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Abstract. The magnetization anomaly of FeSe single crystal reported by Hafiez et al is 

examined through our Modified phenomenological Ginzberg–Landue (MPGL) theory 

applicable to two band superconducting systems.  The present MPGL theory in the 

London limit calculates value of ab(0) as 445.696nm which is very close to the 

experimental value reported  by Hafiez et al [22].  
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1. Introduction 

 FeSe has concerned substantial interest in recent times from other members 

of iron based superconductors (Fe-SC) because of its some unique features, The 

unique features are, (i) crystal  structure of FeSe is regarded as representative of 

the entire family of Fe-SC (ii) its transition temperature  Tc=8K [1] can be raised 

to 37K by the application of pressure [2-5] and to 50-100K by growing it   as a 

monolayer on a SrTiO3 substrate [6-9], (iii) high-quality single crystals with 

rather large dimensions can be grown [10-12] which are necessary for an accurate 

determination of bulk physical properties, (iv) it goes through a structural phase 

transition from a tetragonal to an orthorhombic phase at Ts ≈ 87 K [13],which is 

not followed by a long-range magnetic order, (v) FeSe has simplest layered 

crystal structure and stoichiometry with critical temperature of about 8K for 

polycrystalline sample [14],(vi) Different experiments detected different 
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superconducting gap structures while most experiments detected two 

superconducting gaps [2, 15–22] in FeSe single crystal,(vii)it is regarded as  the 

most simplest Fe-based superconductors for studying  the pairing mechanism 

[23]. 

 The most mysterious property here is not even the pressure or strain induced 

Tc increase (the cuprates have already shown the tendency of increased Tc with 

reduction of the dimensionality), but a giant enhancement of the 

superconductivity at the Fe/SrTiO3 interface, where SrTiO3 (STO) has nothing in 

common with magnetic interaction [24].Although FeSe system possesses many 

attractive features, the investigation of its physical properties is still in infancy. 

 The isotope effect experiments in Fe-based superconductors show the iron 

isotope exponent (c) values between 0.35 up to 0.4. Thus, one could infer that 

electron pairing in superconductors of the FeSe family is facilitated by electron-

phonon interaction. Furthermore, pure magnetic or spin-orbital interactions affect 

the interband coupling leading to decrease of thermodynamic Tc like in the case 

of MgB2. Identifying the origin of the SC pairing mechanism is the key to 

understanding these interesting properties of FeSe [25]. The Fermi energy of 

FeSe is found to be extremely small and comparable to the superconducting 

energy gap (), indicating that superconductivity in FeSe is realized in the 

crossover regime from Bardeen Cooper-Schrieffer (BCS) to Bose-Einstein-

condensation (BEC) [20]. 

 In HTSCs there exists a broad field domain where the reversible 

magnetization M is linear in logarithm of applied field (Ba).This behavior of of 

dependence of  M(ln(Ba)) implies the strong uniaxial  anisotropy. This behavior 

implies a procedure of extracting the procedure for penetration depth from the 

linear part of the curve M(ln(Ba)) vs.Ba [26] 

 Hafiez et al [22] investigated the  FeSe to understand the properties of 

superconductors through lattice modification caused by doping  sulphur (S) in the 

system. The authors   investigated the superconducting properties FeSe1-xSx (x=0, 

0.04, 0.09, and 0.11). The study gives a conclusion that although the electronic 

specific heat of the SC state can be well described by using a two-band model, 

the change of specific heat induced by a magnetic field can be understood only in 

terms of multiband superconductivity. 

 Taking the data for pure sample (x=0),in FeSe single crystal the values of 

1(T)/KBTc and 1(0)/KBTc, for larger gap  are found to be 1.95 and 2.2  while  

2(T)/KBTc, 2(0)/KBTc for smaller gap are found to be 0.79 and 0.88 [22] .The 
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values of larger energy gap (1(T), 1(0)) and smaller energy gaps (2(T), 2(0)) 

are comparable with those obtained from two band s-wave fit of specific heat 

data and Andreev reflection spectroscopy results [11,18]. 

 Here, we have tried to explain magnetization anomaly of FeSe single crystal 

repoted by Hafiez et al.[22] and variation of in plane magnetic penetration depth 

ab (T)  with the temperature for FeSe single crystal. For this we have used the 

modified two band Gl theory. In addition we have tried to calculate ab (0) for 

FeSe single crystal by using two gaps   superconductivity as it is a two gap 

superconductor .The calculated result is very close to the experimental value 

reported by Hafiez et al [22]. The detailed procedure of calculations is given in 

next section. 

2. Formalism 

 The theory developed by Kogan et al[26] and Mitra et al. [27] is proved to 

be successful to explain the magnetization anomaly of cuprate superconductors 

[28].They have explained the temperature dependent penetration depth (T) of 

cuprate superconductors. In addition the theory developed by   Abrikosov et al 

[29] is used to explain the in plane penetration depth ab(0) and ab(T)   in BCS 

clean limit and dirty limit for cuprate superconductors [28] due to single gap 

structure .For two gap superconductors like FeSe, it is not easy to explain 

anisotropic properties by using the above theory. So explain such anisotropic 

properties initial attempts were made through different approaches. Huang and 

Peng-Li Lv [30] have tried to explain upper critical field anisotropy though two 

band GL theory for KFe2As2. Here we have tried to explain the magnetization 

anomaly given by Hafiez et al [22] by modifying the  single band (0) equation 

of Abrikosov et al [29] using our two band approximation [31] for another FeSe 

two band system due to the presence of  two superconducting energy gaps .On 

comparison we find  our calculated results show very close to that of 

experimental findings by [22]. The modification theory is given below  

The expression for magnetization found by 

Kogan et al. [26] 

 

(Neglecting constant term)               (1) 
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The temperature dependent in plane penetration depth [26] is given by
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Here (T) is the temperature dependent energy and  (0) is energy gap at zero 

temperature. 

FeSe is a two gap superconductor. It consists of two energy gaps ,one is larger  

(1(T)/KBTc=1.95, 1(0)/KBTc=2.2) and smaller one is (2(T)/KBTc=0.79, 

2(0)/KBTc=0.88)[22].  So the above equation(4) is splitted into two equations for 

larger and  smaller gaps assuming  these energy gaps  do  exist    along c-axis and 

ab  directions. 

        (5) 
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3. Result and discussion  

 In one of the paper Abdel-Hafiez  et  al.  (2015) [22] have reported the 

behavior of the specific heat and magnetization in a recently discovered FeSe 

single crystal having critical temperature approximately 8.5 K. In this paper the 

author have reported magnetization (M) versus field (Ba) curves at different 

temperatures and determined the absolute value of in plane penetration depth 

ab(0) as 446nm for FeSe single crystal. In addition they have also determined the 

value of anisotropic ratio as 2 for FeSe single crystal. 
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 Here, we have tried to explain the magnetization anomaly in terms of ab(T) 

and ab(0)  for FeSe single crystal following the magnetization properties of the 

FeSe crystal as a function of applied magnetic field and modified two band GL 

model developed by Purohit and Nayak (2016) [31]. The anisotropic properties of 

different quantities can be estimated in different way i.e. through mass anisotropy 

as  =
ab

c

m
m

,where mc and mab are effective masses   along c and ab directions 

respectively, one can also calculate the same value through upper critical field 

anisotropy as 
 
 

ab

c

c

c BB
||

2

||

2 .Similarly from resistivity analysis where the value of 

resistivity along c (c ) is slightly differ from resistivity along ab directions (ab), 

so   that  can be expressed as c/ab. The ratio    00
abc   also gives the value 

of   where c   and ab  are evaluated through the square root of reciprocal of 

slope of the linear fit of specific heat curve for the field applied along c and 

perpendicular c directions. So that  [32] is represented as 
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In this thesis,  we have tried to explain the magnetization anomaly in terms 

of ab(T) and ab(0)  for FeSe single crystal by using  modified two band Gl 

theory developed by Kogan et al.[26] and Mitra et al.[27] taking the data from 

magnetization(M) vs. field (Ba) with different temperature(T) curve of the paper  

reported by Abdel-Hafiez  et  al.  (2015) [22].The detailed procedure is given 

below. 

The linear regression is obtained through the least square fit for a given 

temperature by the equation (1) .Thus the graphs are plotted between 4M vs. ln 

(H) for  temperatures 3,3.5 , 4 and 4.5  K  for   fields parallel to c- axis. The slope 

of each of the regression gives the values of 
2

exp0 8
 .So exp values for the 

temperatures 3, 3.5, 4 and 4.5 K have been found from  
)(8

0

slope


 . The 

sample linear regressions curve along the c direction has been shown in the 

Figures 1. The variation of exp with the temperature (T) has been displayed in 

Figure 2. 

 



G Purohit et al.
 

 

Orissa Journal of Physics, Vol. 26,  No.2, August 2019 92 

2.3 2.4 2.5 2.6 2.7 2.8 2.9

17

18

19

20

21

22

 

 

T=3K

4

M

Ln(B
a
) in tesla

 Experimental

 Least square fit

2.8 3.0 3.2 3.4 3.6 3.8 4.0 4.2 4.4 4.6

0.000030

0.000032

0.000034

0.000036

0.000038

0.000040

0.000042

 

 


e
x
p
 

T in Kelvin

 
exp

Fig. 2. The variation of exp with the temperature (T) 

 

 

 

 

 

 

 

 

  

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1. Sample curve of regression at applied field parallel to c-axis 
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Fig.3. The variation of ab(T) with the temperature (T) 

 Assuming anisotropic ratio =2 [22], using equations (2) and (3), we have 

calculate the values of ab(T) for temperatures 3,3.5 ,4 and 4.5 K. The variation of 

ab(T) with the temperature (T)  has been displayed in Figure 3. From the figure it 

is clear that ab(T) increases with the increase of temperature which is same as  

reported by Abdel-Hafiez  et  al. (2015) [22]. 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 For dirty limit .by using equation (5),the values of ab1(0)s are calculated  for  

temperatures 3,3.5 , 4 and 4.5K for larger gap. The average values of penetration 

depth ab1(0) is found to be 239.514nm for larger gap. For dirty limit by using 

equation (6) ,the values of ab2(0)s are calculated  for  temperatures 3,3.5, 4 and 

4.5K for smaller gap .The average value of ab2(0) is found to be 206.181nm for 

smaller gap. The total value of penetration depth  ab(0)(= ab1(0)+ab2(0))= 

445.696nm which is close to the value reported by Hafiez et al [22]  

4. Conclusion  

    MPGL theory in the London limit has been successfully applied to the 

single crystal FeSe system. 
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