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This work focuses on the theoretical investigation of the upper critical magnetic field(H.,), Ginzburg-
Landau coherence length (§; (T))and Ginzburg-Landau(GL) penetration depth (A\g (T)) by using the
Ginzburg-Landau(GL)phenomenological equation for the two-band iron-based superconductor
Ba,_,K Fe;As, . At zero external magnetic field, Ba,_,K,Fe;As, was found to undergo atransition
from the norma state to the superconducting state at T, = 38 K.By using the phenomenological

Ginzburg-Landau(GL) equation for the two-band coupled superconducting Ba;_,K.Fe,As, , we
obtained expressions for the upper critical magnetic field(H.»), Ginzburg-Landau(GL) coherence
length,&; (T) and Ginzburg-Landau(GL) penetration depth,Ag (T) as a function of temperature and the
angular dependency of upper critical magnetic field. By using the experimental values in the obtained
expressions, the phase diagrams of the upper critical magnetic field parallel (H,5) and perpendicular
(HiH)to the symmetry axis versus temperature are plotted. We also obtained the phase diagrams of the
Ginzburg-Landau upper criticalmagnetic field (H.;(0)) versus the angle 6. Similarly, the phase
diagrams of the Ginzburg-Landau (GL) coherence length &; (T)and Ginzburg-Landau(GL) penetration
depth Ag (T)parallel and perpendicular to the symmetry axis versus temperature are plotted for the
superconductor Ba, _,K,Fe;As, . Our findings are in agreement with experimental observations.
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INTRODUCTION

Since the discovery of superconductivity at 26 K in the Fe-As-based superconductor LaFeAsO1-xFx, great interest has been
stimulated in the community of condensed-matter physics and material sciences (1).This welcome surprise brought to an end
monopoly of cuprates as the only high temperature superconductors. Under intensive study, the superconducting transition
temperature Tc was quickly promoted to 55 K by replacing La with Sm making the iron-based superconductors to be non-copper
based materials with Tc exceeding 50 K (2). Superconductivity was also obtained in the 122-family iron based multiband
superconductors and great efforts were made to raise T to temperatures higher than 38K as detected in(Ba, ;K 4)Fe;FeAs,(3)
and beside the high critical temperature, the upper critical field was found to be very high in the iron-based superconductors (4-8).
Many theoretical models have been proposed to give explanations for the mechanism of superconductivity, such as non-phonon
pairing mechanisms (9).Fortunately, the Ba;-,KFe,As, single crystals can be grown by metal or by the self-flux method. With this
success, more accurate measurements have become possible in this iron-based superconducting system. One of the basic
HE, (0)
HEL(0)
and the potential applications, where H3, (0)a  HE, (0) are the upper critical fields when the magnetic field is applied within the
ab plane and c axis, respectively. Basically, one can estimate the zero temperature Hc2(0) with the classical Werthamer—Helfand-
Hohenberg (WHH) expression(10)and then calculate the coherence length &; with the Ginzburg-Landau relations in layered
superconductors (11). In conventional superconductors, the electron pairing is mediated by an electron-phonon interaction and can
be well understood within the microscopic-model developed by Bardeen, Cooper & Schrieffer (BCS) in the theory
superconductivity (5).

parameters, the superconducting anisotropy (y = ) which is crucial for both understanding the superconducting mechanism
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The electron-phonon coupling mechanism is not sufficient to explain the superconductivity in iron-based superconductors and
their role is replaced by spin-fluctuation coupling mechanism (where pairs are bound because of magnetic interactions between the
electrons spins). The iron-based superconductors exhibit a huge upper critical field (H.) beyond 100 T, deduced from high
magnetic field data (5,6, 12-13). The theory of upper critical magnetic field in superconductors was essentially developed right
after Abrikosov proposed the type-1l superconductors(14). It is well known that, the Ginzburg-Landau theory remains a powerful
instrument for the study of magnetic phase diagram of superconductors (15). The free energy functional of two band
superconductors can be expressed by the power series of order parameters in the vicinity of the critical temperature and
minimization of the free energy function gives the GL eguations that can describe the field distribution in superconductors. The
main specialty of iron-based superconductors is their multi-band nature. In the multi-band model of superconductivity, several
intra-band and inter-band interaction terms are present. The importance of inter-band pairing in multiband models has been
emphasized by Menezes (16). The Fermi surface of the optimally doped iron based superconductor Ba,_K,Fe,As, consists of
multiple Fermi surface sheets. The density functional theory (DFT) calculations showed that there are three concentric hole
cylinders in the center of the Brillouin zone (I" point) and two electron pockets at the zone corner (M point) (17). Due to the
similar shape of the barrels, the hole and electron bands are connected via the interband interaction potential. The Fermi surface
(FS), which has contributions from all five possible Fe 3d orbitals (18) is very similar to the different iron-based compounds and
al the 5 Fe 3d orhitals pass through Fermi surface. The first-principle calculations have shown that, the energy bands near the
Fermi surface are mainly contributed by the Fe 3d mainly d,, and d,, orbitals (19). One of the main feature of two-band
superconductors is the presence of two energy gaps A; and A, which vanishes at the same temperature T.. According to
microscopic theory presence of the two gaps is explained by the fact that in each band i an own intra-band coupling constant V;;
and the interband coupling constant V;;exists which on the one hand enhances pairing of electrons on the other hand leads to the
single critical temperature T..

THEORETICAL FORMULATIONS
Calculation of upper critical magnetic fieldin B ;_ K F ;A

In the presence of two-order parameters in a bulk isotropic s-wave superconductor, the phenomenological Ginzburg-Landau free
energy density functional for two-band coupled superconducting order parameters W, and W, can be writtenas (20-25),

Foo = Fi+ Py Frp + @
where
== |( =22 | gl g @)
== 2 |( = Z2) | = plaf + 2w ©)

Fio=e(W W, +W,¥, ) +¢ I

) by (2| 2 v, (22w @

2
whereF; and F, are the free energies for each band. F,is the interaction free energy term between the two bands. % is the energy

stored in the local magnetic fields. W, and W, are superconducting order parameters. The coefficients € and ¢; describe the
interband interaction of the two order parameters (proximity effect) and the interband mixing of gradients of two order parameters
(drag effect) (20) respectively. m; and m, denote the effective mass of carriers for each band.ais the temperature-dependent
parameter andp; is temperature-independent parameter. H =  xAisthe external magnetic field and A is the vector potential.

Now, substituting egs (2-4) into eq.(1), we get,

Fe= = | (= 22) | —auwal + Bt = (= 22w — gl Rl (9, + 0y )+

Q( +22) v (-22)ufel( +22) v, ( ~2)e) e 5

To derive the Ginzburg-Landau equations for the two-gap superconductor, we minimize the free energy function given in eq.(5)
with respect to variations in the complex conjugate of the order parameters¥, , WV, , such that,

0P _ O _
m =0 and o, =0 (6)

Near the critical temperature, T, we have LPSLZ — 0.Thus, using eq.(5) ineq.(6) the first Ginzburg-Landau equations for the two
bands can obtain as,

—”—2( —~ ZL"A)Z Yo Wy + W+ (- Zie“jz W, =0 7

2my he
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And
—”—2( —Z“*Ajzw—aw + ey + e ( —Zii“jzw =0 9)
P e 202 1+t¢ e 1

Egs.(7) and (8) can be expressed in terms of matrix product form as;

2 : 2 " 2
- (TCE e Y
Ha Hao/ W2/ €+€1( ZleA)Z hz( _2ieA)2_a2 W,/

2my he

(9)

hc

We can compare the equations in eq.(9) to the free-particle time independent Schr & dinger equation with particle of mass m; and
charge of e moving in a magnetic field and is the same as eigenvalues of the harmonic oscillator. For the field in the direction of
the c-axis, we can linearize the GL equations as follows;

12 2ieA i 2ieA
Hlll'lJl = _R - ;—C] Wl = Ellwlandequz = _R( lh ) l'lJz = EzzwzHence eq (g) becomes
2ieA’\2
Enm era( 5w,
" (42)=0 (10)
2ieA 2
€+ e ( - ?) Ezz_az

The energy eigenvalues of the quantum harmonic oscillator is given by, E, = (n + ) In order to determine H.,, we must choose n
= 0 which gives the upper critical magnetic field. The energy of the two bands for the n = 0 state becomes E;; = —hcol and

Ey = th where the frequency of the oscillator is given by w; = 22 oy adisplacement x in one direction, the vector potential
isgivenby A = Hx.

Then eg. (10) can be reduced into,

2H  heHep _ (11)

€Ta he mpC
By considering m; = m, = m, the upper critical magnetic field H.,is obtained by setting the determinant of the matrix in eq.(11)
to zero, i.e,,

heH 2eH;
Lz —a, c—6 Lz
m e l=0 (12)

ZeHgs heHez

€— €
T ac m

From which we get,

h h €€
[(:‘1—) 4:2:21] Heo" = I:T (og+a) == 1J Hez + 0,0, —€2 =0 (13)

Finally, the solution of the quadratic equation becomes,

; . 22 2pe
_ (111"' 2)- EE‘_EL"sztz[al as] f:zfz'llﬂz b:fjl[ill"'ﬂz]*lhjtjllllilz“'"u::jsz
Hc2 - why 2 ‘“‘3251 (14)
m h2g?
ey
h? h?
Now let,a; = ——,0, = =~ €= vvhereE ,&,,and &, arethe first band, second band and interband
2ms 2mé; 2m El 1772

effective coherence lengths, respectively,e; = Ewhere K is the gradients of interband mixing oftwo order

parametersin energy unit and ®, = %ﬁ and is the quantum flux.

Thus, eg.(14) becomes,
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1
2

2
by 1 1 K by 1 1 K 3 1 1
=0 |—+———]4+—9% |l=4+—=—-——=]| = - —_— — =
2n(1-?) (zii * 28 8 j_ 2n(1-k?) [(EZT * 2% 8 ] 1-x )(Eiii & ]] (15)

Now, let us consider cases such that,

Hcﬂ

2

Casel: (é + % - E%) 1-«3) (# - E“LJ , inthis case the term in the square root in eq. (15) becomes complex. Therefore,
1 2 1 152 1

we can conclude that the first case is not valid sincemagnetic field isareal quantity.

c:aseu:(i+1 LJE (1—K2)(i 1]

28 2 & ge

Using the Taylor’s binomial series expansions, for the negative value of the square root in eg.(15) we get,

2
1 1 ayf 1 1
- _ %1 (z"i% z‘i) _ 19 ( ’(Eizé 2‘1]

2T gnzaf1 1« 8 2n : o1 3
_2+_2_2— =t ==
28] 25 & 28] 285 &

For the positive value of the square root in eq.(15) we get,.

(16)

2
(L_L] {1_K2\(L_L]
o, (L 1 KJ ®ol \&E & 109 g &
2 2 2
%%

-_—— e e 4 —-— —_ e
2n(1-12) 212 (;+;_Lj EA N (0
25 2% § (E*%‘ﬁj

Due to the drag effect, the GL theory for a two-band superconductor can be reduced to the GL theory for an effective single-band
superconductor. Two band model can be reduced to one band model if we set a, = € = ¢; = 0. We observe that eq.(16) cannot be
reduced into one bandmodel so does not have a physical meaning. But eq.(17) can be reduced into one band model and is the

analytical equation of upper critical magnetic field and thus we have,
2

bo—
Hcﬂ_

g (&
% (& 8 L det | edey
€27 omz g2 * 2 - ) -2 2z g2 2 2 .2 4 (18)
1 1 2 & & & &
52K 552K
& & & &

The effect of anisotropy mass tensor on the upper critical magnetic field isincluded by replacing € in eq.(18)
with coherence length tensor { £} .
Finally we have,

2 4 2
AT (1-«3) (%— 1]
+

% g 1 ge £
Ho=—— (2L 4> _ ) _— 152 152 19
@ 2nE2  [sin?0+y2cos28 & B 1~ g .8 ? g 8 ¢ (19
1 4 Y -2 A+ -2
&g & & &

The inter-band mixing of gradients of two order parameters in anisotropic bulk two-band superconductor plays important role. The
two-band superconductor is characterized with a single GL coherence length,&, , single magnetic penetrations depth,Ag,, single
upper critical magnetic fields,H, and asingleGL characteristic parameter K.

The effective coherence length,& . can be expressed as,

2 4
) {1—@(%—1)
+

1 _ 1 8 1 4 St

a_a@ L E L] E 22 20

w8 \g g )|z (&i & ZK)Z (Ef +i_z.<) o
g g g8

Thus, eg.(19) becomes,

Heo(T) = 20 (21)

_—
g2 (T)\Jlsin29+y2c0529
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From eg. (21) the angular dependence of the upper critical magnetic field due to an isotropic effective
masses at an angle Bbetween the c-axis and applied magnetic field at low temperature can be expressed as,

®
Heo(8) = —— (22)
© 2nE2 (o)vlsinze-i y2c0s28

HEz (0)
H.5(0)
temperature coherence length for Ba;_,K,Fe;As; are & (0) = 1.92nm and &.(0) = 0.92nm (26,27).For @, = 2.0678 x
107! Tm? eq. (21) becomes,

The anisotropy parameter for Ba,_,K,Fe;As, at T=0K is obtained to bey = = 2.07. The experimental values of the zero

Hea(8) = ———— (23)

Vsin20+4.2 cos?0

It has been shown that, a single band anisotropic model can properly describe the angular dependence of
H¢,(8) inamulti-band system at temperatures near, T.(28,29)

If the direction of the applied magnetic field is paralld to the c-axis, then the expression for the upper critical
magnetic field H_; as function of temperaturein eg. (21) is given by,

HEM = 2= [1- (2)] (24)

ez (0) T

1
P
whereg  (T) = €, (0) [1— (Tl] ] 2andEalD(O) is the zero temperature coherence lengths in the ab-plane. The mathematical

expressions of the temperature dependence of the upper critical magnetic field parallel to the symmetry axis (in the c-direction) in
superconductor Ba,_,K,Fe;As, becomes,

HS(T) = 89Testal1. - (Tl)zJ (29

If the direction of the applied magnetic field is perpendicular to the c-axis, then the expression for the upper
critical magnetic field HXS(T) in eq.(21) is given by,

1ic — ) _{T 2
Hez(T) = 218 (0),(0) [1 (Tc) ] (26)

Thus,the mathematical expressions of the temperature dependence of the upper critical magnetic field
perpendicul ar to the symmetry axis in superconductorBa; _,K,Fe,As, becomes,

His(T) = 185Tes|a[1 - (Tl]z] 27)

2.2.Caculation of Ginzburg-Landau coherence length and penetration depth in Ba; _ K, Fe,As,
There are two important temperature dependent material parameters which arise from the GL model that
characterize the phenomenological properties of a superconductor. The coherence length & is defined as,

& M= (o) (28)

2m |a(r)|

This parameter specifies the spatial width of the transition layer of the order parameter,¥ in the neighborhood of the boundary
between a normal region and a superconducting region. For T < T, the temperature-dependent,acan be written as a function of

2
temperature in the vicinity of the critical temperature, T, as o;(T) = q, [1 - (Il] ] Herea, is the temperature-independent
.

positive constant. Hence, the expression for the temperature dependent GL coherence length,§. (T) becomes, &, (T) =

1

& O-()] @)
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where & (0) is the zero temperature coherence length.By taking the experimenta values of EaG (0) and
&, (0), the coherence length in the ab-plane (&, ) and along the c-axis (&, ) for Ba,_.KFe,As;
becomes,

2

& (M =192x107m [1- (1] (30)

1
2

£ (T) =0.92x10-°m [1 - (TL)E] (31)

According to the Meissner-Ochsenfeld effect an external magnetic field is expelled completely from the interior of a
superconductor. But there was experimental evidence that magnetic fields penetrates a superconductor and a surface current flows
in avery thin layer of thickness which is called the Ginzburg-Landau penetration depth (A; ) and can be expressed in terms of the
superconducting electron density n, as;

1

A (D= (7o) (32)

1 neZn,

For T — 0,n; — n (total electron density), thus, we have,

1

M ©) = (o) (33)

1 meZn

In the two-fluid theory of Gorter and Casimir(30) we can have,

2@ <34>

Now, combining egs. (34),(33) and (32) we have,

1

N M =2 @ft- ()] (35)

Using the experimental values for Ba;_,K,Fe,As, ,the expression for the temperature dependent
penetration depth in the ab-plane (A% ) and along the c-axis (Af; ) becomes,

Tz

X (T) = 120x 10~°m [1 - (Ilﬂ (36)

1
2

T 4
XS (T) = 312x 10~°m [1 - (&) ] (37)
Using the experimental values for Ba,_,K,Fe;As; , the GL characteristic parameter k becomes,

_M*@®_1n
g, 2 (0) 12n

A “(0) _ 3 n
£, % (0) 12n

Kc = 100andk, = = 260 (38)
It isawell-known fact that, Abrikosov 10(14) proved that, the exact break-down point between type-1 and type-11 superconductors

lies at Ginzburg-Landau characteristic parameter such that, K = \/—15 If the value of kK < \/—15 then the superconductor is said to be

type-l and type-ll for k > \/—li.Therefore, from eg.(38), we conclude that the iron-based superconductor Ba,_,K,Fe;As, is an
example of type-l1 superconductors.

RESULTS AND DISCUSSION

In this study we obtained expressions for the angular dependence of upper critical magnetic field, temperature dependence of the
upper critical magnetic field parallel and perpendicular to the symmetry axis, the temperature dependence of GL coherence
length and GL penetration depth parallel and perpendicular to the symmetry axis by using Ginzburg- Landau approach in two-
band iron-based superconductor Ba,_,K,Fe;As, . Firstly, usingeq.(23) the phase diagram of H,(8)versus 6 is drawn as shown in



11280 Asian Journal of Science and Technology, Vol. 11, I ssue, 10, pp, 11274-11282, October, 2020

Fig. 1. As can be seen in Fig. 1 the upper critical magnetic field increases nonlinearly from 6 = 0°to 8 = 90° for the iron-based
superconductorBa,_,K,Fe;As; . Secondly, using egs.(25) and (27) and by taking some available experimental data, the phase
diagrams of H_S and HZfversus temperature are plotted as shown in Fig. 2. As can be seen from Fig. 2, the upper critical magnetic
field decrease with increasing temperature and have nonlinear dependence for the superconductorBa,_,K,Fe;As; . Thirdly, the
expression for the temperature(K) dependent Ginzburg-Landau coherence length & and & are given in egs.(30) and (31)
respectively. Using egs.(30) and (31) and by taking some available experimental data, the phase diagrams of & and & versus
temperature are plotted as shown in Fig. 3. As can be seen from the figure, GL coherence length increases with temperature which
subsequently diverges at the critical temperature &(T — T.) — oo for the superconductor Ba,_,K,Fe;As; . Finally, using
€gs.(36) and (37) and taking the experimental va ues, we plotted the phase diagrams of ¢ and A5, versus temperature as shown in
Fig. 4. As can be seen from the figure, Ginzburg-Landau penetration depth increases with temperature which diverges at the
critical temperatureA(T — T.) — oo for the superconductor Ba,_,K,Fe;As,

100 T T

80
6U : E

(i) IRRA —

Upper Critical Magnetic Field (in Tesla)

0.4 0B 08 1 1.2 1.4 16
D=x2w2

Fig. 1. Variation of upper critical magnetic field He (8)with theangleB in B ;_,KF ;A ,

I H .
ver Lo el s Siiviviad -

T T —
= upper critical field in ab-plane
upper critical field in c-direction

3 !.!.!.!.!@.-..,;.-.
= = -

AR

Wppar Crifical Magnetic Fisld 'in Tesls)

»a |-

a i 1
1) i 12 1z 24
Tewnperalure(E)

Fig. 2 Upper critical magnetic field parallel and perpendicular to thesymmetry axis versustemperatureinBa;_sK;F A

B E au

x10°*

— _oherznce length in ab-plane : 1
16F & Coherence length in c-dimction | b o

5L caherance length (m)

I 1 1 i I 1
8 6 12 18 24 a0 a6 47
Temperature(k)

Fig. 3Ginzburg-L andau coherence length &; (T) versustemperatureinB ;_,K,F A
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2
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8
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_..—--
1 - Den T i
v} 6 12 18 21 30 36 12
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Fig. 4 Ginzburg-Landau penetration depth Ag (T) versustemperaturein B ;_K,F ;A ;

Conclusion

In this study, we used two-band Ginzburg-Landau approach in order to determine the upper critical magnetic field,Ginzburg-
Landau coherence length and Ginzburg-Landau penetration depth for the two-band iron-based optimally doped superconductor
Ba,_ K Fe;As, . According to the mathematical computation, the coherence length is strongly temperature dependent, so that it
can cause temperature dependency and anisotropy nature on the upper critical magnetic field of Ba;_,K,Fe;As; .Thisindicates

that, the upper critical magnetic field along ab-plane (H.,™¢) is quite different from c-axis (H.; ©). We plotted upper critical field
versus temperature graph and the critical magnetic field decays with increasing temperature as shown in Fig.2. We also plotted GL
coherence length and GL penetration depth versus temperature and we found the characteristic lengths increases with temperature
which diverges to infinite at the critical temperature as shown in Fig.3 and Fig.4. Finally we plotted the angular dependence of the
upper critical field as shown in Fig.1 showing a good agreement with the result obtained in Fig.2. Our findings in this work are in
broad agreement with experimental findings (31).
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