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Teoria BCS – Aula passada

“Casquinha” de “espessura” wD em torno da energia de Fermi.
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Teoria de campo médio:

Desprezam-se termos quadráticos em dp.
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Transformação de Bogoliubov
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O gap superconductor e a temperatura crítica

u2
p =

1

2


1 +

✏ (p)

E (p)

�

v2p =
1

2


1�

✏ (p)

E (p)

�

up, vp > 0

u2
p + v2p = 1

E (p) =
p
✏2 (p) +�2

SHS
† =

0

@ E (p) 0

0 �E (p)

1

A ⌘ h

HMF

BCS
=

X

p

B
†
pSHS

†
Bp + const.

=
X

p

B
†
phBp + const.

=
X

p

E (p)
h
b†p,"bp," � b�p,#b

†
�p,#

i
+ const.

=
X

p

E (p)
h
b†p,"bp," + b†�p,#b�p,# � 1

i
+ const.

=
X

p,�

E (p) b†p,�bp,� + const.

1

⇢F�
=

ˆ
!D

0

tanh
hp

✏2 +� (T )/ (2T )
i

p
✏2 +� (T )

d✏

� (0) = 2!De
�1/⇢F�,

Tc =

✓
e�

⇡

◆
2!De

�1/⇢F� =

✓
e�

⇡

◆
� (0) ,

2� (0)

Tc

=
2⇡

e�
⇡ 3.53.

11

Equação do gap:
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Calor específico

Outlines
Cooper-Pairs
BCS Theory

Finite Temperatures

Excitation Energies and the Energy Gap
Determination of Tc
Temperature dependence of the energy gap
Thermodynamic quantities

Thermodynamic quantities

Figure: Experimental data for the specific heat in the superconducting
and normal state (Phys. Rev. 114, 676 (1959))
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where l(0) is the penetration depth at zero temperature, D0,i is the
value of the i-th SC gap (i¼ 1, 2) at T¼ 0 K and oi is the
weighting factor, which measures their relative contributions to
l" 2 (that is, o1þo2¼ 1).

The results of this analysis are presented in Fig. 3a–f, where the
temperature dependence of l" 2 for Ba0.65Rb0.35Fe2As2 is plotted
at various pressures. We consider two different possibilities for
the gap functions: either a constant gap, D0,i¼Di, or an angle-
dependent gap of the form D0,i¼Di cos2j, where j is the polar
angle around the Fermi surface. The resulting functions l(T) are
shown in the Methods section. The data at p¼ 0 GPa are
described remarkably well by two constant gaps, D1¼ 2.7(5) meV
and D2¼ 8.4(3) meV. These values are in perfect agreement with
our previous results3 and also with ARPES experiments30,
pointing out that most Fe-HTSs exhibit two-gap behaviour,
characterized by one large gap with 2D2/kBTc¼ 7(2) and one
small gap with 2D1/kBTc¼ 2.5(1.5). In contrast to the case
p¼ 0 GPa, for all applied pressures l" 2(T) is better described by
one constant gap and one angle-dependent gap, consistent with
the presence of gap nodes, as inferred from our qualitative
analysis. Note that a fitting to two angle-dependent gaps is
inconsistent with the data.

To understand the implications of the fitting to a constant and
an angle-dependent gap for finite pressures, we analyse the two
different scenarios in which nodes can emerge: a nodal sþ" state
(with gap functions of different signs in the hole and in the
electron pockets) and a d-wave state. In the former, the position
of the nodes are accidental, that is, not enforced by symmetry,
while in the latter the nodes are enforced by symmetry to be on
the Brillouin zone diagonals. Schematic representations of both
scenarios are shown in Fig. 4, where a density plot of the gap
functions is superimposed to the typical Fermi surface of the iron
pnictides, consisting of one or more hole pockets at the centre of
the Brillouin zone, and electron pockets at the border of the
Brillouin zone. In this figure, we set the accidental nodes of the
sþ" state to be on the electron pockets, as observed by ARPES in
the related compound BaFe2(As1" xPx)2 (ref. 17). Note that in the
d-wave state, while nodes appear in the hole pockets, the electron

pockets have nearly uniform gaps. Thus, the fact that the fitting to
the a-model gives a constant and an angle-dependent gap is
consistent with a d-wave state.

To contrast the scenarios of a nodal sþ" gap and a d-wave
gap, we consider a microscopic model (Supplementary Note 3)
that goes beyond the simplifications of independent gap functions
of the a-model discussed above. In this microscopic model, the
fully coupled nonlinear gap equations are solved for a hole pocket
h and two electron pockets e1,2, and the penetration depth is
calculated at all temperatures (Supplementary Fig. 5). The free
parameters are then the density of states of the pockets, the
amplitude of the pairing interaction and the gap functions
themselves (Supplementary Note 3). For simplicity, the aniso-
tropies of the electron pockets are neglected, the Fermi velocities
of the pockets are assumed to be nearly the same and the gaps are
expanded in their leading harmonics. Thus, for the nodal sþ"

state we have Dh¼Dh,0 and Dei ¼ De;0 r $ cos2jeð Þ, whereas for
the d-wave state it follows that Dh¼Dh,0 cos2jh and
Dei ¼ $De;0. Note the difference in the position of the nodes
in each case: while for the d-wave case they are always at
jh¼±p/4, for the nodal sþ" the nodes exist only when ro1 at
arbitrary positions je ¼ $ 1

2 arccos r. The results of the fittings
for the pressures p¼ 1.57 and 2.25 GPa imposing a nodal sþ"

state are shown in Fig 3c,f (Supplementary Fig. 6a–c).
Remarkably, we find in both cases that the best fit gives r-0.
This extreme case is, within our model, indistinguishable from
the fitting to the d-wave state, since in both cases the nodes are at
j¼±p/4 (albeit in different Fermi pockets). We note that from
the fits one cannot completely rule out the possibility of small but
non-vanishing values of r. Therefore, at least within our model, a
nodal sþ" state is compatible with the data only if the
accidental nodes are fine tuned to lie either at or very close to
the diagonals of the electron pockets for a broad pressure
range. Since the position of the accidental nodes is expected
to be sensitive to the topology of the Fermi surface, and
consequently to pressure, it seems more plausible that the gap
state is d-wave, since in that case the position of the gaps
is enforced by symmetry to be along the diagonals of the
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Figure 3 | Inverse-squared magnetic penetration depth. The temperature dependence of l" 2 measured at various applied hydrostatic pressures for
Ba0.65Rb0.35Fe2As2. The solid line for p¼0 GPa corresponds to a two-gap s-wave model (a) and the solid lines for finite pressure represent a fits to the data
using a multiband d-wave model (b–f). The dashed lines in c and f represent fits to the data using the microscopic model. The error bars are calculated as
the s.e.m.
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“The smoking gun”
Como sabemos que fônons são o mecanismo para 
os supercondutores clássicos?



Densidade de 
estados 
(determinada por 
experimentos de 
tunelamento)



Densidade de estados: teoria X exp.



Outras propriedades
• Condutividade óptica: s(w)
• Gap supercondutor

• NMR:
• Knight shift: gap supercondutor
• 1/T1: pico de Hebel-Slichter

• Atenuação de ultra-som:
• Gap supercondutor

• Tunelamento normal (SIN):
• Densidade de estados

• Tunelamento SIS:
• Efeito Josephson



Condutividade óptica



1/T1 e atenuação de ultra-som



Knight shift

Constraints on the superconducting order parameter in Sr2RuO4 from oxygen-17 
nuclear magnetic resonance
A. Pustogow et al., Nature 574, 72 (2019).

Por muito tempo se 
supôs que Sr2RuO4 é um 
supercondutor tripleto, 
que não teria uma 
supressão do Knight 
shift abaixo de Tc.
O experimento ao lado 
indica supressão e, 
portanto, singleto.



Tunelamento SIN



Outras propriedades
• Dedução da teoria de Ginzburg-Landau a partir de 

BCS (Gorkov)

• Estado misto, rede de Abrikosov
• Quantização do fluxo magnético.
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