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ABSTRACT

Magnesium diboride (MgB,) with To ® 39K  is a record breaking two gap superconducting compound
among the s-p metals and alloys. Considering a multiband model Hamiltonian with intra- & inter band pair
transfer interactions and following Green’s function technique and equation of motion method, we have
shown that MQB, possess two gaps and study of electronic specific heat. The agreement between

theoretical results obtained and experimental results is quite convincing.
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1. Introduction: investigations have established presence of
The serendipitous discovery otpanifestations of two superconducting gaps in various

superconductivity at 39K in the binary intermetallifesponse functions [4, 7]. Characteristic gap- to - T
MgB, by Nagamutsu et al. [1] has attracted greatatios violating the BCS universality have been found
interest [2-7] and revived the multiband formalisnf* >]- These findings indicate to that simple one-band

proposed by Morton and Richard [8]. Experimentapproach to MgB, must be generalized.
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At the same time band structure calculations In the present work a systematic study of two-
of MgB, [6,7] have shown various bands intersectinfand superconductivity model with intra- and
the Fermi level. Correspondingly a contribution dfterband pairing channels from first principles is
interband and intraband interactions in the pairingeveloped and applied to MgB,.We present the
mechanism is expected [9-15]. The finding of centrdlormalism in Section 2; Section 3 is devoted to physical
importance has been that various electron bandproperties as electronic specific heat; Section 4 is
intersect the Fermi Level. The part of the spectrundevoted to results while in Section 5 we present
which is effective for the superconductivitgonclusions.
incorporates two pairs of bands. These are of boron
p,, and p, origin (two B-planes) with two? Theoretical formalism
dimensional o - bonding and three- dimensional zzLhe two band model Hamiltonian with intra & inter-
bonding respectively. Number of experimentdtand pair transfer interaction for our system has the
investigations using various techniques have revealeform [20]

the quasi two gaps, A_ =7 mev and A_=2.8 mev

due to o and 7 type electron respectively [17-18].

The observation of two energy gaps and the
considerable superconductive anisotropy as large as 6-
9 [17-19] and called for a more thorough investigation
in terms of two-band model with intra- and inter- band

coupling.

— + 1 + At
H = Z ea (I)a‘alsa‘als - \7 Z ZW(Z(Z' (I ! m)aalTaafliaa’—ml«aa'mT (1)

als aa’ Im
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Where €,=€_, —1 is the electron energy in the bands a = 1, 2; u is chemical potential; V is the volume of

superconductor & Wy (/, m) are the matrix elements of intra band interaction for o = o' and interband
interaction for a=a'.
We can write final Hamiltonian as —

H=Hi+ Hx+Hiz + Ha (2)

Here

— + 1 + At
H, = z & (Nay,ay, _VZWH(I’ m)aq_man__naq__malm
Is Im
— + 1 oAt
H,, = Z g, (Nag.ay, _vzwzz (, m)amaz_waz_mazm
Is Im
— 1 o
H, = Z € (Naj.ay, _\72\/\/12 (Inm)amal,waz,mazm
Is Im

_ 1
H21 = z < (I)aglsaﬂs _Vzwzl(l’m)a;naztwalfmalm
Is Im

Thus

— + 1 + +
H = IZ: g (Da,ay, — \7 IZ:Wll(I’ m)all‘ra1—|¢a1—m¢a1m1‘
— + 1 + oAt
+ Z & (aysays _VZWZZ (ILma,,a; ., , a,,
Is Im
— + 1 + oA
+ IZ: g (Nayay, - VZWH (Imaya 8, a3,

— + 1 R
’ Z &, (Nag,ay; _V,Z:W21(I ymag,a, a a s (3)

We have solved the above Hamiltonian with the help of Green's functions technique and equation of motion

method [21-26].
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2.1 Green’s functions:
In order to study the physical properties of intermetallic binary superconductors, we define the following

Green's functions for the model-

(a) G, (1, k,T) = << a gl at >

(b) G,,(2, k,T) = << A, | @, >>

(c) GZl(Z, 1, k,T) =<<a,, | a’ 4>

(d) Glz(l, 2, k,T) =<<a, | a’, 2>

(e) F. (L, k,T) = << a’ g lat >

(f) F,,(2, k,T) = << a’,  la, >

(g) F,2,1 kT =<<a",  |a" >>

(h) F,(1,2, k,T) = << a’ . la,,>> (4)

In this set of eight Green's functions, the first four are normal & last four are anomalous Green's functions

[27-28].The time and temperature dependent Green's functions are quite suitable to study various physical

properties of MgB, . 9%

Using the model Hamiltonian, one obtains the following equations of motion of Green's functions:

oGy, +W,,7,,G,, + (W, A, +W,A,, )R, +0.F,, =1 (5)
@,G,, +W,,7,,G,, + (WA, +W,,A,, )F,, +0.F, =1 (6)
@,G,, +W,,7,,G,, + (WA, +W,,A, )F, +0.F, =0 (7)
o, Gy, +W,,7,,Gpp + (W, A, +W,,A,, )F,, +0.F,, =0 (8)
O Fry =W,/ Py + WAL +W,, A, 16, +0.G,, =0 9)
w, Fy, ~W,,7,,F, + (\/V1 AL +W22A+22)G22 +0G, =0 (10)
0} Fpy ~Wiy 13, Foy + WALy + WAL, )G, +0.G,, =0 (12)
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] Fy =Wy 75 Fpy + (\NllAL +W,,A%, blz +0.G,, =0 (12)
Where o =t g (K)
&w, =t g, (K)

We have used to the following notations

~

S (k)zg.l (k)_Wllnl-k¢&éz (k):gz (k)_sznz-w

+

1 1 N
N = \7 <a 8, >&Nn, | = \7 <8, 48, 4 >

1 . 1 .
Vo= \7 <a, 8, >&y, = \7 <& .8, >

All = \7 < al—kialkT >& Azz = \7 < az—klaZKT >

1= \% < a1+kTa1+_k¢ >>& A5, = \% <808y, >>
To solve the above equations we have assumed:
Ya=02=7
Ay = AL =A; &A= A+22 =A,
N = Ny &Ny =Noig
Wi =Wy & Wi =Wy
Now, we have two sets of equations. The first set includes equations (5), (7), (9) & (11)

as follows :
@, G, +Wi,y Gy, + (WllAl +Wp,A, )Fll +0.F, =1
W,y G, +@,Gy, +0.F,; + (W12A1 +WA, )F21 =0

(W11A1 +W),A, )G‘n +0G,; + oy Fyy ~Wp,p Fpy =0
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0G, + (W12A1 +WpA, )Gz1 W,y Fy+ @, F, =0

One obtains the Green’s functions by solving above coupled equations

G _1|: 1 " 1 :|+[-él(af_a§)+wlgy2(él+-é2)]

11— 2 2
2l w—a, w+o Zal(al—az)

{ 1 1 }_Wé}/z(-él+'éz){ 1 1 }

- — 13
o-a, o+a 2a2(a12—a22) o-a, o+a, 13
o - Wyrle?-P)[ 1 1 ] Wyrle?-r)[ 1 1
21— 2 2 + 2 2 +
Zal(al —az) wo-a, o+a 2052(0:1 —az) o-a, o+a,
+ley(élJréz) 1,1 ) (o1 1 (14)
20t -a?) \o-a, w+a, o-a, o+a
E. - (WllAl +W12A2){_ 1 4 1 :|
H 2x w-a, o+
1 1 1
i W1§72 {(W11A1 +W12A2)_ (W12A1 +W11A2)} _ 1 " 1]
20{1(0512—0{22) wo-0, O+
+W1§72 {(W11A1 +WpA, )_(W12A1 +WpA, )} 1 1 | (15)
20{2(0512—0522) w-a, ota, |
F21 = le}/ {(WllAl +W12A2 )_(leAl +W11A2 )}
Ziaf —al '
e el
- + + +
w-a, o+aq, w-a, o+a,
W. - ~ 1 1
+ 5 1227/ > {ez (W11A1 +W,A, )+ & (W12A1 +WpA, )} |: - }
a, \a —a, w-a, o+
+ W1227 > {Ez (W11A1 +Wp,A, )+ El (W12A1 +W11A2)}-|:_ L + L :|
20\ —a, wo-a, o+a,
(16)

Where a? =22 H(W,A, +W,A, ) + W22

OL; zéz2 +(W12A1 +W11A2)2 "'W122Y2
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PZ = (WllAl +W12A2 WlZAl +W11A2 )+Wl§72_ él-éZ (17)

The second set includes equations (6), (8), (10) & (12) as follows:
@,G,, +W,,y G, +(W,,A, +W,,A,)F,, +0.F,, =1
W,,7 G,, + @, Gy, +0.F,, + (W, A, +W,,A, JF, =0
(W,A, +W,A,)G,, +0.G,, + @, F,, ~W,,y F, =0
0.G,, +(W,A, +W,,A, )G, W, F,, +&F, =0

We obtain following Green’s functions by solving above coupled equations

2 .2(= ~
622:1{ 1, 1 }+W12y(el+ez){ 11 }

2l w—a, ow+a, 2a1(a12—a22) wo-o, o+

{éz (0522 —af )+W1§72(—é1 +&, )}{ 1 1 :| (18)

2 2
ZaZ(al —az) o-a, o+a,

G =W127/(0512—P2)_ 1 N 1 _ley(azz—Pz)_ 1 N 1
12 20{1(0512—0522) wo-a o+ 20(2(0512—0522) wo-a, o+a,

n W127(2€1 + 262) 1 4 1 _ 1 + 1 (19)
2(051—052) w-—a, o+a, wo-—a, o+a

F. = (W12A1 +W11A2) 1 4 1
2 2a, wo-a, o+a,

+ W3y ? [(leAl +W,A, ) - (W11A1 +WppA, )] {_ 1 " 1 }

2 2
20:1(0(1 —az) w-a, o+o

+W1§72[(W12A1 +W11A2)_(W11A1 +W12A2)]|: 1 1 } (20)

2 2
20:2(051 —az) o-a, o+a,

elSSN1303-5150 @ www.heuroguantology.com



NeuroQuantology | March 2021 | Volume 19 | Issue 3 | Page 93-113 | doi: 10.48047/nq.2021.19.3.NQ21033

Pradeep Chaudhary et al/Two- gap Superconductivity and Electronic Specific Heat in Binary Intermetallic Compound Mg BZ based with Intra-and

Interband interactions

W.
127 2 {(W12A1 + WllAZ ) - (W11A1 + W12A2 )}

2! —a?
1 1 1 1
+ - +
w-a, o+a, o-a o+a

I:12 =

W,y - - 1 1
+ 122 2 {el (WlZAl +WpA, )“' 2 (W11A1 +Wp,A, »( - ]
2o, \af —a; w-a, o+ao
W7 ~ ~ 1 1
+ 2 l22 2 {‘51 (W12A1 +WnAz}F = (WllAl +W12A2)>[_ + j
a,laf — o w-a, o+a,

(21)
2.2 Correlation Functions:
The various physical properties of the intermetallic binary system can be studied with the help of correlation
functions of Green's functions (Egs.13-21) [21-29]

To derive correlation functions we use the following relation

< B(tr) A(t) >=lim LJ.Jr << A(t )1 B(t) >>W+ie —<< A(t )’ B(t) >>W—ie e—iW(t—t')da)
0 27 I e’ +1

and employing the following identity

lim 11 =2ri6(w—Ey) (22)
=0\ w+ie-E, w-le-E

We obtain correlation functions for various Green's functions as 100

1 /=
(W11A1 +W12A2)tanh 2k-|-\/€12 +Wp,A, +W12A2)2 +W1§7/2

B
2\/512 +(Wo,A, +W12A2)2 +W1372
Woor® Wi, A, +Wi,A, —Wi,A —W,A,)
2{612 - E22 +(W,A, +W12A2)2 - (WA, +W11A2)2}

<8 8y > =

—+

—, - > > tanh kl \/El2 +(W11A1 +leAz)2 + W3y %
\/61 +(\/\/11A1+VV12A2) +Wpy 2kgT

B - tanh 2k1T \/Ez2 +(W12A1 +WllAz)2 +Wp5p°

\/Ez2 +(W12A1 +W11A2)2 +W1§72 B

(23)
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< a2—k¢a2kT >

WA, +W,.A 1 =
=— (Wooy + Wiy 22 — tanh T \/ej +(W,A, + WA, )2 +W,5p2
2\/Ez +(W,A; +WLA,)T + W5y B

n Wlé?’z (WA, +WRA, —W,A, W ,A,)
207 - €5 + WA +W,,A,)7 = (WiA, +W,A,)° |

=, . 2 2 2 tanh kl \/’éz2 +(W12A1 +WA, )2 +W,57°
\/‘52 +(W12A1 +W11A2) +Wpoy 2kgT

1 1 =
- > tanh T \/612 +{W,A, +W12A2)2 +W7®
~2 2.2
\/el +(W11A1 +W12A2) +W5y B
(24)
1 1 W2y%(E, +§,), . Ba
< W >=—o+ 12/ A7 7 =2/ fanh 22
alkTalkT 2 2(&12 _ aZZ){ 0-’2
(a2 —a2)E, W2y (E +5,), . pa
_\“ 2)S1 12 1 2) tanh (25)
@
101
1 1 g, a2 —a? J+ W2y (S, + € a
<@y, >=—s+ . . Sz ( 2 1) 12/ (61 eZ)tanh P,
2 2(a?-a?) a, 2
_W1§72(é1 + EZ)tanh P
o (26)
3. Physical Properties
3.1 Superconducting Order Parameter:
The order parameters for superconducting state are given by [5, 24]
A, =WpA =W, > <a, , a,, > (27)
k
& Ay =WpA, =W > <a, , a,, > (28)
k
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Now for A,, we use correlation function given by equation (23) & the summation over 'k' can be converted

into integration using the relation.
+hop
> - N(0) j d e,
k

—hop

haop

or > >2N(0) [de (29)
k 0

UsingA, =0,e,=0, & neglecting Wlé in comparison toWﬁ , finally we get

| 8, ﬁ@z AL W2 wlgma[ _Wﬂj
A,=N(0) [de £ +
0

JEZ +AL + W2y 22 _W7121+W1§A21
4

11

= 1 (Wi (W
tanh 2le\/ Ef +A% + W52 tanh \/” + (leJAza +W2y?

B ~ 2k, T\ 4 2 0
\/-’él2 +A% + W5y w2 o(w2), .
Tz [Aa Wiy
4 Wll
Thus, we obtain self-consistent equation for superconducting order parameter A, as
1 W)
a 00 = — (61 —“j + A+ Wy
1 e 2k, T 2
N(©) | - de
’ \/(el —V\;“j + A+ Wy
1 W\
tanh €, — | A2 L W2y
haog 2k T 1 2 a 12
w2y 1- Mz 1 ) d
+ W,y W - 2 : )
1/ o _% 1 A2 _VL W, , L,
€ 2 a 4 S —7 + Aa +W127/
2 w2
W3y? BT m+W*1§AZa +Wort
_ Wll ZkﬂT 4 Wll y hop d€1
2
Wi Wy (o]
4 Wn 2 4
(31)
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To derive an expression for A, we use correlation function (Eq. 24). Following the same procedure, we obtain

self-consistent equation for order parameter Ay as

i
= de
N(0) I W2 i
(ez —“j + AL + W 2y?
1 W, \?
tanh -2 AWyt
+W27,2[ lejh])'D d S, " 2kBT \/(62 2 ) S
12 _W W. 2 WZ W 2
1/ 0 {(ez —fj +A2b —41.1} \/(62 —711J +A2b +W1§}/2
1 Wli Wlé 2 2_2
tanh ———— =+ 2 AL +Wop°
_ 2)/2(1_ 12J ZkﬂT 4 Wy ° de,
12 2 2
W W W e e 0 [ W e Wa
4 Wli 2 4

(32)
With the help of self-consistent equations (31) and (32), we can study the temperature dependence of

superconducting order parameter.

3.2 Electronic Specific Heat (Ces):

The electronic specific heat per atom of a superconductor is determined from the following relation [16,21-

24]

011 .
C. ZG_T{WZK:Z € <a,a, >} (33)

Here < akTak*T > is the correlation function.

The expression for electronic specific heat "C_.’" -

@)n
es

10 N
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Changing summation over k into integration by using the relation (29) and using the correlation function

equation (25) and writing A, =0 and €,=0 and solving, we get

2
Ce(i) :%Zkl-rz J.El[ S _VhJseCh2 Zle \/[El —V\%j +Aza +Wl§}/2 -d €,
B B

W 2
(g, -W,,) -sech? 1\/[e1 —“j + A2 +W,Sp?

2k T 2

+W2y2|e B de

12}/ j 1 Ef —El Wll +A2a 1
—Wzyzsechz—1 \/Li+vv—éA2 +W/3y2 J' & (& W) de (35)

12 kT 4 w2 % e —e, W, +AL

1 104
Here =
P kgT

Similarly the expression for electronic specific heat "Ce(_f)" -

2
c :—NIEJO) . 2k1T2 jez(ez —V%jsec h? 2k1T J(ez —V%j +A2 +W2y% de,
B

+W2y2 e de
12V I 2 eg c W11+A2b 2
W2 W2 W
—~W,2y* sech? ! 4 LA +Wl§;/2.[ 262 (€, W) ~de, (36)
2k T\ 4 W3 e, —€, W, +A}

4. Results:
Values of various parameters appearing in equations obtained in section 3 are given in Table 1.Using these

values we have made study of various properties for MgB, .

(i) Superconducting Order Parameter (A =A, + Ab)
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Our model exhibit two superconducting gaps, A, and A, (A =A, +Ab). Using the values of various
parameters given in Table 1 in equation (31), we obtain the temperature dependence of gap parameter, A
for different values of matrix element of interband interaction le as shown in Figs. 1 and 2. Our results
agree well with experimental data [17, 18].

(ii) Electronic Specific Heat: (Ces =c+c? )

Temperature dependence of electronic specific heat (CeS =CP +C?, where C¥ and C? are specific

heats corresponding to gap parameters A, and A, respectively ) obtained from equations (36) and (37)

for different values of matrix element le are shown in Figs. 3 and 4. For comparison, experimental curve is

also shown [29]. The agreement between theory and experimental results is quite encouraging.

Conclusions: element of interband interaction(le). This is also

From the above results we draw following inferences: 4 ,a to anisotropic nature

(1) The superconducting order parameter A

In summary, we studied the superconducting order
decreases slightly with the increase in the value of

parameter and, electronic specific heat of
matrix element of interband interaction Wi, The

superconductor Mg@B, based on the two - band
general behaviour of A as a function of temperature is

del with intra- and interband interactions. We h
slightly different from the behaviour of BanoewI intra- and interband interactions. Tve have

derived the temperature dependences of two
predictions. This is expected due to highly anisotropic P P

superconducting gaps. Our results agree well with the
nature of MgB..The presence of the two gap structure P & gap 8

. . ,ﬁxperimental data for superconducting order
observed experimentally is in good agreement wit

parameter and electronic specific heat. The study
our model.

strongly supports the existence of two band

(2) The electronic specific heat Ce slightly . . . .
superconductivity  with  intra- and interband

increases with the increase in the value of matrix
interactions in MgB, .
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Table 1
No. Parameter Value References
nducting transition temperature T. 39K 12
energy €1 0.06 eV 5,17
energy € 0.05 eV 5,17
states at the Fermi surface N(0) 93/ eV. atom 1,2
nteraction Wi, = Wy; intra-band 0.3 eV. cell 20
nteraction Wi, = W1 inter-band D.01eV. cell 20
0.1 eV. cell
toms per unit volume N 5x10% /m? 31
ameters for MQB, d=3.086 A° 30
h=3.524 A°
nn's constant (kB) 1.38x10% J /K -
D. electron me 911x107* kg. -

Values of Various Parameters for Mng

Table 2

Superconducting Order Parameter A for MgB; system

A
No. mperature (K) Theoretical (in meV) A
imental (in meV)
=0.01 eV.cell =0.1eV.cell

| 0 11.4147 11.4135 10.10
) 5 11.4147 11.4135 10.10
] 10 11.3974 11.3962 10.02
1 15 11.2301 11.2290 975
b 20 10.7274 10.7266 9.10
3 25 9.7242 9.7190 290
/ 30 7.9289 7.9286 5 8%
3 35 3.9766 4.0062 3.18
) 39 0.0120 0.1200 0.00
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Table 3

Electronic Specific Heat C.; for MgB, system

hic Specific heat Theoretical (in 10
rtronic Specific heat
D. mperature (K) J)
ental (in 10%°))
=0.01 eV.cell =0.1 eV.cell

5 0.00027 0.00028 1.90

10 0.46861 0.47076 10.10

15 4.90098 4.91015 29.10

20 15.94030 15.95743 45.30

25 33.43365 33.47148 64.00

30 56.55598 56.52985 91.80

35 84.26450 84.21433 113.90

39 101.19994 103.14835 101.20

elSSN1303-5150

www.heurogquantology.com

109



NeuroQuantology | March 2021 | Volume 19 | Issue 3 | Page 93-113 | doi: 10.48047/nq.2021.19.3.NQ21033

Pradeep Chaudhary et al/Two- gap Superconductivity and Electronic Specific Heat in Binary Intermetallic Compound Mg BZ based with Intra-and

Interband interactions

12.0000
i ==superconducting order
.. parameter for Wi2=
@ 0.01eVcell
= 10.0000 4
i —q— superconducting order
<] parameter Experimental
T
2 8.0000
g
=
o
=
=
g 6.0000
=
o
=T
'E 4.0000
= .
=
=
5]
S
= 2.0000
=
=
2
0.0000
10 15 20 25 30 35 40 45
Temperature ( K)

Fig. 1 Temperature dependence of superconducting order parameter A for W;, =0.01 eV.cell
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Fig. 2 Temperature dependence of superconducting order parameter A for W1, =0.1 eV.cell
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Fig. 3 Temperature dependence of Electronic specific heat for W12 =0.01 eV.cell
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Fig. 4 Temperature dependence of Electronic specific heat for W1, =0.1 eV.cell
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