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A Theoretical Evaluation of Low Temperature Specific Heat
of High Tc Superconductor in a Magnetic Field

ABSTRACT

Sanjay Kumar

Department of Physics, Sahyogi Higher Secondary School, Hajipur,

P.O. Hajipur, Dist. Vaishali, Bihar

Using empirical formulae, we have evaluated low temperature specific heat of high Tc superconductor in a

magnetic field. Our theoretically evaluated result shows that specific heat increases with magnetic field and

also with temperature which are in good agreement with the experimental data.
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I. INTRODUCTION

One of the most extensively studied properties of
superconductor is the specific heat. It represents bulk
measurement of the entire sample. Above the
transition temperature T the specific heat Cn of high
temperature superconductor tend to follow Debye
law.! We know that Cn of a normal metal far below
the Debye temperature Op is the sum of linear term
(Ce= yT) arising from the conduction electrons, a
lattice vibration or phonons term (Cpn=AT3) and
sometime an additional schottky conribution? aT-

such that
Ch=aT?2+yT+AT3

In the case of high T. superconductor one ignore the
schottky term aT2. When (Cexp/T) verses T? plot was
high T.
superconductor obey at low temperature and deviates
higher

For

observed then it was found that

from it at temperature from Debye

approximation. most low  temperature

superconductor, the transition temperature T. is

sufficiently below ©Ob so that the electronic term in
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the specific heat is appreciable in magnitude and
sometimes dominants. This is not case for high T
superconductors. Using measured values of y and A

one has shown? that ATC2 >y for (Laos Sro.1)2CuOss

and YBa:CuOs-s. Thus for oxide superconductor the
vibrational term dominantes at T in agreement with
the experimental data.* If the conduction electron
have effective names m* that differ from the free
electron mass m, the conduction electron specific

heat coefficient vy is given by
¥ = (m*/mo)yo

where Yo is the ordinary electron counterpart of y. In

free electron approximation Y\ﬁ}lave
yo=Y21R/Tr

where R = NaKs is gs constant and Na is avagedro's
number. Tr is Fermi temperature. The effective mass

ratio

m*/ mo =yTr/ Y2m?R

Discontinuity at T

758



The the the

superconducting state in the absence of an applied

transition  from normal to
magnitude field is second order phase transition. This
means that there is no latent heat but there is a
discontinuity in the specific heat. The BCS theory
predicts that the electronic specific heat jumps
abruptly at Tc from the normal state value y T. to the
superconducting state value Cs with ratio

Cs —vTc

YT¢

Now in case of high T. superconductor the magnitude

=1.43

of the jump is small compared to the magnitude of the
total specific heat because it is superimposed on much

larger AT? vibrational term.’

Specific heat below T.
For T < T, BCS theory predicts that the electronic
contribution to the specific heat Cs depend

exponentally on temperature

C.=a Exp -4
kT

where 2A is the energy gap in the superconducting

density of states.

The vibrational term AT? becomes negligible as OK is
approached and other mechanism becomes important
for example, antiferromagnetic ordering and nuclear
hyperfine effects, two mechanisms that are utilized in
cyrogenic experiments to obtain temperatures down

to the microdegree Kelvin.

So far, we have discussed that specific heat of
superconductor in the normal and superconducting
states in the absence of an applied magnetic field.
When the magnetic field is present the situation is
much more complicated. In this case for treating the
superconducting state, one makes uses of the free
energy because (i) the superconductivity state is
always the state of lowest free energy at a particular
temperature, (ii) the free energies of the normal and
superconducting states are equal at the transition
temperature. One uses Gibbs free energy G(T,B) and
study the difference [Gs(T,B)-Gn(T,B)] between the
superconductivity and normal state. Because of the
close relationship between superconductivity and
magnetism, one adopts the free energy to specific heat
procedure and examine the Gibbs free energy of
superconductors in the presence of magnetic field.
One first obtain an expression for the free energy
[Gs(T,B)-Gn(T,B)] the

superconducting and normal states. Then, one deduce

difference between

the expression for entropy and enthalpy.’-°

In this paper, we have evaluated that low temperature
specific heat of high temperature superconductors in
the presence of magnetic field. In section II, we have
given the mathematical formulae used in the
evaluation. In the last section, we have discussed the

obtained result.

II. METHODS AND MATERIAL

Mathematical formulae and in the evaluation of specific heat of a superconductor in a magnetic field

One writes down the expression for Gibbs free energy Gs(T,B) of the superconducting state in the absence of

applied magnetic field B.

1
G«(T,B) = G(T)- > 15" [B«(T)2-B?]

for B < Bc (T) )

1
Here, Gx(T) is the Gibbs free energy of the normal stage and E}Lal Bc(T)? is the magnetic energy density

associated with critical field B..

1 1
Gn(T) = —EyTz —EAT“
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Now the critical field B¢(T) is given by

2
B«(T) =B(0)| 1— (lj (4)
TC
Nowat B=0
1
Gs(T,0) = Gu(T)- 5 1! Be(T)? (5)
Now substituting (4) in (5) we get
2
1 1 1 T
G(T.0)=-=yT——AT' - = p'B.(0)%|1-| — 6
Now Gibbs free energy Gs(T,B) of the superconducting state in the presence of an applied magnetic field B.
2
1 1 1 T
Gs(T,B)=-=yT ——AT*-=p;' x| B,(0)’| 1-— | —B? 7
(T.B) AEET oMo c()( ch 7)

Since the applied field B does not depend on the temperature, the entropy obtained by differentiating the Gibbs
free energy (7) assuming the presence of a field is the same as in the case where there is no magnetic field

present

T2 T2

c c

2
S«(T) =yT—%AT3—2p51 B.(0) x T [1—T—J 8)

The enthalpy obtained does depend explicitly on this field

2
H(T,B) ==yT'+=AT*—=u.'B_(0)* X ||1-— | [X|1+4— |+=u,'B? 9
(T, B) 2'Y 4 2“0 .(0) ( TZJ |: T2:| 2“0 9)

c c

and specific heat is given

2
Tc c

4 , T |, T?
Cy(T) =yT + AT? + 2, B,(0)" x 3? -1 (10)

where Egs. (8) and (10) are the same as their zero-field counterparts, the field dependent Gs and H'
terms of Egs. (7) and (9) on the other hand, differ from their zero-field counterparts by the addition of the
magnetic energy density B%/2p.

In a magnetic field the sample goes normal at a lower temperature than in zero field. One denotes this
magnetic field transition temperature by Tc(B) = T'c, where, of course, Tc(0) = Tc and T'c < Te. This transition
from the superconducting to the normal state occurs when the applied field H equals the critical field B¢(T) at

that temperature. Equation (4) may be rewritten in the form

B 1/2
T, =T{ - } (11)
B.(0)

to provide an explicit expression for the transition temperature T'c in an additional field B. Now one can show
that this same expression is obtained by equating the Gibbs free energies Gs(T,B) and Gn(T) for the

superconducting and normal sates at the transition point

GYT,B) = Gu(T) T=T¢ (12)
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At the transition temperature Tc= Tc(B) the superconducting and normal state entropies respectively, differ.

Their difference gives the latent heat L of the transition by means of the standard thermodynamic expression

L = (Sn - Ss)T<(B) (13)
2 2
12| T.(B T.(B
= ZuOlBi{ T( )} X 1{%} (14)

c

c

One can show this same result can be obtained from the enthalpy difference L = H. —H_. The latent heat is a

maximum a the particular transition temperature Tc(B) = Tc/ V2, as may be shown by setting the derivative of
Eq. (14) with respect to temperature equal to zero. One sees from this equation that there is no latent heat
when the transition occurs in zero field, i.e., when T=Tc, or at absolute zero, T=0. In addition to the latent heat,

there is also a jump in the specific heat a Tc(B).

Normalized Thermodynamic Equations

The equations for Gs(T,B), Ss(T) and Cs(T) given in the previous section, together with H's(T,B) can be written

in normalized form by defining two dimensionless independent variables,

T B
t=— b= — (15)
TC BC
and two dimensionless parameter
AT’ B:
2z AL a=—c (16)
Y HovTs
These expressions are valid under the conditions
t2+b<1 (17)

The sample becomes normal when either t or b are increased to the point where t> + b = 1, and the value of t
that satisfies this expression is called t":
t?2+b=1 (18)

This is the normalized of Eq. (11) where t' = T'</T. is the normalized transition temperature in a magnetic field.

The normalized specific heat jump has the following special values :

ég:zafaﬁ—n
T,

c

0 t=0
4e 1
- ==
9 3
= 0 r':% (max) (19)
4o t'=

where 40/9 is its maximum magnitude of AC/yT. for reduced temperatures in the range O< t' < -1/ V3. The

normalized latent heat has special values.

International Journal of Scientific Research in Science, Engineering and Technology (ijsrset.com) 761



L a1 v?)

vTo
0 t'=0
= 1, = L (max) (20)
2 V2
0 tt=1

where its maximum Y2 avisatt' = 1/ \/E

Normalized Equations for the thermodynamic Functions of a Superconductor in an Applied Magnetic Field B

. G 1, 2
Gibbs Free Ener s=—==—=1 ——at ——(x 1-t9)°-b
gy B 2 T (-t b2
Entropy Ss=——=1+ 1a'[2—20L t(l—tz)
VT, 3
Specific Heat Cs= TS =t+ at’-2a t(3'[2 -1)
T
. H1 1 1
Enthal hy=—5=>t"+ ~at’— = of{1- t* J1+3t° - b
A
Specific Heat Jump Ac = 2at'"? (1— t'z—l)
Latent Heat Lz =20t (1— '['2)
VI
Definitions of normalized variables (t,b) and parameters :
T B ATC2
= b= a=
T B.(0) Y
LT L _B(T) . _[B.QF
Tc Bc (0) “O'YTCZ

The first four expression are valid under the condition t? +b < 1 and the last two are valid at the transition point

given by t + b2 =1.

Now the specific heat of high Tc superconductor in the presence of magnetic field can be studied with the use of

the empirical formulae

C
T [v+7'(B)] + [A-A'(B)]T? 21)

II1. Discussion of Results

In this paper, we have evaluated the low temperature specific heat of high temperature superconductor in a
magnetic field using an empirical formulae given in Equation (21). Theoretically evaluated results are shown in
table T2 along with the experimental result.!®> We have taken the values of A= 4.38 m]/mol K? and
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A=0.478/mol K* with the coefficient y'(B) and A'(B) increasing as the applied magnetic field was increased. For
magnetic field H = 3T we have put the value of

v/y' = 0.54, and

A/A'=0.11
These value give close match with the experimental data. The other values like Debye temperature ®p and
density of state D(EF) for various high T. superconductor are given in table Ti. Our theoretical evaluated results

indicates that specific heat of high temperature superconductor increases with magnetic field and also with

temperature.
Table T1
Debye Temperature @p, Density of states D(Er)
Superconductors Tc(K) ®p(K) D(Er)
1. (Laos25Sr0.075)2CuO4 36 360 1.9
2. YBa2CusOr 92 410 2.0
3. YBa2Cu4Os.5 80 350 2.1
4. BizSr2Ca2CusOno 110 260 25
5. TlBa:xCa:CusOno 125 260 2.7
6. HgBa:Ca2CusOs 133 280 2.2
Table T
Evaluated result of Low temperature specific heat of YBa2Cus07s in a magnetic field
T(K?) (C/T) (m]J/k? mol)
(H = 3T) (H=5T)
Theo. Expt. Theo. Expt.
5 7.5 6.6 8.6 9.7
6 8.6 7.8 9.5 10.2
7 9.2 8.7 11.2 12.7
8 11.8 10.2 12.7 13.8
9 135 125 14.9 15.4
10 15.6 145 16.3 17.6
15 17.9 16.2 18.7 19.8
20 20.6 18.6 215 20.2
25 22.4 19.8 23.8 22.0
30 23.6 20.5 248 23.1
35 25.5 23.2 26.7 25.2
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