proposed test is tothe temperature for the onset of a BCS-like phase transition
maintain the decoherence rate low enough to minimizgyf the Fermi gas one expects only interference fringes arising
damping of the coherent oscillations which, according to Figfrom the condensed fraction of the Bose gas. Belgws we
3, are expected to occur with periods of order 100 ms ogg expect also the emergence of an interference pattern com-
longer. In the cooling strategy outlined in R¢25] there is  jng from the bosonized fermions, a small fraction of the total
not a strict need to use enhancement of the elastic scattering,mber of Fermi atoms. The distance between the peaks of
length through Feshbach resonan{@d.(] to reach a deep maximum signal in the interference pattern is given, for a
Fermi degenerate regime. This could circumvent the issue Gfee expansion, by, =2m#it/m,d,. Heret is the time of
decoherence sources due to enhancement of density, liggght, d, the initial distance between the centers of mass of
those discussed in Ref30] for three-body collisions. Thus  the two clouds before the release from the trap, mpeither
decoherence is mainly expected from the presence of Rayhe mass of the Bose atoms or twice the mass of each fer-
leigh heating or more technical sources like intensity andnion in the case of the BCS-bosonized component. Since the
beam pointing fluctuations of the laser beams. Their effect i-ermj species in our example has both a significantly smaller
a temperature increase with a co_nsequent_ increase _of th8ass and separatiaf), than the Bose species we do expect
thermal componen{31] and the single-particle tunneling an easy discrimination of the interference pattern attributable
current of bosons and fermions. It should be noted, howevegg the former species. This is confirmed by looking at the
that in an optical dipole trap, due to the smaller trappinggistance between the interference peaks’forand 2Na vs
volume and lower trap depth, we expect a suppressed thefhe p,/p, power ratio, as depicted in Fig. 4. One can take
mal fraction. This is a further advantage in using an opticahgyantage of this dependence of the interference patterns to
trap with respect to a magnetic trap for coherence experigiscriminate any effect of the Bose component. The spacing
ments. Continuous evaporative cooling of the Bose speciegf the interference fringes expected from the macroscopic
should also mitigate its effect. One can then envisage a coolyaye function associated to the Bosonized Fermi component
ing strategy where coherent oscillations persist for a muchnaintains a value~2 times larger than the corresponding
longer time at time-dependent amplitude and frequencygne for the Bose species. Selective optical pumping tomog-

therefore originating a chirped signal. raphy on the Fermi species cycling transition as in RET]
can allow us to enhance the corresponding interference sig-
IV INTERFERENCE PHENOMENA nal. Considering the very dilute nature of the bosonized

Fermi gas, as a consequence of the less stiff confinement of
In a landmark experiment, the Ketterle group evidencedhe Bose species, we do not expect a significant decrease of
the macroscopic coherence of a pair of Bose condensates liye fringe visibility due to the mean field effects as instead
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already observed for bosofi32]. Due to the lower trapping
frequencies when using a bichromatic optical trap as dis-
cussed in Ref[22], the mean-field effects due to the interac-
tion between the Fermi and the Bose gas are also negligible
The interference experiment discussed above could alst_
allow to distinguish if the Fermi gas is in a BCS or BEC *
regime. For BCS macroscopic states we do expect a loss c= 10
fringe contrast at expansion times much smaller than those
reachable in the case of molecular BEC states. This behavio
is quantitatively shown by assuming an adiabatic expansior
of the gas after the release from the trap, and a rough esti
mate of the critical temperatureBgcs and Tgec as follows.
Suppose that at time=0, when the trap potential is turned 0.01
off, the gas made di fermions of massn: has densityn,. 1)

Let Ry be the radius of the equivalent sphere containing the FIG. 5. Temperature of the cloydashed ling and critical tem-

_ - 4 3 -
gas att=0 defined by; mRjno=Ne. At later times the cloud peraturedgcg Taec (continuous linegas a function of time in the
expands and, assuming an ideal behavior, the radius of thgse of a freely expandirfi.i cloud with Ne=3x 10f atoms. The

1000 E

100 ¢

0.1

0.0001

0.001 0.1

equivalent sphere is given by the laR(t)=Ry+vet. As a
consequence, the density of the gé decreases from its
initial value ny and, in turn, the Fermi velocityvr

initial density isny=3.5X 10'® cm™ and we use an elastic scatter-
ing length for fermionsa=-230 nm[1]. The dashed lines close to
the critical temperature continuous lines are the asymptotic values

=#(37n)3/me also decreases. The density of the gas igor Tgcs Taec Obtained by substituting(t) with n..(t) into Egs.
therefore determined by the following self-consistent equa¢10) and(11).

tion:

tLexp—yt). By assuming an initial temperatur@=5

n(t) = Ne 3 (8) X 107°T, the disappearance of the fringes at times
f'w Ro+ ﬂ[3n2n(t)]1’3 ~10 ms whenT/Tgcs>1 would imply a BCS regime for
3 me the degenerate Fermi gas. On the other hand, the observation

of interference effects should be possible up to longer times
in the case of fermions coupled through molecular BEC,
since the scaling of the temperature of the cloud Bg are
similar.

which, for a generic value df must be solved numerically.
Fort>ty=meRy/%(372ny) Y3, the initial radiusk, can be ne-
glected in the denominator of E@8) and we obtain the
asymptotic time-varying density

o )3

(ﬁ
372

it
Once the density(t) is known, we have an explicit estimate
of the critical temperature for BCS transiti¢f] as a func-

V. CONCLUSIONS
N(t) = 9) _ _ _ _ _

We have discussed a quasi-one-dimensional bistable con-
figuration for optically trapped atoms. Two signatures have
been discussed for evidencing macroscopic quantum coher-

ence of a paired component of a Fermi gas, regardless of the

fion oftime, BEC or BCS-like regime for the Fermi gas. Our proposal
5 A9 37°n(t)]?? o allows us to identify a superfluid component both in a
Tecs(t) = 3e 2mekg exp —- 2lal[3mn(1)]¥3)" strongly coupled regime based upon enhancement of scatter-

ing length(molecular BEC regimgeor in a BCS-like regime
obtained by just cooling the sample at very low temperatures
as suggested in ReR25], with efficient heat capacity match-
ing between the Fermi and the Bose species, without neces-
sarily exploiting Feshbach resonances to obtain large critical
temperatures for BCS pairing, although their use is certainly

possible in our framework. The use of a Fermi-Bose mixture

(10)

wherea is the elastic scattering length of the Fermionic spe
cies. The critical temperaturzgc for fermions condensed
via molecular states can be estimated from the critical tem
perature of an ideal gas of bosof83] with mass - and

densityn(t)/2, X .
seems preferable since analogous quantum coherence experi-
ah? [ nt) \?® ments involving mixtures of two Zeeman levels of fermions
Teec(t) = meks \ 20(312)) (11) are less easy to perform. Indeed, two distinguishable Fermi

states with same mass will give rise to two independent in-
where( is the Riemann zeta function. terference patterns or tunneling currents just differing by the
In Fig. 5 we show the behavior of the critical tempera-initial random phase, unless a locking mechanism is used.
tures Tgcs and Tgee, and of the temperature of the cloud Also, dual evaporative cooling substantially decreases the
assuming an adiabatic expansiah, versus time in the case number of atoms potentially available for Cooper pairing,
of Li. While Tggc has only an(t)?® dependence, and there- then sensibly diminishing the expected signal. Moreover, the
fore decreases for large times a8, Tgcg has a further ex-  presence of the Bose gas until the last stage of the cooling is
ponential suppression factor and for largedecreases as useful to quantitatively assess the temperature of the Fermi
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gas, and allows to study a variety of situations for whichsubsequent small signal-to-noise ratio for any conceivable

changes to the BCS-coupled Fermi pairs are expected whesignature of the phase transition. In view of these experimen-

bosons mediates their interactiofssl]. tal difficulties it is crucial to seek for redundancy of signa-
There have been many refined and ingenious proposatsres with diverse techniques, hopefully all converging in

for the observation of the superfluid phase of an ultracoldndividuating a common superfluid phase diagram.

Fermi gas, ranging from the study of collective mogi@s],

moment of inertig36], density profile of the Cooper-paired
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