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Degenerate atom-molecule mixture in a cold Fermi gas
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We show that the atom-molecule mixture formed in a degenerate atomic Fermi gas with interspecies repul-
sion near a Feshbach resonance constitutes a peculiar system where the atomic component is almost nonde-
generate but quantum degeneracy of molecules is important. We develop a thermodynamic approach for
studying this mixture, explain experimental observations, and predict optimal conditions for achieving molecu-
lar Bose-Einstein condensation.
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Interactions between particles play a crucial role in theFar from resonance, the binding energy of the produced mol-
behavior of degenerate quantum gases. For instance, the sigoules and, hence, their kinetic energy are larger than the trap
of the effective mean-field interaction determines the stabildepth and the molecules escape from the trap. The interac-
ity of a large Bose-Einstein condens&BEC), and the shape tion energy is then determined by the repulsive interaction
of such a condensate in a trap can be significantly alteregetween atoms and is positifé]. Close to resonance, the
from its ideal-gas forn{1]. In degenerate Fermi gases the three-body recombination is efficief@ and the molecules
effects of mean-field interactions are usually less pronouncegbmain trapped as their binding energyis smaller than the
in the size and shape of the trapped cloud, and these quanf}ap depth[6,9]. They come to equilibrium with the atoms,
ties are mostly determined by Fermi statistics. The strengtpeducing the pressure in the system.
of the interactions, however, can be strongly increased by Away from resonances, the interaction strength is propor-
mgking use of a Feshbach resonafg], and then the situ- 4] to a, and is given byg=4w#%a/M, with M the atom
ation changes. mass. Close to resonance this relation is not valid, as the

Recent experiments present two types of measurement ghye of |a| diverges to infinity and the scattering process
the interaction energy in a degenerate two-component Fe”@trongly depends on the collision energy. For Boltzmann
gas near a Feshbach resonafée7]. At JILA [5] and at  ga5es “already in the 1930s, Beth and Uhlentjéok calcu-

MIT [7] the mean-field energy was found from the frequencyjateq the second virial coefficient by including both the scat-
shift of a rf transition for one of the atomic states. The resultstermg and bound states for the relative motion of pairs of
are consistent with the magnetic-field dependence of thgioms[11). A small interaction-induced change of the pres-

scattering lengtra, the energy being positive fa>0 and  gyre in this approach is negative on both sides of the reso-
negative fora<<0. In the Duke[4] and ENS[6] experiments nance[12,13.

with 6Li, the results are quite different. The interaction en- However, current experiments are not in the Boltzmann
ergy was obtained from the measurement of the size of apygime. In this paper we show that the atom-molecule mix-
expanding cloud released from the trap. A constant ratio ofre formed in a cold atomic Fermi gas constitutes a peculiar
the interaction to Fermi energ¥;,/Er~-0.3, was found  gysiem in which the atomic component is almost nondegen-
around resonance, irrespective of the sigragé,6]. It was  grate, whereas quantum degeneracy of the molecules can be
explained in Ref[4] by claiming a universal behavior in this yery important. This behavior originates from a decrease of
strongly interacting regimg8]. The ENS studies in a wide he atomic fraction with temperature. It is present even if the
range of magnetic fieldg] found thatE;, changes to alarge jnjtial Fermi gas is strongly degenerate in which case almost
positive value whera is tuned positive, but only at a field )| atoms are converted into molecules. We develop a ther-
strongly shifted from resonance. _ o modynamic approach for studying this mixture, predict opti-
In contrast to the JILAS] and MIT [7] studies providing 3| conditions for achieving molecular BEC, and properly
a direct measurement of the mean-field interaction energyjascribe the interaction effects as observed at S
the Duke[4] and ENS[6] experiments measure the influence \ye assume that fermionic atoms are in equilibrium with
of the interactions on the gas pressure. An interpretation vaeakly boundbosonig molecules formed in the recombina-
the ENS experiment involves the creation of weakly boundion process. The molecules are treated as point bosons.
molecules via three-body recombination at a posiivis].  Atom-molecule and molecule-molecule interactions are
omitted at first, and will be discussed in a later stage. For a
large scattering lengtta>0, the binding energy of the
*Present address: Laboratoire Physique Théorique et Modéleyeakly bound molecules isz=7%2/(Ma?), and their size is
Statistique, Université Paris Sud, Bat. 100, 91405 Orsay Cedexoughly given bya/2. For treating them as point bosons, this
France, and van der Waals-Zeeman Institute, University of Amstersize should be smaller than the mean interparticle separation.
dam, 1018 XE Amsterdam, The Netherlands. This requires the inequalitp(a/2)3< 1, which at densities

1050-2947/2004/63)/0316024)/$22.50 69 031602-1 ©2004 The American Physical Society



RAPID COMMUNICATIONS

KOKKELMANS, SHLYAPNIKOV, AND SALOMON PHYSICAL REVIEW A 69, 031602ZR) (2004

n=10" cm3 is satisfied fora<18 00, and excludes a As we havev;(k, u,T)=v|(k,u,T) =1y, the total energy

narrow vicinity of the Feshbach resonance. of the atomic component and the number of particles in this
The presence of molecules reduces the number of pacomponent can be written in the form

ticles in the atomic component and to an essential extent lifts

its quantum degeneracy. The molecular chemical potential is =S ﬁ S Gk N, =23 3

negative in the absence of atom-molecule and molecule- AT Yk y kb RNa= - w3

molecule mean field, and thermal equilibrium between atoms

and molecules requires a negative chemical potential for thgh our mean-field approach, the entropy of the atoms is given

atoms. We thus assunaepriori that the occupation numbers by the usual combinatorial expressift8]

of the states of atoms are small. This proves to be the case at

any temperature, except for very low where the atomic S,=- 2> [v In v+ (L= p)In(1l - ]. (4)

fraction is negligible. Under these conditions we omit pairing k

correlations between the atoms, which are important for de- , , ) .
scribing a crossover from the BCS to BEC regifid—17 Equations(3) and (4) immediately lead to an expression for

and can be expected even in the nonsuperfluid state. the atomic grand potentid,=E,~TS,~uN,. Then, using

Assuming equal densities of the atomic components, lath€ relationN,=-(a{24/ Ju)r,, we obtain for the occupation

beled as] and |, their chemical potentials arg;=u,=pu, numbers of atoms

where i is the chemical potential of the system as a whole. _ B -1

The molecular chemical potential j§,=—eg+ 7im, With T we= [expl(ec= M+ 117, ®)

<0 being the chemical potential of an ideal gas of bosonsyhere e, =#2k2/2M +U,, andU, ==, gy« v /V is the mean

with the mass BI. The condition of thermal equilibrium field acting on the atom with momentukn Accordingly, the

M1+ @ = um then reads expression for the grand potential and pressure of the atomic
component reads

Kk’

2 =—€eg+ fim. (1)
0,=-PV=2>[2T In(1 - ») - Uy . (6)
From Eq.(1) we will obtain the number of moleculé,, and k
the number of atoms\, for given temperaturd” and total This set of equations is completed by the relation between
number of atomic particlell=N,+ 2N, This requires us to the density of bosonic molecules and their chemical poten-
obtain the expression for the occupation numbers of the atial. In the absence of molecular BEC we have
oms and the dependence @fon N,. _

The main difficulty with constructing a thermodynamic Nm = (V2/A1) %295, exp (T T)], (7)
approach for the degenerate molecule-atom mixture is re- R, B ) 19
lated to the resonance momentum-dependent character of tH@erega(x)—ijl x/j%, and Ay=(2mh*/MT)" is tg‘e ther-
atom-atom interactions. This difficulty is circumvented for mal de Broglie wavelength for the atoms. FuyAt>7.38
small occupation numbers of the atoms. Then, even at reséb€® molecular fraction becomes Bose condensed, and we
nance, the interaction energy is equal to the mean value dfave ©=0 andu=-€g/2. Similarly, the energy, entropy,
the interaction potential for a given relative momentum of a@nd grand potential of the molecules are given by usual
colliding pair, averaged over the momentum distribution. In€guations for an ideal Bose ghkl].
this respect, the interaction problem becomes similar to the From Eqgs.(1)~(7) we obtain the fraction of unbound at-
calculation of the total energy of a heavy impurity as cause@®mMs Na/n and the fraction of atoms bound into molecules,
by its interactions with the surrounding electrons in a metaPy/N: as universal functions of wo parameteides and
[19]. This approach leads to a relation between the collisionPAt, Wheren is the total density of atomic particles. The
induced shift of the energy levels of particles in a largedependence of atomic and molecular fractionsTdeg for
spherical box, and the scattering phase shift. Adding the intwo values ofA3 is shown in Fig. 1. The molecular fraction
tegration over the states of the center-of-mass motion folncreases and the atomic fraction decreases with decreasing
pairs of atoms, we find that the total energy of interatomicT/€z. Occupation numbers of the atoms are always small,
interaction is equal o2y Gy v (k, &, Ty (K, 1, TV, Wherea§ quantum de_ger_1eracy of molecules is important. The
where », and v, are occupation numbers of single-particle dotted line in Fig. 1b) indicates the onset of molecular BEC.

momentum states, and is the volume(cf. Ref.[19]). The This mixture was realized in the ENS experimg6l,
momentum-dependent coupling constant is given by where the occupation numbers for the molecules were up to

0.3 and the molecular fraction was exceeding the atomic one.
A2 (K - K'|/2) In the recent studie$20-23 almost all atoms were con-
e = — . (2) verted into molecules by sweeping the magnetic field across
M |k-k'|/2 the resonance, and at EN®0] the temperature was within a
factor of 2 from molecular BEC. Remarkably, one can
The phase shift is expressed through the relative momen-modify the molecular fraction and degeneracy parameter
tum g=|k-k’|/2 and the scattering lengtla as & nmA$- by adiabatically tuning the atom-atom scattering
=-arctariqa). In the limit of gla|]<1, Eq. (2) transforms length, as shown in Fig. 2. The decreaseadhcreases the
into the ordinary coupling constagt=4w#%2a/M. binding energyez and the molecular fraction, and thus
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FIG. 1. Fraction of unbound atoms,/n (lower curves, boly

and fraction ofsatoms bound into molecules,,2n (upper curves  crossegratio 3 of the interaction to kinetic energigee text The
vsT/ g (8) nA7=2.5, squares and circles show the ENS dat%;  cajculated line forB>790 G is for experimental condition¥
(b) nA7=14.8, and the vertical lines indicate the onset of molecular-p 9 E.=3.4 4K andn=3x 1013 cn ™. ForB< 700 G we take the

BEC. Dashed curves are obtained including atom-molecule angyeraged experimental condition¥=1.1E;=2.4uK and n
molecule-molecule interactions. =1.3x 10" cm 3. For 700<B<800 G, we use the local conditions
(see Ref.[6]). Inset: Scattering length as a function of magnetic
field.

FIG. 3. Calculatedsolid line) and measured6] (squares and

causes heatingR0]. Close to resonancelm/ﬁ remains al-
most constant and then decreases due to heating.

The atom-molecule and molecule-molecule interactionghe magnetic field,=810 G, and the data results from two
are readily included in our approach far< Ay, where the types of measurements of the size of the cloud released from
corresponding coupling constants agg,=0.9y and g, the optical trap. In the first one, the magnetic fl_eld and,
=0.3g [26]. In this limit the interactions provide an equal hence, the scattering length are k_ept the same as in the trap.
shift of the chemical potential and single-particle eneegy  1herefore, the cloud expands with the speed of soend
For the atoms this shift i8,g/2 +NyGam Where the firstterm =\ (dP/dp)s, wherep=mnis the mass density. The speed
is the atom-atom contributiok),. For the (noncondensed ~and, hence, the size of the expanding cloud are influenced by
molecules the shift i8,0,m* 2Ngmn- The entropy of the mix- the presence of molecules and by the interparticle interac-
ture is given by the same expressions as in the absence of tHens- o
interactions. As seen in Figs. 1 and 2, the atom-molecule and In the second type of measurement, the magnetic field is
molecule-molecule interactions do not significantly modify first rapidly ramped down and the scattering length becomes
our results. From Fig. 2 one then concludes that the condiglmost zero on a time scale- 2 us. This time scale is short
tions for achieving molecular BEC are optimal for values ofcompared to the collisional time. Therefore, the spatial dis-
a as low as possible while still staying at the plateau, as affibution of the atoms remains the same as in the initial
largera the interaction between the molecules can reduce thgloud, although the mean field is no longer present. At the
BEC transition temperaturi]. same time, a rapid decreaseaohcrgases the binding energy

We now analyze the interaction effect observed at ENf moleculeseg. However, as the timé<1:/ g, they cannot
for trapped clouds in the hydrodynamic regifitd. The ex- adiabatically follow to a deeper bound state and dissociate

periment was done near the Feshbach resonance locatedi@0 atoms which acquire kinetic energy. Thus the system
expands symmetrically as an ideal gas\b&toms, with the

initial density profile. The momentum distributidip will be
a sum of the initial atomic momentum distribution and one
that arises from the dissociated molecules. The latter is found
assuming an abrupt change @fand, hence, projecting the
molecular wave function on a complete set of plane waves.
This gives rise to a distributioo(q) for the relative momen-
tum g. The single-particle momentum distribution for the
atoms produced out of molecules results then from convolut-
ing c(lk—=k’|/2) with the molecular distribution function
FIG. 2. Molecular degeneracy parametgiA2 under adiabatic ~ ¥m(K +k’) by integrating ovekk’. One can establish a rela-
variation ofa for °Li, assumingnA3=15 close to resonance. The tion between the expansion velocity of this nonequilib-
dashed curve is obtained including atom-molecule and moleculesium system and the expansion velocityof an ideal equi-
molecule interactions. The horizontal dashed line shows the criticdibrium two-component atomic Fermi gas which has the
value for molecular BEC. same density and temperature: 7Y dk I,
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= [M dk K3, with 7y being the ideal-gas momentum dis- eg<T, we find thatg has a universal behavior and is pro-
tribution. Using the scaling approagB4,25, one can find portional to the second virial coefficient. However, this only
that in the spherical case the velocy coincides with the  holds at high temperaturésf. Ref.[13]), and at lowT the
expansion velocity of the hydrodynamic Fermi gas in themolecule-molecule interaction can strongly influence the re-
absence of mean-field interactions and, accordingly, is givegi. ForT approaching the temperature of molecular BEC,
by Co=5Po/ 3p, wherePy=2E,/3V is the pressure. which is T,~#2n?3/M~0.2 E¢, the atomic fraction is al-

The relative difference between the squared size of th? ady small and the sound velocity is determined by the
expanding cloud in the two described cases can be treated Heady ty y

the ratio of the interaction to kinetic energy and called themolecular cloud.  Fora<Ar we find Cg:_0'4Tc/M
interaction shift. This interaction shift is then given by the TNgm/2M, where the second term is provided by the
relative difference between the two squared velocitjgs: Mmolecule-molecule interaction and is omitted in the high-
=[c2-v2]/vZ. Our results for this quantity are calculated for approach. The ratio of this term to the first one-i§(na®)'”%,
experimental conditions and are presented in Fig. 3. Th&or B=700 G at densities of Ref6], it is equal to 1 and is
sound velocitycg was obtained using the above developedexpected to grow when approaching the resonance.
approach including only atom-atom interactions. The field Thus, except for a narrow region whenga|*>1, one
region wheren(a/2)®>1 is beyond the validity of this ap- cannot speak of a universal behavior of the sjifon both
proach and is shown by the dashed curve. In Fig. 3 we alsgides of the resonance. The situation depends on possibilities
show our previous results for field3>810 G(a<0) and  of creating an equilibrium atom-molecule mixture. More-
B<700 G(0<a<2000), where molecules are abséfl.  over, at low temperatures the universality can be broken by
Our quantum-statistical approach gives a negative interaGhe molecule-molecule interactions.
tion shift on both sides of the Feshbach resonance, in good
quantitative agreement with the experiment. Without mol- We are grateful to T. Bourdel, J. Cubizolles, C. Lobo, and
ecules present, the interaction energy would jump to positivé.. Carr for stimulating discussions. This work was supported
values left from resonance, as can be seen from our calculéy the Dutch Foundations NWO and FOM, by INTAS, and
tion in Ref. [6]. This demonstrates that the apparent fieldby the Russian Foundation for Fundamental Research.
shift from resonance, where a sign change in the interactio®.J.J.M.F.K. acknowledges a Marie Curie Grant No. MCFI-
energy is observed, is an indirect signature of the presence @002-00968 from the EU Laboratoire Kastler Brossel, which
molecules in the trap. is a Unité de Recherche de I'Ecole Normale Supérieure et de
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