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Prospects forp-wave paired Bardeen-Cooper-Schrieffer states of fermionic atoms
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We present theoretical prospects for creatpgzave paired BCS states of magnetic trapped fermionic
atoms. Based on our earlier proposal of using dc electric fields to control both the strength and anisotropic
characteristic of an atom-atom interaction and our recently completed multichannel atomic collision calcula-
tions we discover thagt-wave pairing with**K and 82848Rb in the low field seeking maximum spin-polarized
state represents excellent choices for achieving superfluid BCS states and may be realizable with current
technology in laser cooling, magnetic trapping, and evaporative/sympathetic cooling, provided the required
strong electric field can be applied. We also comment on the prospects of gimitare paired BCS states in
8Li, and more generally on creating other types of exotic BCS states. Our study will open a new area in the
vigorous pursuit to create a quantum degenerate fermionic atom &i@50-294®9)02509-3

PACS numbe(s): 03.75.Fi, 32.80.Pj, 42.50.VK, 67.46w

The success of atomic Bose-Einstein condensdB&TC) traps where the local-density approximation is expected to be
[1] has induced an exponential growth of interest in the propvalid. We note that the computation dfis a complicated
erties of ultracold dilute quantum gases. Of particular interesand difficult many-body problem, and reliable values can
now is the physics of the trapping and cooling of fermionicrarely be obtained. For an ultracold weakly interacting dilute
atoms[2]. Indeed the prospect of superfluidity with dilute atom gas, the situation is quite different; the scattering am-
atomic vapors has already been studied by several grougditude can be accurately computed, and is usually domi-
[3-6]. nated by the lowest several partial wayassub-mini-Kelvin

In this paper we present a theoretical study of the prospedemperatures The effective interactiotv, for the dominant
of superfluidity in magnetic trapped fermionic atoms. Welth partial wave term is~ §;(kg)/kg, where §,(kg) is the
conduct our discussions for the three alkali-metal speciephase shift for théth partial wave.
currently being investigated at several ladd:i (1=1), In the pairing of two fermions the Pauli exclusion prin-
A (1=4), and®®*8Rp (1=1,2,2)[7]. This paper is or- ciple requires the total wave function to be antisymmetric.
ganized as follows: We briefly review the existing proposalsTherefore, the orbital angular momenturhas to be odd for
for BCS states of magnetically trapped atof8s-5], after ~ Spin symmetric pairs, and even for spin asymmetric ones.
which we present our proposal based on the use of extern&ior spherically symmetric interatomic potentials, which van-
dc-electric fields to induce anisotropic atom-atom interacish exponentially 5;(k) ~k? ** at low energies whek—0.
tions[8]. We then address its advantages and present result®r a potential of the asymptotic form 1/R" (n>4), the
of our detailed multichannel atomic collision calculations.phase shift scales ag(k)~k?*! for I<(n—3)/2 and
We conclude with a discussion of other possibilities of BCSas 5,(k)~k""2 for I>(n—3)/2. At a large internuclear dis-
states offered by our proposal, notably, the analogies of th&anceR, the typical ground-state interatomic potential is as-
Anderson-Brinkman-More[9] and Balian-Werthamef10]  ymptotically dominated by the van der Waals term
states in®He [11,17. —Cg/R®, whereCg is the dispersion coefficient. Therefore,

In the standard BCS theofyt3] of superconductivity the the phase shift scales ag(k)~k?** for 1=0,1 and as
attractive interaction between electrons of opposite spin and,(k)~k* for I=2. The only significant term is then from
momentum causes thi€oopej instability of the filled Fermi the s wave, described by the scattering lengsy,
sea ground state. Physically, this effect can be roughly un=—lim,_, ¢dq(k)/k.
derstood as some kind of condensation of “bosonic” Cooper Based on the observation above, one realizes that atoms in
pairs [12,13. In the weak-coupling limit whenkgT,  spin-symmetric states interact only through a vanishingly
<hwp, (hop is a characteristic energy over which an at-small p wave (~k3). For °Li in the triplet (electronic spin-
tractive interaction persists around the Fermi surfatiee  symmetri¢g state, thep-wave scattering length defined as
transition temperaturg&, is agc_pzlimk_,o— 51(k)/k3 [14], is about—35 a.u., and corre-

sponds to a very weak attraction, while teavave triplet
KT ~Fw exp( _ 1 ) scattering lengtlag; is enormous at about —2160 a.u. due
Ble D N(0)|V|/)" to a shallow bound statgl4]. In a recent paper Stoof and
co-workers studied the prospects for superfluidity of mag-
N(0) is the electronic density of states at the Fermi surfacepetically trapped®Li [3]. In the maximum polarized state
and isxkg, the Fermi momentunV is the two-body scat- |6), ap-wave BCS pairing occurs at a transition temperature
tering amplitude, assumed constant and negative around tlué
Fermi surface. Although derived for the case of a homoge-
neous system, as argued in several recent st(idié§ Eqg. T~ €F exp{ _ m } )
(1) should also provide good estimates for current magnetic ¢ kg 2(kelased)®]’
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toozslow to be practical. For instance, with a dengigy ofing length a), are all nonvanishing asymptotically &t
10%%cn, we haveer /kg~600 nK andk|ased~7x 10 —0. One can intuitively understand this property] {"

[3]- ~k in the low-energy limix based on the discussion of tke

Kagan and co-workers suggested the trapping of atoms iHe endence of the phase shifts of an asymptotic potential
multiple hyperfine statd$]. They discovered that two atoms f/R”. We found th; the couplings betwe)e/n ziﬁereﬁt chan-

. 6 .
In dthe Za'mte statt_e| 2 of Lclj) g:ar:j attrf”t‘Ct ﬂthr?ugtlj phqnotr;{ nels are essentially given B§,~ 1/R3. Thus, for each chan-
induced Interactionscaused by density fluctuations in the nel, the effective potential generated by the couplings be-

6 . - .
other state|S) of °Li), and pairing occurs at haves in the limit of larg&R as 1R®. Therefore, the character
e - of the asymptotidR dependence of the total effective poten-
T~ — ex;{ - 13(— , (3) tial for each partial-wave equation is decided by the diagonal
kg 2Ke|agd
where the largeswave scattering lengtifor °Li) enters.

part of the total potential. For=0 the effective potential
behaves as R and sod,~k. Forl #0 the effective poten-

Despite a dramatic enhanceméfrom the ke dependencde

this scheme is still difficult to realize. For a density of abou

tials behave as B? and sos~k. The anisotropic nature
trequired new numerical techniques to ensure the stability of
10'%cm? per statea total density of X 10'%/cn?), one gets the low-energy scattering calculations. Detailed discussions
ke|asl~0.4. The prefactor 13 in the exponen,t dictates anof the completeT-matrix elements for all alkali-metal atoms
S = .
excessively low temperature. will be reported elsewherid 7].

2

Recently Stoof and co-workel8] proposed arswave Both the magnitude and sign of thk™ are tunable by
pairing of atoms in different hyperfine statg§Y and|6) of ~ changing€ [8]. Quite generally, we found that within the
®Li), which occurs at samel and!’ manifold them=m’=0 is always the largest

t]'™ term, and the largem andm’, the smallet|,™ . Away

T~ % exp{ - ﬁ . (4)  from resonances, smalleandl’ correspond to Iarge]{r'r{“' :

B FI%s Such a situation allows for the general pairing schemes as in
For a density of~10'%cn?, T, is about a few tens of a °He [9,10,12. One obtains thd=0 gap equatior(in the
nanokelvin, potentially within experimental reach if the Weak-coupling limij,
atomic d_ecay channels are suppres[ésﬁ]. There are, how- Amh? k)
ever, major_obstacles tOV\{ar_ds trapping more than one hypetr(k*): 2 2 2 (47) t:r'nm' fm(R)Ywm'(R’) ,
fine state simultaneously: first, the two-body exchange loss M & W bt
channel is now open and the dipolar rates generally also @)
increase; second, for stable BCS states, the pairing energies ) ) o )
for atoms in different hyperfine states have to overcome th&/here the general quasiparticle excitation spectra is
Zeeman energy deficit. An interesting proposal was also re- =
cently suggesqtgd by Modawi and ng%{aag utilizing the Eq= e +[C(k)[?

®
s-wave pairing of atoms in spin-antisymmetric states with a 2 2 )
result similar to Eq(4). for the homogeneous case;=7°k“/2M — g is the bare

In a recent lettef8] we proposed to control atom-atom Particle energy(measured from the Fermi surface &f).
interactions at ultralow temperatures with a dc electric field SUch @ general pairing scheme results in an anisotropic gap
In the presence of a dc electric field the spherical symmetrg(k) and the excitation spectiigg [9,10,13. In particular,
of the interacting atoms is distorted; consequently, the longwhen one of the|™ is made dominant and attractivposi-
range interatomic potential is modified by the addition of antive), we can simplify the analysis by assuming
anisotropic dipole interaction term

Cim(K)= A1 Y (K). ©)
C
Ve(R) =~ R—Epz(COSG), (5)  One then obtains theT¢=0) gap equation
A B . 4’/'Tﬁ2 im P 1 1
whereCe=2£2a7(0)a7(0), £ is the strength of the dc elec- 1= M 2 (A7) tim Y im(k")| ftan E,BEQ ,
tric field, and f"®(0) are the static atomic dipole polariz- K’ k 10

abilities for the two atoms denoted by and B. P, is the
Legendre polynomial of order 2 antlis the angle between with g=1/kgT. At T., A;(T.)=0. Equation(10) can be
the directions of the electric field and the internuclear axis. Aapproximately solved to give a result similar to Ed),
complete low-energy scattering treatment reveals that the to-

tal two-body(unsymmetrizegscattering amplitude takes the € ™

fRK =47 D tl,;]m’(k)Yfm(R)Ywmf(R')- 6) except for_ _the sybslt(i)tutiqn ot/—»—tl“m?. The case_c_Jf a
Im.1'm’ p-wave pairing witht;, being the dominantand positive
. - term is indeed true fofLi, “°K, and 82848Rp in the maxi-

The reduced-matrix elements| " =lim,_,oT|," /k (which ~ mum polarized state. These paired superfluid states are the

has a physical meaning similar to that of thevave scatter- analogues of théHe in theA; phase.
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FIG. 3. The same as for Fig. 2, but now ##8&Rb with a,
~0.39 um andn(r=0)~2.1x 10" cn®. All three isotopes give
similar results since hyperfine structures are not included here. The
half lifetimes of the three isotopes are 1.25 min, 32.9 and 18.8 days,
respectively.

FIG. 1. For®Li with A=1, N=10°, andw,=(27)400 Hz. We
then havea,=1.45 um, ez~181.7hw,, ke~13.54,, and n(r
=0)=1.36x 10" cn?. The solid lines denotd™ in a.u. and refer
to the left vertical scale, while the dashed line dendgs, (for
pairing witht13) in units of 2w, and refers to th¢10 baseloga-

rithmic right vertical scale. .
9 nated and the two-body dipolar rates are suppressed. The

o . . . three-body loss inside an electric field is a much more com-
Such a scheme is interesting since pairing involves onlyicateq issue currently under investigation. This rate seems
atqms in the same hyperfine state, yet the _s_trength .Of thf?fighly reasonable since the centrifugal barrier in phewave
pairing can b_e as strong as that f_os-wave pairing in di- collision channel prevents close encounters of two atoms at
ferent hyperfine stateg3,4,18. This greatly increases the short distances.
critical temperature for the BCS pairing to occur. The actual More generally, one may consider possibilities of pairing

I,m’ . . . . 3 + . .
values oftj,," are illustrated by our calculations in Figs. 1, 2, with t}31 terms if resonance structures can be induced. Such

6] ; 40 82,84,8 H ™
and 3 for °Li, K, and Rb, respectively, although resonances may also provide large}" values at smaller dc

hyperfine structures are not included in these Calcul‘f’lt'onﬁlectric fields. We are currently pursuing detailed atomic col-

presented. We expect they give the correct order of MagNkion calculations including hyperfine structures inside a dc

tude anq the? dependence since .COH'S'OnS among atoms Ny ric field to answer these guestions. Inside an optical trap
the maximum polarized state mainly proceed along the trip

let potential We h | timated the critical [19], different Zeeman states of the same hyperfine spin state
€l potential curves. Vve nave aiso estimated the critical tems ., degenerate, but the effect of the dc electric field can still

peratures, Eq(11), for typical trap parameters. They are be induced. In such a case one would expect that similar to

plotted in dashed lines with respect to the logarithmic Vertiine analysis of the Anderson-Brinkman-Morel states, Balian-

cal axis to the right. The number density at the trap center iSverthamer states. and Leggett statehte [9,10,13, one
higher than the 18 cm?® used for previous estimates, justi- can consider all kinds of spin symmetries of the paired atoms

fied since all inelastic processes would be slqwer In-ou 18]. This would represent a more interesting scenario than
scheme, the same reason why the BEC was originally real

) Lo . ! ; n the case of®He because the total spins can be much
ized in similar maximum polarized states. In the MaxIMUm, . ger, e.g., for*®K, f=9/2 and 7/2, respectively, in the two
polarized states, the spin-exchange collisional loss is e“m"ground—state hyperfine manifold$g].
As illustrated in Fig. 1 forSLi, within the range of the dc
500 ' ' 2 electric field considered, the inducedwave interaction is
too weak for the BCS pairing to occur at reasonable tempera-
tures. This is a result of the small electric polarizability of
SLi. However, for *%K (Fig. 2) and 82848Rp (Fig. 3), pairing
can be induced to occur at temperaturebw, /kg for a dc
electric field of about 3000 kV/cm and 1000 kV/cm, respec-
tively. This should represent a reasonable prospect to aim for
within current experimental capabilities. The estimatel pf
is based on the numbers for currently available cylindrical
magnetic trap$with w,=\ o, , wherew, andw, are, respec-
tively, the axial and radial frequencijes.e., with the width
100 / : _14 of the trap ground stata, = A/2M w,>|t|7| [15,16. The
0 1000 2000 3000 Fermi energy and the momentum are, respectively,
Electric field (kV/em) =hw(6AN)Y® and ke=(6AN)¥9a, for a noninteracting
FIG. 2. The same as for Fig. 1, but now K with x=0.1, ~ Fermi gas in these traps. The effective spatial density at the
N=1C°, and w,=(2m)400 Hz. We then have,=0.56 um, e  trap center ig(r=0)~ (AN/6)"¥/(7%a>). Although the re-
~84.3w,, ke~9.2/a, , andn(r=0)=7.45x 10 cm?. quired electric field is high for a dc electric field configura-
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tion, such field strengths can be easily achieved with lasenshere C=2£2a/(0)a?(0) is the electric-induced dipole
(e.g., CQ lase) in a quasistatic situatiof20]. interaction coefficient and4®(0) are the static atomic di-

In conclusion, we have proposed a BCS pairing schem@ole polarizabilities of atoma andB, respectivelyP,(.) is
for atoms inside an external dc electric field. We have Perthe Legendre po|ynomia| of order 2 argdis the ang|e be-
formed detailed atomic calculations demonstrating the strongyeen the directions of the electric field and the internuclear
anisotropic pairing interactions for polarized atoms. By turn-gxis.
ing the p-wave scattering amplitude to larger values, we can \ith such a potentialAl), the usual partial-wave expan-
effectively tune(highep the critical temperaturd.. Com-  sjon has to be modified. Consistent with the standard defini-
pared with the existing proposals, our scheme seems to hay@n for the scattering amplitude, we denote the incident mo-
several distinct advantages: First, the pairing only i”V°|VeSmentum(relative motion of the two atomdy K- then. the
atoms in the maximum polarized state. This allows the Samgcattering wave function to be computed is ’ ’
phase-space density to be reached at a lower spatial density,
thus lowering three-body decays. Second, trapping inside the - *,A) N

1Kr

maximum polarized triplet hyperfine states completely elimi- Y(F)~ek T+ ——

: (A3)

nates the large (usually dominant two-body decay

mechanism—those due to spin exchange collisions. Addl'Note herer are the relative coordinates between the two

tionally, it suppresses the two-body dipolar decay processes ™~ . o . > .
since the final decay channels are more restricted. Third, thgUclél- The scattering is described fk,r), which for elas-

applied dc electric field provides a tuning knob for optimal IC Scatteringis always on the energy shell, i.e., the scatter-
experimental control. All indications seem to be consistenf’d momentumk’ =kr. We also expand the incident wave
with our proposal at the moment. We, therefore, encourag@ccording to

experimentalists to attempt the implementation of the strong i

electric fields required. I_t may also become p_ossible to ut_ilize eik~F:47T2 il] I(kr)YI*m(k)YIm(F)! (A4)

the low-energy scattering resonances to induce dominant Im

two-body attractions i, e, and maybe evehwaves. If the

fermionic gases can be confined in an optical dipole trapvith the asymptotic expansion

similar to those recently realized for BEC at M[19], one

may be able to create more exotic BCS states such as those . _ i . 7
of the A andB phases ir°He, but with richer spin structures h(kn) kr sin| kr =1 2) == (A5)
[4,18].

Therefore,
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i AT

a2 sin(kr—lg)vrm(k)vlm(f). (A6)

.. 4 . A
HKD=T 2 Tin(K)Yin(D). (A7)

- . A . T
LTV p IRV i =
APPENDIX: SCATTERING FROM AN ANISOTROPIC M) = élr) k % : im )sm( kr=l 2)
POTENTIAL
. . . . . +Tlm(E)eikr”w/2}Ylm(F)- (A8)
In this appendix we provide the essential formulation we
developed for the scattering from the anisotropic potential R
containing the electric-induced dipole-dipole interaction. As Therefore, the solutiorbi(r) can also be solved in the
was shown ir{8], the atom-atom interaction potential inside multichannelY,,(r) basis. We have the coupled equation
a dc electric field of strength is

V(R)=V,(R)+Ve(R), (A1) Hl(ﬁlm(F):IZ, i MV M Y e, (A9)

where V, is the symmetric partfor the usual collisional

. . . . ; where hereH, is the effective Hamiltonian for thith partial
studie$, and the induced anisotropic part is

wave,

d> 1(1+1)
—_— (A10)

Ce
Ve(R)=— —P,(co0s6), A2 -
e(R) R? 2 ) (A2) h, dr2+ ;
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The boundary conditions for the scattering are as from Eq. 1 2
(A8), higpy-a(r)=| Vo— Evz ¢1+1(r)_3\/3:5V2¢3+1(r),
A~ ar S . .
¢,m~Y|*m(k)sin(kr—I | Tim(K) 172, (A11) (A18)
1 2
Rewrite the total potential as haps=1(r)=| Vo— EVZ $3:1(r)—3 \/3:5V2¢1+1(r).

V(1) =Vo+ Vo 4mYqT), (A12)
with
v2<F>=—C—§—. (A13)
r 5
We obtain

<|m|V(F)|I ’m,>:Vo5“/5mm/+ 5mm/V2<|m|20|| ,m>,
(A14)

To match the boundary conditions, we further expand the
matrix scattering element according to

Tim(K)7k= 2 th™ ()Y} (K). (A19)
1'm’

As discussed in detail if8], the nature of the asymptotic

dipole-dipole interaction potential is such that d,ﬂjm'(k)
become independent &f at low energies. Upon matching

and the final multichannel form for the scattering equationswith the numerically integrated solutions, we obtain all

hiim(r)=Vodim(r)+ 2 i ~Im|V(D)|1'm’)y ¢y ().
|!
(A15)

Due to the symmetry of

the matrix element
(Im|20[I’'m’)=0, if 1+1’'+2=0dd. We immediately see
that the even and odd parit}) channels decouple. Specifi-

I''m’
tlm (k)
The total scattering amplitude is, therefore,

f(K,T) = feyen 1/ (KT + Foga 17(K,T). (A20)

For identical particle scattering one has to worry about the

cally, if we keep open only the lowest two channels, wesymmetrized (antisymmetrizedd amplitude fg (fn) for

obtain
hododr) =Vodboor) —Vadoo(r),
(16)
2
hodoo(r) = ( Vo+ 7\/§V2) h20(r) —Vadoor),

and
hid1o(r)=| Vo+ %Vz ¢10(r)_3\/335V2¢30(r)1
\ . (A17)
hasolr) = Vo*’ﬁvz ¢30(r)—3 3—5V2¢10(r),

bosons(fermions. In the spin-triplet electronic state of two
atoms, one has

N 1 N © . . a
fo(k,F)= E[f(k,mf(k,—rn: V2f evenn (K,F),
(A21)
and

N 1 N X A
fa(K,F)= E[f(km)—f(k,—rn: V2 g 11/(K, 7).
(A22)
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