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                                   Abstract 
 Superconducting transition temperature of Bismuth crystal when doped lightly with Tellurium − 0.1 atomic percent, rises 

by about 47 times to attain the value 25 mK from its value 0.53 mK in pure semi-metallic Bismuth crystal, experimentally 

observed very recently. The number density of electrons by such doping results in its enhancement by nearly two orders 

of magnitude, 2.8 ×  10 19 /cc, as against 3 ×  10 17 /cc, present in pure Bismuth crystal. However, the gas of charged fermions, 

electrons, with eff ective mass of an electron equal to 0.067  m e ,  m e  being the mass of normal electron, due to elliptical Fermi 

surfaces of Bismuth, is still very rare and is highly quantum mechanically degenerate. It is argued that one can explain the 

formation of Cooper pairs, bosons, and their subsequent condensation into the superconducting phase using the non-phononic 

mechanism which essentially makes use of the two-body interaction (characterized by negative scattering length only) in 

such a dilute system, suggested by us very recently. It turns out that the value of superconducting coupling constant is equal 

to 0.097 indicating that the superconductivity has characteristics of Type I superconductor. The computed values of vari-

ous characteristic parameters describing superconductivity such as energy gap parameter, critical magnetic fi eld, coherence 

length, binding energy of Cooper pair etc. have also been reported and compared with the corresponding values in pure 

Bismuth. There is no isotope eff ect. 
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    Very recently, the elusive but now experimentally observed 

(Prakash Om, Kumar et al.  2017 ), superconducting phase 

transition in pure Bismuth single crystal at extremely low 

temperature of 0.53 mK, at ambient pressure, has been 

explained (Tewari et al.  2018 ) using the non-phononic, 

two-body attractive interaction between electrons in the 

extremely rare, but highly degenerate quantum mechanical 

gas of electrons present in the semi-metallic Bismuth crystal. 

 In an earlier attempt (Uher and Opsal  1978 ) where poly-

crystalline Bismuth crystal was doped lightly with Tellu-

rium atoms 0.1 atomic percent (at%), which is non-super-

conducting electron donor (unlike Tin) the electron density 

was about two orders of magnitude larger : 2.8 ×  10 19 /cc, as 

against that in pure Bismuth : 3 ×  10 17 /cc. The superconduct-

ing transition temperature in the Tellurium doped Bismuth 

crystal was estimated to be 25 mK (Uher and Opsal  1978 ); 

30 mK was the lowest temperature that could be achieved 

at that time, i.e. the superconducting transition temperature 

increases by about 47 times from its value 0.53 mK in pure 

Bismuth. There has not been any theoretical explanation to 

explain it, to our knowledge. 

 The gas of electrons in the Tellurium doped Bismuth 

crystal is still a dilute system. That is, the fermionic gas is 

very rare, but highly quantum mechanical degenerate : the 

inter—particle separation,  2r s , being 40.85 Å (quite unlike 

metals where it is at the most a few Angstroms) and thermal 

deBroglie wavelength being 3.216 ×  10 5  Å. 

 It may be noted that these results are in contrast to that 

reported by Furukawa et al. ( 1983 ) for higher doping (0.289 

at%, only 2.89 times used by Uher and Opsal ( 1978 ) used 

here) and supposed, not measured experimentally, transition 

temperature equal to 1 K, which is the transition temperature 

of  Bi 3 Te (Matthias et al.  1966 ; Elzinga and Uher  1985 ). That 
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is, when the dopant concentration is increased by only 2.89 

times, the  T c  gets, supposedly, enhanced by 40 times. This 

result is therefore not considered here. 

 As is well known, pure Bismuth is a semi-metal with 

three elliptical electronic Fermi surfaces and shows pecu-

liar galvano-magnetic eff ects with diff erent masses along 

the three axes of the crystal. These are very diff erent from 

the mass of the ordinary electron, which leads to the form 

of density of states given by expression (3) (Phillips  1960 ; 

Tewari et al.  2018 ). Using this expression, one can deter-

mine the value of Fermi energy , with the restriction that 

the total number of electrons N must be equal to 2.8 ×  10 19 /

cc. Such an analysis leads to an eff ective mass of electron, 

 m  = 0.067m e , using the appropriate experimental values 

of  (Phillips  1960 ),  m e  being the mass of ordinary electron 

and  ε   F   = 0.2418 eV, as against 0.01174 eV in pure Bismuth. 

This higher value of Fermi energy implies that electron spe-

cifi c heat content would be larger than that for pure Bismuth. 

In the present case, the Sommerfeld constant is equal to 

0.0145 mJ/K 2  mole, in contrast to 0.0032 mJ/K 2  mole in 

pure Bismuth. That is, the specifi c heat here rises by a factor 

4.5 which can be checked using specifi c heat measurements 

at extremely low temperatures. It is now possible to investi-

gate the formation of Cooper pair at the Fermi surface using 

the fact that being extremely rare gas, only two-body interac-

tion represented by negative scattering length is responsible 

for the formation of a Cooper pair. The attractive nature of 

scattering length is essentially due to peculiar behavior of 

the generalized dielectric function of rare, highly degenerate 

electron gas at large inter-electron separation, as discussed 

in our earlier paper (Tewari et al.  2018 ) and (Luttinger  1966 ; 

Ashcroft and Mermin  1976 ; Bonch-Bruevich and Tyablikov 

 1962 ). 

 The expression for the superconducting transition tem-

perature can be obtained by following the same theoreti-

cal approach as discussed in our earlier work (Tewari et al. 

 2018 ). Essentially it amounts to obtaining the ground state 

energy of the interacting Cooper pairs using variational tech-

nique under the two restrictions that the many-body wave 

function must be properly normalized to unity and the total 

number of electrons in the crystal must be equal to N. The 

energy gap parameter that separates the ground state energy 

of normal electrons from that of its superconducting phase is 

made temperature dependent and  T c  is obtained by demand-

ing that the gap parameter is equal to zero at T =  T c . 

 The expression of  T c  is as follows (Tewari et al.  2018 ; 

Bardeen et al.  1957 ) : 
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theinteraction potential given as:

       

 The computations have been done using expression (1) 

for diff erent values of scattering length, a, and it is found that 

the value of superconducting coupling constant λ =   0.097     for 

α = 0.777(3) Å gives rise to  T c  = 25 mK, the superconduct-

ing transition temperature of Tellurium doped (0.1 at%) Bis-

muth (Uher and Opsal  1978 ). This value of α = 0.777(3) Å 

satisf ies the dilution cr iter ion of the gas as 

  ||kFa|| ≪ 1,
(||kFa|| = 0.051

)
     and also   

a

2rs
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The superconductivity in Tellurium doped Bismuth is there-

fore Type I, just as that of pure Bismuth. 

 One can determine critical magnetic field,  H c , that 

destroys superconductivity at 0 K and its value turns out to 

be 0.337 μT as against 0.158 μT in pure Bismuth. 

 One may point out however, that like in pure Bismuth, the 

theoretical value of  H c  may be much smaller than that might 

be observed experimentally. However, as discussed in our 

earlier paper (Tewari et al.  2018 ), one may reproduce exactly 

the observed  H c  for a diff erent value of `a’, but then the  T c  

would turn out to be much smaller. Such a scenario implies 

that one of the factors could be the Sommerfeld constant, 

that necessitates accurate measurements on the extremely 

low temperature specifi c heat measurements in the samples. 

 Using this value of  α = 0.777(3) Å, the binding energy 

of Cooper pair can be evaluated and turns out to be equal 

to 3.79 μeV (in pure Bismuth, it turned out to be 0.08 μeV 

for  α = 3.265 Å (Tewari et al.  2018 ). The size of the Cooper 

pair which is equal to the coherence length,  (where  is the 

velocity at the Fermi surface and Δ 0  is the superconducting 

energy gap parameter), turns out to be 1.25 ×  10 6  Å (which 

in pure Bismuth was computed as 1.296 ×  10 7  Å (Tewari 

et al.  2018 ). Thus the Cooper pair are spherical, very weakly 

bound and of extremely large radii and therefore are overlap-

ping, implying thereby, that the superconductivity results 

only when the Cooper pairs are interacting, quite unlike the 
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case of ideal Bose-Einstein Condensation (Einstein  1924 ; 

Bose  1924 ). 

 In the present study, however, there is no isotope eff ect 

as there is no electron-phonon interaction present. That is, 

superconductivity is that way quite diff erent from a classical 

BCS theory, in contrast to (Rodriguez et al.  2019 ) where, 

under pressure, BCS theory explains superconductivity of 

all solid phases of Bismuth. However, it may be pointed out 

that the present analysis will work only when the dilution 

criterion is fulfi lled in addition to the extremely low tem-

peratures where there is hardly any phonon present. 

 (It may however be emphasised that BCS theory in its 

original form which uses electron-phonon interaction, when 

generalized to strong coupling regime and incorporates 

residual electron-electron interaction, is found to be valid 

very recently (Somayazulu  2019 ) even at  T c  = 260 K at mega 

pressure 180–200 GPa in high temperature superconductiv-

ity in Lanthanum Superhydride  LaH 10 , where isotope eff ect 

is prominently present). 

 One may conclude that superconductivity in lightly Tellu-

rium doped Bismuth crystal, where the number of electrons 

is two orders of magnitude larger than that present in pure 

Bismuth, can be understood using the attractive two-body 

interaction, characterized by negative scattering length, 

similar to the superconductivity in pure Bismuth; like in the 

case of pure Bismuth, there is no isotope eff ect. 
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