PHYSICAL REVIEW B, VOLUME 65, 134519

p-wave Cooper pairing of fermions in mixtures of dilute Fermi and Bose gases
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We predict ap-wave Cooper pairing of the spin-polarized fermions in a binary fermion-boson mixture due
to the exchange of density fluctuations of the bosonic medium. We then examine the dependence of the Cooper
pairing temperature on the parameters of the system. We finally estimate the effect of combining the boson-
induced interaction with other pairing mechanisms, e.g., the Kohn-Luttinger one, and find that the critical
temperature op-wave Cooper pairing can be realistic for experiment.
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The investigation of quantum degenerate gases has a lorgrgest one corresponds to thavave channel. Hence fermi-
history. The latest step ahead in this direction has been thens in binary mixtures of Bose and Fermi gases are unstable
realization of Bose-Einstein condensation in gases of the akoward p-wave Cooper pairing. We calculate the associated
kali elements®’Rb, “Li, and ?°Na (Refs. 1-3 in the con- T, and determine the Fermi and Bose densities which pro-
fined geometry of optomagnetic traps. Currently experimenvide the highest value of . compatible with the constraints
talists are concerned with obtaining fermionic superfluidity.imposed by the instability to phase separation. At the end of
The regime of quantum degeneracy was already achievedl€ Paper we show that the boson-induced interaction can be
experimentally in samples of potassitiand lithium atoms. ~ combined with some othep-pairing mechanism, in which
Degeneracy was reached by the first group by evaporativel§2S€ it acts to increase the crltlcal temperature S|gn|f|g:antly.
cooling together two hyperfine states of the same fermioni% We start with the Hamiltonian of almost ideal Fermi and
element {°K), and by the second group by sympathetically °°5¢ 9aS€S:
cooling the fermionic isotopéLi with the bosonic one’Li. H=He+Hg+Hge, 1)
Other groups are progressing along similar lines. )

Various papers appeared lately discussing what type otvith
Cooper pairing ¢ wave or p wave is more realistic to
achieve® ! From one sideswave pairing(with orbital an- He=> &,pah B
gular momentum of the palr=0) has a higher critical tem- ap T
perature tham-wave (pairing L= 1) for typical parameters.

U
However, it takes place only between atoms of different +% 2 aLp_qaL o/ +q@B.p Bap
spins(hyperfine componentsThis imposes a very stringent a.Bpp'q
constraint on the densities; and n, of the components U
which form the pairs. One should havién,—n,)/(n; Hg=> &,b'b 4+ BB > bl_bl . bob
+n,)|<T./eg<1. (Here and below, we lekg=A=1). . PTPTR 2 S PR

From the experimental point of view, with alkalis this con-
dition may be hard to achieve as the two hyperfine compo-
nents are manipulated independently. Since, on the other
hand, ap-wave Cooper pair is formed by atoms in the same
spin component, the restriction on the densities is takeM/here &, ,=(p*/2me—e ) and e,=p?/2mg are the ki-
away, and it is therefore relevant to ask how realistic it wouldnetic energies of the Fermi and Bose gases respectively,
be to consider observing that instead. &f o IS the Fermi energy of the Fermi gas with sghyper-

As a contribution to this field, in this paper we want to fine component «, and Ugg, Ugg, and Ugg are two-
determine the effect of the presence of a Bose (@ase particle interaction constants for Fermi-Fermi, Fermi-Bose,
condensateon thep-wave Cooper pairing of fermions. Low and Bose-Bose interactions. The constants are related to the
densities of atomic gases give one the possibility to introducé&vo-body scattering lengthegg, agr, andagg in vacuoas
small parameters in the theory—namely, the gas parametekérr =47age /Mg, Ugg=4magg/Mg, and Uge=4mage/
(an*®) <1, wherea stands for the appropriate two-particle Mgg; andMgg=2mgmg/(Mg+mg).
scattering length in vacuo amdfor the density of the Bose In general(apart from the case of resonance scattering
or the Fermi gas. Using these small parameters we calculate harmonics of the scattering amplitude for slow particles
the effective interaction. We show that the exchange of bosore proportional td,~a(apg)®,** wherea is a length of the
density fluctuations gives an attractive contribution to theorder of as-scattering length. For example, the=1 bare
effective interaction of two fermions with bosonic superfluid contribution goes IikeU'Fva~(apF)3. This contribution is
background in channels with nonzero angular momenta. Theery small and can in general be neglected if some other

_ t t
Hgr=Uge Z aavp,qbpwqbp,aa,p ,
pp'q
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triplet pairing mechanism is present. In the case of fermions 10° .
in two-spin states, for instance, the indirect interaction by ;
polarization of the fermions in the other spin stékohn- 10 L
Luttinger mechanisi® provides a contribution of order
(apg)?, and is therefore more important than the bare one. S
A standard procedutyields the critical temperature for - 10 ¢
pairing with given angular momentum 5;
10° L 4
~ 1 ? ,
To=eF exp — = (> (2 107 L i
ve|T| g
whereT',<0 is thelth spherical harmonic of the irreducible 107° 0 1 10
vertex, e is some energy parameter of the order of the v

Fermi energy, andr is the density of states on the Fermi . o .
level. The real transition corresponds to the angular momen- FIG. 1. FunctionsRy(x) (solid line), Ry(x) (dashed ling and
tum with the maximum allowed temperature. The effectiveRe(X) (dotted ling.

interaction between two Fermi particl€sis the sum of the

bare onéJ g, the interaction via polarization of the bosonic 1 5
medium (exchange of density fluctuationlrg¢, and pos- Ri(x)= 2 ;J“ 5|IN(1+x) =1},
sibly the interaction via polarization of the other fermionic

speciesUgg¢ if fermions in more than one spin orientation

are present.

We assume temperatures much smaller than those of de- Ra(X)=—;
generacy. The correctness of this hypothesis will be con- X
firmed by the results found. The effective interaction of
Fermi quasiparticles on a mass surface with zero transfer The functionsRy(x), R1(x), andRy(x) are shown in Fig.
energy is given by UFBF(q):UZBFX(qaw:O)v where 1. The strongest interaction is in the channel with0. For

x(0,o) is the density-density response function for an al-large | one can show thaR, drops off exponentially irl.
most ideal Bose gas at zero temperafdr8ince we are in- Therefore this contribution to the effective interaction for

terested in the low-density limit of Bose and Fermi gases and”2 can be neglected. The functions fio#0 are strongly
Ugg> ,,FuéFN(aBFpF)UBF, we can neglect the renormal- nonmonotonic, in contrast with the zero angular momentum
ization of boson density-density correlation function due tocase. For instance, the maximum Rf(x) is obtained for
Bose-Fermi interaction, and we can write, to first order in theXopt= 1.86 [R1(1.86)=0.1]. The maximum gives the opti-

2

1+1+X|1+2 2
2 & | In(1+x%)

1+X
2

gas parametéf, mal ratio of Bose and Fermi components for given scattering
lengths. We would like to note that our approach differs from
1 2 the one that was proposed by Bardeen, Baym, and Pifars
Ngg S = X :
x(0,w)= ) (3)  the description of the effective interaction between fermions
w2—83(88+ 2ngUgg) Ms due to exchange of density fluctuation of the Bose conden-

sate in solutions’He-*He. Usingv<s they approximated
So the effective interaction of Fermi atoms with zerothe spectrum of the Bose condensate*sfe by a phonon

transfer energy reads spectrum. This is equivalent to neglecting the momentum
dependent term in Ed4). In this approximation onlg-wave
UéF q \?]* pairing is possible, as all harmonics witk=1 vanish. The

Ursr(9,0)=— Uns 1+(2mBS> : (4)  effective attraction we point out is thus due to the specific

form of the Bogoliubov spectrum of the bosons.
wheres= (ngUgg/mg) ¥ is the sound velocity in the boson L€t us consider a binary gas consisting of one fermionic

gas. We recall that stability requirészg>0. and one bosonic speciésiructureless fermions and bospns
A direct calculation of the first three partial components The Cooper pairing in the-wave channel is prohibited by
of Upg gives the result the Pau_ll prlnC|pIe_. It can exist in tha}vv_ave Channel owing
to density fluctuations of bosonic medium with the effective
U2 attractive interaction given by formulé). Note that the
VFulFBF:_VFU_BFRI(pF/mBS)y (5)  value of the ratioU3:/Ugg and the densities of the gases
BB cannot be arbitrary. The restriction is associated with the
with phase separation at high densities of the binary mixture into
two regions: a Fermi-Bose mixtur@ith densitiesng® and
2 ng,) and a pure fermionic regiofwith densityng,). This
In(1+x°) I : ;
Ro(X) = , phase separation into two large regions is a full analog of
X2 that observed in the mixtures dHe-*He. To check the sta-
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Cooper pairing, vs the fermionic density in a binary boson-fermion

FIG. 2. T./eg vs \ for a binary boson-fermion mixture for mixture of 5Li and &’Rb.

different values of the coefficier. The solid curve is fo3=5, the
dashed one fop=3, and the dotted one fgs=1. the phase separation & ng/ng*P— 1). If the total density of

- . . . . i ep i i
bility of the mixture against phase separation we rewrite thd"€ boson gas is larger thaig*® (a>1), the binary mixture
expression fol) g in dimensionless parametexsa, and undergoes a phase separation into two phases: a purely fer-

in the spirit of Ref. 18: mionic phase and a mixed Fermi-Bose phase. In this case in
the mixed phase the density of the bosonic gasmids
veU2c 2 mgme age =ng°P, and the density of the Fermi gasi;. These are
= Usg = 2 aasppp- (6) determined by the system of equatioi®—(9). Our result,
BF

obtained for the single uniform phase, is still valid within the
The expression fok is exactly the factor in front oR, in Eq. ~ Mixed phase if the appropriate densities of Fermi and Bose
(5), gases are used. The third possibility is the coexistence of a
purely fermionic phase with a purely bosonic one, which

cep EF o, . (67°np)*° mge exists for much higher total densities of bosons and fermi-
Ns _U_BF(V -b= TaBFm_F(y ~1), () ons. In this case of course there is no effective interaction
between fermions due to the exchange of boson density fluc-
wherey=1 is solution to the equation tuations.
1 2 3 2 _ We can conclude that the contribution of the exchange of
~ IOy )T+ By 16y7+ 24y +12=0. ®) density fluctuations of the bosonic medium has its maximum
We then find for fche set o_f parameters close to thos_e (_)f phase separati_on of
a single uniform phase into two coexisting phases: a mixed
X 2=N"1B[y(N)2—1], (9)  phase and a pure fermionic one.
Let us make some estimates for real systems. Take a bi-
where nary mixture of fermionic®Li and bosonic®’Rb, and choose
for SLi the density np~10'2cm 3. This corresponds to
= EﬁpFaBF a= s ) e /kg~600 nK. The boson-boson scattering lengthajs
7 Mge ' ng AN) =110y, a, being the Bohr radius. The boson-fermion scat-

tering length is unknown. In order to obtain, close to its

In the case of phase separatipis the ratio of fermionic  maximum value for binary boson-fermion mixture, we
densities in the two regiong= (ng,/ng)**=1 andng*Pis  should obtain\ close to 0.95. For the given mixture this
the density of bosonic component in bosonic-fermionic mix-corresponds tage~450a,. Substituting these values into
ture region. The authors of Ref. 18 showed that there args)—(9), and taking for the Bose component the densigy
three possibilities{a) a single uniform phasgp) a purely  ~10" cm 2 we getT.~10 2 nK. Similar calculations for
fermionic phase coexisting with a mixed phase, @oda  n-~10“cm 2 imply agg~2008, and with ng~5
purely fermionic phase coexisting with a purely bosonic. Letx 104 cm™2, T.~0.5 nK. In Fig. 3 we summarize the opti-
us examine all three possibilities. mal parameters of the system and the corresponding critical

The single uniform phase is stable provided the conditiongemperatures fop-wave pairing in a binary mixture.
A<1 and a<1 are fuffilled. This immediately gives  There is a possibility of increasing, by combining the
veU3/Ugp<1, and the value of the effective interaction is above-mentioned mechanism with eitipewave quasibound
restricted byvgUpgp<<0.1, which corresponds to tempera- resonance for the scattering of Fermi atoms, or by consider-
tures of Cooper pairing in the binary mixtures about fiveing a mixture of two spin states of fermions with one of
orders of magnitude less than the Fermi energy. In Fig. 2 wéosons. In the former case the irreducible vertex in(Epis
plot the critical temperature as a function Joffor given 8. determined by the sum of the interactions due to polarization
We see that the maximum of the critical temperature in-of bosons and thénow large barep-wave attractive scatter-
creases with an increase Bf Note that for given scattering ing of Fermi atomg?®
lengths the maximum is in region of the parameters close to In the case of two species of fermions with one of bosons,
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again the effective interaction has two contributions: fromhowever, thes-wave scattering length between two different
boson density fluctuations and from the Kohn-Luttingerhyperfine states iaf-= —2160,. The critical temperature
mechanism. The effective interaction in the latter is a nonwith this scattering length is-0.5 uK. For a pure Kohn-
monotonic function of the ratio of the densities of the differ- Luttinger mechanism it would be 0.1 uK, which shows the
ent hyperfine componen{see Refs. 10 and Lllts maxi-  strong effect that bosons also have in this Casehe full
mum is VFUeff~0-058(apF)2 which corresponds to a ratio analogy with mixtures’He-*He shows that here both single

n,~2.8n,.2° uniform phase and phase-separated states are possible, and
For optimal parametefs and a densityn,=10"%cm~3  explicit calculations for the case of two Fermi species and a
the critical temperature reads Bose one need to be carried out. L
In conclusion we showed that the fermions iritgpical)
_ 1 dilute binary mixtures of Fermi and Bose gases are unstable
T.~er exp[ - S (- toward p-wave Cooper pairing. This is due to their effective
veUrgrt 0.058 agepr) attraction arising from boson polarization. We then calcu-

T.~1nK and 20 nK, respectively, for bare-wave Iqted howythe associatad. can be maX|m|zed.AIthough_the
highestT_.’s found do not seem to be presently experimen-

; ; R S |—
Fermi-Fermi scattering IengthLaFFl—SOQaO and 1004y, . tally observable, we showed that the mechanism may be
Note that the value of the critical temperature obtained I$,sed to enhance pairing when combined with others

valid for air>0 as well as foraiz<0. A pure Kohn-
Luttinger mechanism would giv&,=10"% and 10°° nK, We are very grateful to P. Fulde, A. J. Leggett, M.
respectively, for the given scattering lengths, so that the maiBaranov, M. Kagan, A. Zvyagin, and N. Shannon for useful
contribution comes from the boson-induced term. Ebi, discussions.
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