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New Materials Design — Rota para novos SC convencionalis

O Alquimista

Fishing the Fermi sea — P. Canfield



Teoria microscopica:

Bardeen, Cooper e Schrieffer

finalr n nte descobrirarm a
explicagdo microscopica da SC

Os 3 receberam o prémio Nobel de 1972 pela descoberta.
John Bardeen € o Unico a ter recebido 2 Nobel de Fisica (o
primeiro, de 1956, junto com Brattain e Shockley, pela
invengdo do transistor).

O problema jd havia frustrado as tentativas de fisicos
proeminentes como Bohr, Pauli, Heisenberg, Landau, Bloch,

Einstein e Feynman.



A historia da supercondutividade
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Teoria

<+ Em 1935, F. e H. London propuseram duas equagoes
fenomenoldgicas:

d
E = a(/l]s)

h=—-cVx(4])

_ ), . m > Parametro
c2  nge? Fenomenoldgico




Teoria

<+ Em 1935, F. e H. London propuseram duas equagoes
fenomenoldgicas:

d
E = 3 (AJs) Descreve a
condutividade perfeita
J = oE
h=—cVx(4]) Blindagem exponencial do interior do
72h = h s sugercondu’ror para campos
4mf A2 magnéticos (com comprimento de

VXh-=

c penetragdo A))



Teoria
<+ Em 1950, teoria Ginzburg-Landau

1 (h
—< V——A> U+ B = —a(Dy
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Teoria

» Supercondutores tipo IT apresentam o estado-misto

| |
OE_‘ A y ———

TINKHAM, M. Introduction to Superconductivity. 2. ed. New
York: Mcgraw-Hill, Inc., 1996.




Teoria

“+ Em 1956, Cooper demonstrou a possibilidade da
formagdo de um par ligado de elétrons

llJO (7'1;7'2) — Z gkelk-rle—lk-rz
k

Yo(ry — 1) = [ z grkcosk:-(r; — rz)] (T = 1T

k>kr

«» Equagdo de Schroedinger das duas particulas:

Z Py + V(ry,ra) |

i=1,2

Eo =




Teoria

(E — 2€R) gk = z Vi 9x’

k’>kF

% Considerando um potencial da forma:

—V,lex —epleley — €p| < hw, 1
S _ -1

0, caso contrario K>k
€ F — + W,
—=N(E =—N(Ep)l
y = NEr) J E—2¢ 2 (F)”< 2E, — E )
Er

«» Cooper chegou a energia do par ligado:

2
E ~ 2Ep — 2hw.e NERV

Vdlido para N(Ep)V < 1 - .
(acoplamento fraco) w. ~ wp (frequéncia de Debye)~\/%
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Teoria

< De fato se considerarmos a interecdo elétron-

elétron efetiva temos:
q=k—-k'

Arre? wé
1+ €k — €k

q* + kg

Vg, w) =

: Distorcao
0 | da rede
—@
®
w

Elétron atraido pela
concentracao de carga +
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Teoria
§ k-0
$ k+q

<+ Em 1957, Bardeen, Cooper e Schrieffer expandem a
possibilidade do pareamento para N elétrons

k *
H = Z ExNko T 2 ViiCrrC-p1C-1cn
ko kl

% Estado Fundamental

Wg) = 1_[ (U + VECrr € i) 1 90)
k=ky,..ky 12



Teoria

<+ Utilizando o método variacional para determinar os
coeficientes

6(Pg|H — HNopquG) =0

< Definindo &, = ¢, — u, temos
(WalH = iNoplba) = 2 ) Eelviel? + ) Viguaviujv
k kl
% Tomando u; = senb,, e vy = cosb,,

1
z ¢ (1 4+ cos26;) + Zz Vigsen 20,sen20;
k kl
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Teoria

a<¢G|H o .UNopNJG>

=0 = —2¢,sen2f; + z Viicos 20, sen20,
l

00y,
V1.1 sen26
tan20;, = 21 Vi l
28y
% Definindo:
Ak
1 tan20, = ——
Ak: —2 Vklulvl = —52 VleBTLZQl EkA
l l 2UVy = sen2f; = E—k
1/2 k
Ek — (Alzc + fl%) 2 2 Ek
Vi — U} = c0S20, = -y
k

s Com isso, temos:

1 A,
A= —3 Vi

24 (Azz+fzz)1/2

14



Teoria
% Considerando:

=V, 1€l e [&] < ha A, [8k] < hao
Vit ={ , A= {
01|Ek| > hwc

0, caso contrario

“+» Como o gap independe de k:

hw
— C
= senh™1—

N (EF)V (A% + 52)1/ ?



Teoria

hwc

1 f g _ . ho
NEDV ] @z+erz = > Ta
0

N(ER)V « 1

2
‘ A~ 2hw e NERV

#(E)

|

r

&
i

0 EF E

Omar, Ali M., Elementary Solid State
Physics, (Pearson Education, 1999),
496-504
22/02/2017 16

[. I. Mazin, Nature 464 183
(2010)



Teoria:

<+ Considerando efeitos de temperatura finita:
VUV tanh(BE/2)
B EZ Ep

f(E) = > Ap= —z Viqupvy =—> 1
]

(1 + ePEk)

“» A temperatura critica (T,) € aquela em que A(T) - 0,
assim Ej, — |&; ]|

T 7) tanh(B:§/2)d§
N(ER)V ) :

1
kgT. = 1.13hw,e NERV

“» McMillan expandiu essa expressdo:

|T. ~ (03 —0.4) 0|

, _ NE?)
 M{w?)

h{w) ~1.04(1 + 1)
~120°F {‘/\ —wr(+ 0.62;\)}

17
W.L. McMillan, Phys. Rev. 167, 331 (1968).



Temperature Dependence of Gap

sl MeB,
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Specific Heat

b TII; T

darecas

jump ¢
match ¥ jumpat T,

exponential in simple
superconductors

|

T I

Experiments that probe the Fermi surface can probe the
superconducting gap

Electronic specific heat of metal: G;#T ~ N(Ep :)

InSCstate: (/T ~ e AfkpT



Example: Nb,Sn
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Guritano et al. PRB 2004



Tunneling: NIN junction

.f'\{ V »

Metal 1
——

Thin Insulator

[ ~ / NL(E + eVINo(E)J(F) — f(F + eV)dE ~ N (Ep)No(Ep)eV




Tunneling: NIS Junction

.

s ~ No(Er) / N.(E)f(E) - f(E.V)dE

Empty states

A Forbidden levels dl,, .
¢ E' }within the n; ~ N, (!ﬂ/ )
¢ A energy gap dl

~7< Occupied States

Can probe density of states directly by
measuring the differential conductance

NIS




Example: MgB,

R;=0.17 GOhms T=42K
251
A_=339meV
20 N o
E ) A a=75mev
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Sample bias, mV
Note the presence of two gaps!

Giubelio et al, EPL (2002)



df/dV (mS)

Example: High T_

I T I bl
| Bi2212(S875b)
40 . ——H=0T

—H=14T

A

Krasnov et al., PRL (2001)

Does not show flat DOS, but
something more like a V shape

This is due to the d-wave
nature of the superconducting

gap

d-wave




Efeitos de impurezas magneticas

AT.| =° ,
Teoria de Abrikosov-Gorkov A= g.ﬁr{EF]{I‘ {q]>5{5—|— 1).

n(Eg) é a densidade de estados por spin no nivel de Fermi, S € o spin da

Impureza magnética, J(q) € a interacao de troca entre o spin da impureza e
0 spin dos elétrons do par (que depende de q)

| 4:6252 | DOL 10.1038/srep06252 3

Table | | Experimental and calculated parameters for BaFe; - M As; (this work) and conventional SC [refs. [31, 37])

E.ﬂrnple c (%) Oesk [ATTT(K) Teo (K] -Z:,fi[q ]r;R {meV) _J'I{l l"i_:i[:nt”rr}
BaFe; oCug  Ass 5 2.08(3] 22 26 1.2(5] 111(10]
BaFe, ggMng 1248 & 2.035(2) =26 26 0.715] =323
BaFe; gosCog joofng gosAss 025 2.06(2) 10 26 0.8(5] 28(9)

Ly G MNizBoC 0.5 2.035(7) =03 159 10(4] 111)
Yy Gd MizBaC 21 2.03(3) =09 146 213 10(1)
Loy _.Gd,Sns 0.4 2010010 =05 &4 20(2) == 20| 2]



MgB,: Motivacao (2001)

O que faz MgB, ser téo especial?

Por que o grande interesse nestes maiteriais? _
Promete que MgB, seja

*AltaT.: 39K um bom candidato
» Simples estrutura cristalina a aplicagoes
» Grande comprimento de coeréncia ( /
» Alto Campo Critico: 14 T<H_, <
» Alta densidade de corrente critica (3, (4.2, 0T) > 107 Alcm?)

» Anisotropia: y=1.2+9
» Custo: Material barato e facil de obter

~

é Sem falar que ele despertou o gde interesse em SC n&ao-o6xidos

é Catalizou a descoberta de supercondutividade em muitos
outros compostos como por ex. C-S e MgCNis.




MgB,: Motivacao (2001)




Carbono é a chave?

VOLUME 87, NUMBER 14 PHYSICAL REVIEW LETTERS [ OCTOBER 2001

Indication of Superconductivity at 35 K in Graphite-Sulfur Composites

R. Ricardo da Silva,* J.H. 5. Torres, and Y. Kopelevich
Instituwio de Fisica “Gleb Wataghin,” Universidade Extaduwal de Campinas, Unicamp 13083-970, Campinas, Sdo Pawlo, Brasil
(Received 17 May 2001; published 12 September 2001)
We report magnetization measurements performed on graphite-sulfur composites which demonstrate a
clear superconducting behavior below the critical temperature T, = 35 K. The Meissner-Ochsenfeld ef-

fect, screening supercurrents, and magnetization hysteresis loops characteristic of type-II superconductors
were measured. The results indicate that the superconductivity occurs in a small sample fraction, possibly

related to the sample surface.

DOL: 10.1103/PhysRevLett.87. 147001 PACS numbers: 74,10 +v, T4.80.-g
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Diamantes Supercondutores (2004).

Superconductivity in diamond

E A. Ekimov', V. A. Sidorov', E. D. Bauer’, N. N. MePnik’, N. J. Cumro’,
J. D. Thompson® & S. M. Stishov'

Wereshchagin Institute for High Pressure Physics, Russian Academy of Sciences,
142190 Troitsk, Moscow region, Russia

Los Alamos National Laboratory, Los Alamos, New Mexico 87545, USA
“Lebedeyv Physics Institute, Russian Academy of Sciences, 117924 Moscow, Russia

Diamond is an electrical insulator well known for its exceptional
hardness. Italso conducts heat even more effectively than copper,
and can withstand very high electric fields'. With these physical
properties, diamond is attractive for electronic applications?,
particularly when charge carriers are introduced (by chemical
doping) into the system. Boron has one less electron than carbon
and, because of its small atomic radius, boron is relatively easily
incorporated into diamond®; as boron acts as a charge acceptor,
the resulting diamond is effectively hole-doped. Here we report
the discovery of superconductivity in boron-doped diamond
synthesized at high pressure (neardy 100,000 atmospheres) and
temperature (2,500-2,800 K). Electrical resistivity, magnetic sus-
ceptibility, specific heat and field-dependent resistance measure-
ments show that boron-doped diamond is a bulk, type-II
superconductor below the superconducting transition tempera-
ture T, = 4K; superconductivity survives in a magnetic field
up to H,(0) = 3.5T. The discovery of superconductivity in

Figure 1 Optical and scanning electron microscopy images of the matenal. Top, central

diamond-structured carbon suggests that Si and Ge, which also  part of the high-pressure synthesis cell after subjecting graphite and B.C to high-
form in the diamond structure, may similarly exhibit supercon-  pressure, high-temperature conditions. D, diamond; G, graphite. Battom, SEM image of
ductivity under the appropriate conditions. B-doped diamond syntheszed at high pressures and temperatures.
542 ©2004 Nature Publishing Group NATURE |VOL 428 | | APRIL 2004 | www.nature.com/nature -0.16} .‘-; . .
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Resistance (ohm)
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A. P. Drozdov, M. |. Eremets, I. A. Troyan, V.
Ksenofontov & S. I. Shylin. Nature 525, 73 (2015)
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<+ Efeito Isotdpico:

H,S
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Magnetization (10~7 emu)

< Efeito HZS

"Meissner”:

" 155 GPa.’

10 FC p 145 GPa
5t 5
¥ 203 K
-5 ; ¥ ; 7 20.0e Ji % .
100 150 200 250 02 -01 00 01 02

Magnetic field
Temperature (K) agnetic field (1

A. P. Drozdov, M. I. Eremets, I. A. Troyan, V.
Ksenofontov & S. I. Shylin. Nature 525, 73 (2015)



3H25 — 2H3S + S

150 GPa :
-3 200 GPa - - ]

AH (eV /atom)
7

i,
ey
o T

N. Bernstein, C. Stephen Hellberg, M. D.
Johannes, I. I. Mazin, and M. J. Mehl,
PHYSICAL REVIEW B 91, 060511(R) (2015)



3H25 — 2H3S + S

R3m - ICSD Im3m - ICSD

Grupo *

Pontual Estrutura | P (GPa) v A Wi (K) T, (K)
R3m Monoclinica 130 %]i; 2.07 1125.1 155 - 166
Im3m Cubica 200 %'113‘ 2.19 1334.6 | 191 —204

Duan, D. et al. Sci. Rep. 4, 6968 (2014) 34




Rota para novos SC convencionais - Resumo

Atomos leves tenderdo a gerar T. maiores

| T.~03-040, |

Materias bem metéalicos - alta densidades de estados no
nivel de Fermi.

«Impossivel prever potencial de pareamento

*Nao ha relacéo direta com estrutura cristalina, mas
estrutura em camadas geraram supercondutores de alta-
T - exemplos MgB, e borocarbides. (soft modes)

 Impurezas Magneticas atrapalham a SC convencional



