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Abstract. 

We estimate the superfluid transition temperature Tc and corresponding finite temperature phase 

diagrams for the complete BCS–Bose–Einstein–condensation crossover. In a three-dimensional 

homogeneous mixture of 
6
Li and 

40
K atoms with population imbalance, the finding of an 

interspecies with for resonance has sparked our research. The interspecies superfluid phase 

should be accessible in future tests due to pairing fluctuation effects, which considerably lower 

Tc from the onset temperature for pairing T. Our phase diagrams indicate that a homogeneous 

polarised superfluid stabilises at finite temperature, despite the fact that it is not stable in the 

ground state near unitarily. 

 

Keywords:superfluid’s transition temp, phase diagrams and Fermionic theory. 

1. Introduction.  

The study of super fluidity in the crossover from BCS theory to Bose-Einstein condensation BEC 

is made possible by ultra-cold Fermi gases with controllable attractive interactions. There has 

recently been a focus on population unbalanced gases [21]. There is evidence for a variety of 

exotic states, including both the homogeneously polarised "Sarma" phase and phase split states 

[2.4]. The chance of discovering a new type of superfluid involving interspecies coupling adds to 

the excitement. The recent detection of with for resonances between 6 Li and 40K atoms was a 

preliminary step toward the discovery. This adjustable attractive interaction should permit BCS-

BEC crossover in superfluid phases with uneven mass pairing if the transition temperatures are 



International Journal in Physical and Applied Sciences 
Volume  06  Issue 04, April  2019 ISSN: 2394-5710 Impact Factor: 4.657 
Journal Homepage: http://ijmr.net.in, Email: irjmss@gmail.com                                      
Double-Blind Peer Reviewed Refereed Open Access International Journal  

  

41 International Journal in Physical and Applied Sciences 
http://ijmr.net.in, Email: irjmss@gmail.com 

 

accessible. We determine the transition temperatures for the whole BCS-BEC crossover in a 

three-dimensional homogenous combination of 6 Li and 40K atoms with population imbalance 

in this Rapid Communication. At and around unitarity, we show temperature polarisation phase 

diagrams associated with interspecies superfluid phases. The relevance of adding pairing 

variations, which considerably decrease the transition temperature Tc compared to the pair 

formation temperature T, is demonstrated by our results. Our finite T theory was chosen to be 

consistent with a previously researched generalised BCS-Leggett ground state [8, 9]. T= 0 is a 

hard limit. We can handle genuine experiments that are never in the ground state if we 

comprehend limited temperature effects. Our theoretical findings have features in common with 

previous equal-mass polarized gas experiments. Where superfluid phases occur that are confined 

to very low polarizations and are bound to a nonzero intermediate temperature regime. That is, 

they are linked to a lower as well as an upper critical temperature, despite the fact that the 

polarised superfluid is not unusual when stable. We demonstrate that in the absence of a trap, this 

intermediate temperature superfluid will be exceedingly difficult to identify because when heavy 

species is the majority, but that it will be easier to notice when the heavy species is the minority. 

Lastly, we examine at how the phase diagram changes when switching from BCS to BEC.The 

intermediate temperature superfluid vanishes when the lighter species is the majority, giving 

birth to a superfluid with just one transition temperature, in contrast to polarised Fermi gases 

with equal mass, adjacent to however on the BEC side of resonance. Only a homogeneously 

polarised superfluid, or "Sarma state," is considered here, with the caveat that it is unstable in the 

deep BCS regime [11]. It is stabilised when it approaches and passes unitarity. The phase 

separated state is not properly considered [6], This is mostly due to the fact that the normal zones 

in this heterogeneous phase now clearly correspond to a sophisticated related normal state, which 

is currently best addressed nonanalytically utilising quantum Monte Carlo QMC simulations 

[12]. We also leave out the Larkin-Ovchinnikov-Fulde-Ferrell (LOFF) phases, which are 

important in optical lattices [13] and one-dimensional gases [14] since earlier work by our group 

[15] It has been discovered that the LOFF state is extremely vulnerable to temperature increases. 

Extensive research has been done on the zero temperature properties of homogenous and 

confined interspecies Fermi gases [8, 16, and 17]. This set of work, as well as that published in 
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the current issue of Rapid Communication, is based on a natural generalisation of the BCS-

Leggett ground state to handle unequal populations. Similarly, QMC simulations at T= 0 exist 

[18]. While the narrow resonances seen in Ref [7] may be more applicable to a two-channel 

model formalism, All previous work, including our own, has been done using the simpler one-

channel approach. Theoretical studies at finite temperatures have been constrained to a rigid 

mean-field approach [9] that ignores the crucial impacts of pair fluctuation or noncondensed 

pairs, that are consistent with these T= 0 computations. 

2. Result and Discussions. 

We'll use the convention mm in our description of the generalised Sarma state. m/m=6.7 is the 

mass ratio. We define Ek↑,↓=Ek∓ξk − and Ek= ξ k2 +△ 2 , where ξk=( ξk∓ ξk) here ξkζ=(k
2
/2mζ)-

𝞵ζ  and ζ=↑ ,↓. The two fermionic chemical potentials𝞵↑ and𝞵↓, and, are among the four 

unknowns that must be resolved at a general temperature T. the order parameter △sc and the 

excitation gap△. In our analysis, the basic physical premise is that Quantity△2
 of the BCS-BEC 

crossover includes contributions from both condensed (sc) and noncondensed (pg) [pseudo gap 

pg] pairs. 

 

………………………………………1.1 

As a result, the gap component△ pg must be calculated individually. In order to determine the 

transition temperature Tc, the following criteria must be met. which△sc disappears This pg 

contribution to △2
 comes as a result of the fact that the appealing interaction is more powerful 

than in the .To break pairs, an additional energy must be supplied beyond △2
sc  due to the BCS 

limit. The contrast between the order parameter △sc associated with Tc and the onset 

temperature T is a crucial component of the current hypothesis. Furthermore, at unitarity, is 

positive but still △pg≠0, so we don't need a molecule binding energy to get a pseudogap. Above 

Tc, △pg may be determined experimentally using radio-frequency spectroscopy [20] 
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Following that, four equations will be deduced microscopically. The formulae for the total 

number of fermions n=n↑+n↓and the number difference p=δn↓−n↑. are as follows. 

 

………………………………………………………….1.2 

 

…………………………………………….1.3 

Here f(x)=(e
x/T

+1)−1 is the Fermi distribution function. The polarization is defined as. The gap 

parameter △ is obtained from. 

…………………………………….1.4 

 

Where a is the s-wave scattering length, M=m↑m↓ / m↑+m↓ is the reduced mass, and εk=k
2
 /2M. 

Finally, we must determine the dispersion of the noncondensed pairs in order to construct an 

equation for△2
pg . These noncondensed pairs, or pseudogap effects, arise at T≠0 and are 

included in the fermion self-energy via a T-matrix contribution. [According to Refs.19,21], The 

fermionic self-energyΣζ(k)=ΣQt(Q)Gζ(Q-K), where the four- momentum Q=(Iῼ ,q), K=(iωn,k) 

and ῼl(ωn) is the Bosonic (Fermionic) Matsubara frequency, with ƩQ = TƩlƩq, ƩQ, Ʃk=TƩnƩk, and 

ζ = -ζ. The T matrix is presumed to have the structure t(Q)=tsc(Q)+tpg(Q).The condensate 

contribution stratifies tsc(Q)= -(△sc
2
/T)δ(Q). here the fermionic green function is Gζ(k)= [G

-

1
0ζ(k)=(iωn-ξkζ). We use set ħ≡1 and kB≡ 1. 
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The excited pair propagator is provided by tpg(Q) =[g
-1

+x(Q)]
-1

, where x(Q)=ƩKζ,G0ζ(Q-K)Gζ K, 

/2 is utilised as the symmetrized pair susceptibility.The common BEC requirement that the pair 

chemical potential disappears below Tc is a natural assumption, which allows us to obtain Eq. 4. 

This BEC condition [tpg
-1

(0) =0 ] indicates that words with Q=0 dominate tpg. The pseudogap is 

well approximated by △2
pg ≡-ƩQtpg (Q0 in this way.As a consequence, 

ƩζK= -△2
G0ζ(-k), and Eq. 1 is obtained in this way. The two equations for number densities are 

obtained by using nζ=ƩKGζ(K), and Eqs. (2) and (3) are thus obtained. 

 

FIG. 1: Color online T as a function of 1/ kFa for various p=n/n values, as labelled. When the 

lighter spinup species is the majority in the left panel, use p0; otherwise, use p0. T, Tc, and the 

border of stable phases are shown by the black solid, light red solid, and light green dashed lines, 

respectively. The Fermi momentum and temperature of an unpolarized noninteracting Fermi gas 

with the same total particle density, assuming a mass equal to the average mass of 6Li and 40K, 

are kF and TF, respectively. The colourful curves are there to help with visibility, but they have 

no further importance. 
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It is possible to expand the T matrix [22] as tpg
-
19(ῼ,q)=a0ῼ+a1 ῼ

2
-ξ

2
q

2
, after analytic 

continuation (I0 ῼ--> ῼ+i0
+
) imaginary, while the minor fictitious part ᴦQ has been overlooked 

ᴦQ. From the pair susceptibility, the coefficients may be calculated: a0=(∂x/∂ῼ |ῼ=0,q=0,  

a1=(1/2)(∂
2

x/∂ῼ
2
|ῼ=0,q=0, and ξ

2
=(1/6)(∂

2
x/∂q

2
)|ῼ=0,q=0 

The pseudo gap contribution may now be expressed as.. 

 

 

………….…………1.5 

 

 

Here b(x) is the Bose distribution function andῼq=(a
2
0 2 +4a1ξ

2
q

2
)

1/2
−a0)/2a1. In the limit, it can 

be exposed a1 / a0→0 and ῼq → q
2
/2M*, where M* = a0/ 2ξ

2
 isthe gap equation [equ. (4)] is 

equivalent to an external condition on the thermodynamic potential ∂ῼMF /∂△=0, where, 

 

................................1.6. 

 

The number susceptibility matrix ∂nζ /∂nζ’ must be positive definite to maintain superfluid 

stability [21].The unstable regimes for p=0.5 are shown in the insets of Fig. 1. The unstable 

regimes are asymmetric in the sign of p, and the behaviour at T=0 is consistent with previous 

phase diagrams [8,9].This is found to be consistent with the condition ∂ῼMF/∂△
2
>0.  Phase split 

states can develop if this criterion is violated. We arrive at a reasonable estimate of the pairing 

onset temperature T from Eqs.(2)–(4),plotted fig no .1, In the right and left panels, two distinct 

signals of polarisation p are presented. we'll see that a superfluid phase with, p0, in which the 

lighter species are the majority, appears to be more accessible than the one with p>0. The 
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reasons for this asymmetry in p are complex, involving both energy and mechanical stability in 

the sense of ∂ῼMF/∂△
2
>0. It is possible to think about it critically. It can be proved analytically 

that a superfluid phase with p<0 is more energetically advantageous than one with p>0 at T=0 

when polarisation is minor in the BEC regime. When the attraction is sufficiently weak, T 

disappears, and it exhibits no monotonic behaviour at its vanishing point, as seen in the figure. 

Previously, similar phenomenon was reported for population unbalanced Fermi gases with 

identical masses [21]. And experimentally [4]. 

Finite-temperature behaviour of an….. 
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Fig.no.2, for given values of p, colour online Tc as a function of 1/ kFa. When the lighter species 

is the majority in the left panel, use p0; otherwise, use p0. In the coloured areas, the polarised 

superfluid solution is unstable. 

Isolated islands of this intermediate temperature superfluid emerge on the BCS side of resonance 

as the polarisation grows, in order to produce continuous behaviour, until at sufficiently high p, a 

homogeneously polarised superfluid is no longer stable for negative scattering lengths.The phase 

diagram at unitarily as a function of T and p is seen in Figure 3. In the dark coloured area, a 

uniformly polarised superfluid occurs at low |P| and low but finite T. The peculiar normal state 

with a limited excitation pseudo gap arises at higher T and higher p.The system is projected to be 

in a more traditional Fermi gas state at much greater T, above T. 

 

Fig.3. Color online phase diagrams for 
6
Li and 

40
K atom combinations at unitarily. When 6Li is 

the majority species, p<0 is used, and p>0 is used otherwise. T, Tc, and the border of stable 

phases are shown by black solid, red solid, and green dashed lines, respectively. Polarized 

superfluid brown, pseudo gap state yellow and unstable Sarma grey phases are labelled. The 

polarised normal Fermi gas in the white open space is a polarised Fermi gas. 
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The Sarma superfluid phase in the light coloured area is shown to be unstable to phase split 

states at low T and relatively high |p|. The phase diagram shows a strong asymmetry, with both 

the pseudo gap and superfluid phases occupying a smaller section of phase space for p>0. It's 

possible to be concerned if superconductivity appears to be re-entrant during a vertical 

temperature sweep at fixed p>0. That is, for both low and high Ts, the pseudogap phase persists. 

This is most likely due to the fact that we haven't included phase split states; similar behaviour 

was observed in the equal mass scenario as well [21]. The pseudo gap state is indistinguishable 

from the superfluid phase in a rigorous mean-field calculation 9. Pair fluctuation effects are 

clearly essential since they significantly diminish the superfluidity regime. 

Similarly, whereas mean-field theory predicts huge values for the upper critical polarisation pc 

above which the superfluid phase cannot exist, our calculations indicate a considerably narrower 

range for super fluidity in both panels of Fig. 3. When there is a chance to compare with 

experiments in the situation of equal mass homogenous [10], Both pc and Tc were determined to 

be quite accurate when compared to the data[20]. Another interesting characteristic of the graph 

is that when the heavier species is in the majority, a stable homogeneously polarised superfluid 

can only exist in a very limited polarisation domain. This should serve as a crucial guide for 

future studies, since it implies that in this circumstance, extreme caution is required to avoid 

missing the homogeneously polarised superfluid. It may appear that the transition temperatures 

in the situation of unequal masses are substantially greater than in the case of equal masses. We 

emphasise that comparing numbers such as Tc /T rather than Tc /TF is more significant since, 

unlike in the equal mass situation,the energy unit TF does not equate to the Fermi energy of 

either atom species. Tc /T*≈0.5 for an equal-mass example, and Tc /T*≈0.3 for a combination of 

6
Li and 

40
K atoms at p=0. 

We provide the counterpart phase diagrams for the interspecies superfluid at 1/kFa=0.5 in Fig. 4 

to show how the phase diagram progresses from unitarily to the BEC side of the Feshbach 

resonance. 

 



International Journal in Physical and Applied Sciences 
Volume  06  Issue 04, April  2019 ISSN: 2394-5710 Impact Factor: 4.657 
Journal Homepage: http://ijmr.net.in, Email: irjmss@gmail.com                                      
Double-Blind Peer Reviewed Refereed Open Access International Journal  

  

49 International Journal in Physical and Applied Sciences 
http://ijmr.net.in, Email: irjmss@gmail.com 

 

 

 

Fig no. 4(Color online)Phase diagrams for mixtures of 6Li and 40K atoms at 1/kFa=0.5. The 

convention follows that in Fig. 3. 

It is Pair fluctuation effects that allow us to discriminate between the gap and the order parameter 

△sc through Eq. 1 are particularly essential, as shown in the figure, since they considerably 

restrict the regime of stable homogenous super fluidity. There is essentially no stable polarised 

superfluid when the heavier species is the majority (p>0). While a vertical temperature sweep at 

constant p>0 may appear to imply a re-entrant low T pseudo gap phase, this is a by-product of 

our failure to account for phase separation effects. This is a result of our failure to account for 

phase separation effects. There is no longer an intermediate temperature superfluid phase when 

p0 is reached. For all polarizationsand temperatures below the single critical temperature, a 

stable superfluid may be found Tc. In the equal mass situation, for example, p=0.5 at T=0, a 

stable superfluid cannot be discovered until deep in the BEC regime, when 1/kFa2. This 
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transition temperature Tc0.18TF, which might be attainable in the future, is important for a 

moderate polarisation, say p=0.5. 

3. Conclusion 

We conclude by emphasising that, while we have studied a homogeneous rather than confined 

scenario, now there are experimental capabilities for employing tomography to resolve the 

related phase diagrams. Furthermore, our previous work defining the changes in the phase 

diagram for the equal mass scenario while transitioning from a homogeneous to a trapped state 

may be utilised to show that Tc's characteristic values are not greatly affected. This comparison 

also demonstrates that in the presence of a trap, the homogeneously polarised or Sarma phase 

studied here has a far wider range of stability.Our phase diagrams indicate that a homogeneous 

polarised superfluid stabilises at finite temperature, despite the fact that it is not stable in the 

ground state near unitarily. 
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