Unconventional Superconductivity

Introduction




Superconductivity

Field expulsion (1933)
Meissner-Ochsenfeld effect

Electrical resistance (1911)
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resistivity

>
T temperature T>T, T<T,

Superconductivity as a thermodynamic phase B4
London theory (1935) —

density of superconducting electrons
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Superconductivity

. . Field expulsion (1933)
Electrical resistance (1911) Meissner-Ochsenfeld effect
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Te temperature T>T, T<T,

Superconductivity as a thermodynamic phase

Order parameter: W(7) = ‘lp(?) ") condensate with a broken U(1)-gauge symmetry

F[wA]= [ aarier « 5wl + KDY + (94

—

Ginzburg-Landau theory (1950) minimal coupling D=V + iz—eA
C



Conventional superconductivity

i(F) structureless complex

€ condensate wave function

Order parameter  W(7) =|W(7)

Microscopic origin: Coherent state of Cooper pairs

_ ) _ Vg & i
| {ug +UECETC_EL} 0) = ( _'H u,—;) exp ( 2 CETC—E],)
| k|<kr

|E|<ks

Bardeen-Cooper-Schrieffer
(1957) 0 Ve = (¢|C_Elﬂ;}'y|¢) = UgVg
k

violation of U(1)-gauge symmetry

—
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pairs of electrons -
diametral on Fermi surface; Conventional 11112 = independentof k

vanishing total momentum



The unsteady rise of T,
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The novel superconductors

Heavy Fermion superconductors:

CeCu,Si, Steglich et al. (1979) .o Celng

U, ThBe,; Ottetal (1983)
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Mathur et al. (1998)
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The novel superconductors

High-temperature superconductors

Layered perovskite cooper-oxides
Mdiller & Bednorz (1986)

La, Sr,CuO, T=45K
HgBa,Ca,Cu,0,  T,=133.5K

Organic superconductors
Jerome, Bechtgard et al (1980)

(TMTSF),M (M=PFg, SbFg, ReO,,...) T.~1K

(BEDT-TTF),M ..... T~ 10K

(TI'«I'ITTF};2
As F6 PFG Br

(TMTSF),
PF, ClO,

. . el .

Temperature (K)
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The novel superconductors

Ferromagnetic superconductors:

UGe, Saxenaeta. (2000)

paramagnetism

a0

Lt
o

temperature (K)
[y ]
(=]

some similarities with
high-T, superconductors,

pressure (kbar)

ZrZn, Pfieiderer et al. (2001) but T.=15K
C - .

Superconductivity within o
the ferromagnetic phase spin-triplet superconductor



The novel superconductors - under extreme conditions

Iron under pressure

2,0007

Temperature (K)
o
o
(]

Pressure (gigapascals)

Shimizu et al. Nature 412, 316 (2001)

Hydrated Na,CoO,

ONa «Co « O
o DZO or HZO Na, CoOD,0),, Na, CoO,(H0),,

(b) ©
Layered structure: triangular

Superconductivity in a T ~5K
frustrated electron system ¢

Takada et al., Nature 422, 53 (2003)



The novel superconductors

Time-dependent superconductivity Skutterudite
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Bauer et al. PRB 65, R100506 (2002)
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The novel superconductors - no inversion symmetry

No paramagnetic limiting Ferromagnetic quantum phase transition

» Resistivity
Ulr = Magnetization

H., exceeds drastically
the paramagnetic limit

Akazawa et al. J.Phys. Condens.
Bauer et al. PRL 92, 027003 (2004) Matter 16, L29 (2004)



Bardeen-Cooper-Schrieffer

Microscopic theory of superconductivity




BCS mean field theory

simple model:  H = ngck cp,+g Z CkT _klc 21CR

~ o ¥ —~— —
band energy pairing interaction
h2
. 702 2
band energy: £z =€z —p= %(k — k%)

. . attractive contact
pairing interaction:  U(F — ) = g6®(7 — 7) Interaction g <0

consider only scattering between zero-momentum
electron pairs of opposite spin (spin singlet)

11
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BCS mean field theory

simple model:  H =Y "&zct cp,+9 D c%Tc’L_Elc_,;,lcE,T
k.s k., k'

decoupling of interaction term by means of

mean fields: Pi = Z(C% Cis) particle density

Si=2 Z(C%S 0 ss'Chy)  Spin density
;;*

) bp = (C_pCin) BCS - “off diagonal”
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BCS mean field theory

simple model:  H =Y "&zck cp +9 D c%Tc’L_Elc_,;,lcE;T
ks k, k'

replace: CE'TCT—M = b + {c%TciEl — bz}, cogiCrr = b H{e_gcry — bz}

mean field Hamiltonian:

Hons Zﬁkc CisT9 > {b%.c_ klckT+bk,c Tc—kl — %05/}
%8 Y
_ f * *
=Y ek cq — > {A% pcist Ak —A bz }
ks k

with —QZ%: A=—g% b
L’



BCS mean field theory

ka - Ciot g > {b%.c_ klcm—I—E;vk,.c‘,&_T —b* “bz.}
iR

. A . # *p
= ;&kcgscks - {A C_ klckT_l_AckT A bk}
8
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. N . &
find quasiparticle states with 3,5% i[Homf, ,},k] — E;”Y%
Bogolyubov-transformation ~ °f1 = “ﬂkl + ”k"’sz uzf?+ Joz|2 =1
- = —y% ’ykl-l—u-'yk2

mm)  (uasiparticle energy Ep = \/6?'5 + AZ2

= M=)l — Bp + Abgl+ 2 B (vh, v + 7,70
F 7
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Quasiparticle Spectrum

H = Z[&g — Ep + Abg] + ZEE(’Y%{YM + i)

k k
2 > 4 hole-like electron-like
quasiparticle excitation gap: A >
condensation energy gain due to gap
electron-like hole-fike
Self-consistence equation: A =—g) bp=—g) uivg[l— f(E)]
k k
Fermi distribution function
A E;
1 = —g tanh (—k)
HE) = ot Xk: 2F kT

solution only forg <0 attractive



critical temperature

continuous transition (2 order) ===y  linearized gap equation

T - T, & A0 A= —gAS ——tanh 3
J Z 2% (szT
= —g Z — / d§ t&nh :
2£k Qk'BT QkBTc
N(&): electron density of states Interaction with characteristic energy scale

cutoff

= - ﬁ 1 5 = - 1
1 = ij'm) S h(szTc) — _gN(0)l (

1.146.:)
kBTc

constant density

of states between - keT. = 1.1 46{;8_1'; || N(0)

—£.and +¢;
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Zero-temperature

Gap at T=0: 1 = —gN(O) /0 i \/§2d§_ 3 — —gN(O)Sinh_l%

=) A 2. VN = 1 764k 5T,

Condensation energy at T=0: Econd = ES - En energy gain relative to normal state

1
Ecoﬂ.d — Z[Sh — EE + AE)E] — —§N(O)‘A‘2

k

depends on density of states at the Fermi surface and the gap magnitude

weak-coupling approach
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Zero-temperature

GapatT=0: 1

= —gu’\.F’(O)Sinh_]LE

€e dé-
- _QN(O)/O N/ A

=) A 2. VN = 1 764k 5T,

Condensation energy at T=0: Econd = ES - En energy gain relative to normal state

E 4 hole-like electron-like
E.., =-~NOJAP
cond 2 Ek
modification of the quasiparticle K
spectrum
P &« ke
hole-like




Pairing interaction

Cooper pair formation (bound state of 2 electrons) needs attractive interaction

— N\
Hopair = QQ > D Vi kel O kPR D

kaS

electron phonon interaction: electrons polarize their environment

-9 -0 -9 --@---9--0 renormalized Coulomb interaction
o&&o ..... ‘ o

R e te? me?
@ ---@---9- 1 0 o - —

e e A R R e (I D
. SRSt SR UL SRRR JEY ’

19
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electron-phonon versus Coulomb interaction

1 q2 q2 w??

Polarization effects: +
2+k%p q2+k%pw2—w2'

q

e(q,w)

ih g2 6me n, | | 9
With - kyp = en Thomas-Fermi screening length  App = rp ~ 09— 10 A
4re? Are? Are? w?
’ qE(Q:w) q +kTF q +kTFw _wq ¢=r"
(N v J \— ~— - J W= GE . GE’
renorm.Coulomb electron-phonon

phonon spectrum

A |
Wy = 59q _J ! L

w 4 i l >

| (p Debye frequency: —a)qi ia)q )
characteristic | i
energy scale repulsive | attractive |  repulsive

| ! |

ov



Poor-man’s model

Anderson & Morel (1962)

I

AT

poor man’s electron band:

s NS

Ly

‘W +W
band width: 2W

constant density of states: N(&) = N(0)

-W e | Tép tW &

poor man’s interaction:

Vk,k’ = V(&"E) = VC + Vep

* repulsive part
u EE [ <W

N(O)V.=
OVe 0 otherwise

« attractive part

N(O)V,p = { o EEles

0 otherwise



Poor-man’s model

Anderson & Morel (1962) T(O)V
linearized self-consistent gap equation:
%7 » tanh(B€'/2) ! )\I
A©) =N [ ae've, ) == ) u
>
L A ‘W & | & +tW &
Al |£| < €p
W W A(§) = o .
& | [ey | B Ay ep <lE]<W poor man'’s interaction:
Vie=V(§,E) =V +V,,
_(x_ 0 ., tanh(8¢'/2) W .tanh(B88'/2) e repulsive part
R Y R e A T T Y
—(n_ . _ . N(O)V.=
o ' ' - attractive part
he = [ ag ) i, [ a2 :
0 § D § O = ) |§,g|<gD
= —ﬂAl ]Il(114ED/’€BT) - }J,Ag IH(W/ED) ( ) ep - 0 otherW|Se

22



Poor-man’s model

Anderson & Morel (1962) T(O)V
linearized self-consistent gap equation:
1% » tanh(B8¢'/2) ! )\I
A©) =N [ ae've, ) == ) u
>
A A _W 'gD +8D +W g

Al |£| < €p

- - +8D+W=§ 8l = Ay en<|E|<W transition temperature T,

1
kBTc = 1.14ED CeXp (— 3 lu‘*)

A = ()\ —#)Al ‘/OED df’ta’nh(gg/m — g /E:V dgrtanh(ﬂfl/m

¢ renormalized Coulomb repulsion
= (A — A1 In(1.14ep /kpT) — pAoIn(W/ep) . i
i 1+ pIn(W/ep)
By =y [ dg’t—a’“hfgf/ 2t / " dgft—anh(gg/ 2 Retardation effect:
0 Coulomb fast w
= —puA; In(1.14ep /kgT) — pAg In(W/ep) electron-phonon  slow €p

=) T.x0 evenif A<u

23



Retardation effect:

weak-coupling regime A <<'1

1
kBTc = 1.14ED exXp (_A — pl,*)

renormalized Coulomb repulsion

po= :
14 pIn(W/ep)
W T
Important: Pl T—; >> 1

24

strong-coupling regime A>1

1.04(1
kpT. = 0.Tepexp ( 04{1 + ) )

T A — p*(1+ 0.62))

Eliashberg, McMillan (68)

Metallic strongly correlated
electron systems

small energy scales: T¢
small band widths: W

|

strong effect of Coulomb repulsion

handy-cap for electron-phonon mediated
superconductivity



When Coulomb repulsion Is too strong
for electron-phonon induced pairing

Alternative ways to superconductivity




Alternative ways to Cooper pairing

Coulomb and electron-phonon interaction very short-ranged (A;) “contact interaction”

Bound Cooper pair wavefunction: How to avoid Coulomb repulsion?
W7, s 7,5) = f(|7 — 7|)x(s, ) higher-angular momentum pairing
with f{r—0)#0 >0 —» f(r—0) 7

relative angular momentum =0

important for “contact interaction” contact interaction” not effective

Symmetry of pairs of identical electrons: ‘I’SS.(I;) =(C-C - )= (k) x (s,5")
ks -ks —

' ' i bital  spin
wave function totally antisymmetric orbita p!

under particle exchange even parity: 1=0,2,4,..., S=0 singlet
A even odd
&5
ks odd parity: 1=135,...,5=1 triplet
Pk Ges g odd even



Requirements for the formation of Cooper pairs *

Anderson’s Theorems (1959,1984)

Cooper pair formation with P=0 relies on symmetries
which guarantee degenerate partner electrons

® Spin singlet pairing: time reversal symmetry

-~ harmful :
‘k’T> magnetic impurities
ferromagnetism

paramagnetic limiting

® Spin triplet pairing: time reversal & inversion symmetry

1 At F) )= =)

harmful: crystal structure without inversion center
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Paramagnetic limiting:  lack of time reversal symmetry

Zeeman splitting of Fermi surfaces exceeds the gap magnitude

mmm)p  No singlet pairing possible  *F e CoC II
_ ol b'ﬁ\ho e Oﬂ5 upper
Paramagnetic | e critical field
suppression —~ | . _H
- 6+ ' 4 L] 2
} ugH > A 1t order transition = | | _— L
*880s .
sl 11 -_>FFLO ii' L4 g o. |
modulated Fulde-Ferrel- j ;};!' . .
Larkin-Ovchinikov phase [~ ° % %4 ©8 1
0 2
T(K) Radovan et al.

Antisymmetric spin-orbit coupling:  lack of inversion symmetry

Crystal structure without
an inversion center

e.g. CePt,SI

no mirror planefor z — -z
Bauer et al.




Alternative mechanism for Cooper pairing

Pairing from purely repulsive interactions: Kohn & Luttinger (1965)

28

screened Coulomb potential in metal has long-ranged oscillatory tail (sharp Fermi edge)

Friedel oscillations: V' (r) o< 72 cos(2kzr)

pairing in high-angular

Tc Tp ~e — (21 4
momentum channel | >0 /Tr xp{—(20)°}

very low !
Pairing by magnetic fluctuations:  Berk & Schrieffer (1966)

easily spin polarizable medium
© o o o b ¢ o longer ranged interaction

.« « Akaml
o o ¢T4*4Ta |
4’:/ D T reasonable for higher

® © o e C

angular momentum pairing

A

attractive part

| &/\\&,/x\)

Quantum Critical

Point

l

SC
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Spin fluctuation exchange mechanism

Exchange interaction: Hez = / Erdr'Us(7 — 7)p (F)p (7

mmmp  Spin-induced local “magnetic field” ﬁ(ﬁ t) = ——S (7, t) ‘
1= U/Q Hh ‘ il
induced spin polarization: dynamical spin susceptibility ‘2’
L N
Spin density-spin density interaction:
1'2
Mop ==z | d'r & {x(F =7t =#) = x(7 -7t =)} S(7 1) - S, t')

simplified spin fluctuation exchange model



Spin fluctuation exchange mechanism

effective pairing interaction:

[P — T T - —
S.f = Z Z Vk,k’531525354EE,51C—E,53C—k’aﬂsc-‘ﬂ’,h

k! 81,82,583,54

Iﬂ

f —_ —
VE,E";mazaas.; = __REX{ k—k yW=Ep — EEf) T 5155 * T anag
A
dynamical spin susceptibility: S [\ < nearly ferromagnetic
O
(7,w) 5
- Xo\l g ,w e
X(7,w) = —— RPA =
1 — Ixo(q,w) &
for isotropic electron gas: 4
i 3 paramagnon resonance
- q W =)
e N0y |1 - — "
q<< 2K, @<<eg ? >




Spin fluctuation exchange mechanism

effective pairing interaction:

[P — T T - —
S.f = Z Z Vk,k’531525354EE,51C—E,53C—k’aﬂsc-‘ﬂ’,h

.1:" 51,52,83,54

Vi Erirsnsgss = —EREX(k — K w=eg —p)F se T onss
Cooper spin channels:
VE, = %Rex(k — k',w =€z —E7,) S=0 spin singlet
Vi . = —ﬁRex(k — kK w=ez— ez,)  S=1spin triplet
k! ) k k

| k-K' | <<k-  S=0:repulsive  S=1: attractive

31



Spin fluctuation exchange mechanism

Pairing for spin triplet I=1 (p-wave): (1 A, — 11
| )c/ikp( s +1ky) a=+
angular structure of gap function o 2
QE = A E a=0
A=A g, 1 ko —3 = _1
L ﬁkp( s — thy) o

Projected effective interaction:

I? L. i &, 1€ <e.
V&8 =—1 > gix(k — k' w=0)g%,6(§—£;)0(8 — &z} =
k, k! 0 otherwise
_ 1IN 1
=B INQ)? kg1. = 1.14¢.¢ /s A= NO)V,
€, tv tE, 5} characteristic energy: paramagnon spectrum

8
Vi = 7IN(0)

(1— IN(0))Ex
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Spin fluctuation exchange mechanism

A Quantum

Stoner instability criterion: T < _
critical point

PM

IN(0) =1

Quantum phase transition
Paramagnet — Ferromagnet

V,— 0
&0 1 IN(O)
Sy o FM correlation length more detailed analysis: Monthoux & Lonzarich (1999- ...)
_ 1 __IN(0) 1
=1 (1 — IN(0))? k‘BTc = 1.14€C€ [As A=N(O)V,
A\ .
€, +e, 5} characteristic energy: paramagnon spectrum

8
Vi = ZIN(0)

(1— IN(0))Er




Generalized BCS theory
New aspects




Generalized formulation of the BCS mean field theory

BCS Hamiltonian:

oAt
H= Zfﬁ: ks Cis +5 Z Z k, k’,ﬂazasuﬂkalﬂ_kﬂﬂc—k’ﬂsck'

k’ a1,82,583,84

Mean field Hamiltonian:

_ 1 t S
Hmf - ngcfégcka 2 . Z ,-51-52 k.ﬁuc—kaﬂ +&E,a1ﬂgckﬂlc—kﬂz
8

k 81,82

1
E Z Z Vk Er ,31323334( E 81 _Eﬂg}(c—E’%CfE’u)

E k' 91,82,83,84
1

Self-consistence

equationS' &E"ﬂ“; - _'Z VE,E’;M"MM (CE’EEC—E#M)
. k' 8384 A AIEM\
* — - - T T T
&fﬁ',ﬂﬂ’ - Z Vk",k;ﬂlsga*s<cE:HIC_E,H) k|1

ot
ks 82

gap: 2x2-matrix

m)
k|

34
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Self-consistent gap equation

Bogolyubov transformation »  Quasiparticle spectrum

E; = /& +|A;]? [Ag]* = %tl‘ (ALAg)

inarti - A AIEM AIEH
Note: quasiparticle gap is k-dependent A = A

Self-consistence equation:

Az E;
) _ - k8.8 k
&k,mag _ Z Vﬁ:,k’;ﬂmiasu QEj “tanh (ZkﬂT)

kf.Baaq k
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Structure of the gap function

Gap function: 2x2 matrix in spin space Ao = ;;Z V&, Briasrnges {CRrssCoRray)
f,a384
- AL == > Vi oz GO
- - — k ,sa' . k' kia1828'8\ lgy  — kK 'sg
(C— kﬂ1cfﬂ 32) - ¢( k )X-ﬂl-ﬁz k's182
orbital  spin
B(E)=d(—k) & Xom=Z501)—111) even parity, spin singlet

(111

$(E)=—¢(-k) & Xom =1 %(I T +111)  odd parity, spin triplet

L L)

A_fom = DR s
Ar  =-A_ - =
k,3182 —k a2

even

odd

- — -
— K ,31387 K, 328



Structure of the gap function

37

"ﬁf;,sﬂ' = = _'Z Vg i ;88 3334(6.&"536—5’34)
. o k7,
Gap function:  2x2 matrix in spin space o
ﬁ%, =~ Z Vk k81898 s(c;‘; ?aq _" 52)

Er 5152

Even parity spin singlet

k1 ﬂic'*u

represented by scalar function (k) = v(-k) even  Eg = \/ £2 + |9 k)2

Odd parity spin triplet

~ —da{k) +idy(K) do{ k) 2N
8- (BT wdvam ) @R s,

represented by vector function  d(k) =- d(-k) odd Ez= \/ﬁ:— +|d{k))?
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Structure of the gap function

"ﬁf;,sﬂ' = = _'Z Vg k! ;e 3334(6.&"536—5’34)
Gap function: 2x2 matrix in spin space Flrsasa
ﬁ},sa* =~ _'Z VE",E;MSES 5( it a1 —* s:)
k's182
Even parity spin singlet
. ﬂ L ﬁ. = L -
Fit BEu -¢{k) O

represented by scalar function (k) = 1(-k) even  Eg = \/ £2 + |9 k)2

Odd parity spin triplet

~ —da{k) +idy(K) d(k) L FEy B
ﬂ*"( d.(F) dz{E)de(E))"‘(d(k) 7)%

spin configuration d, (|4 1) =|1 1)) = d,i([L ) +]1 D))+ d. (1) +[L 1) &= " d1S"




Transition temperature

38

Pairing interaction: V& s 898588 = Jg 20 psaOoans T J7 51 O oroe * O agsg
density-density Spin-spin
Self-consistence equation:
even parity spin singlet odd parity spin triplet
$(E),  (E - I(k") Eg
"’(k)="§("?= AT P (Qk;T) (k)=- ZE:(Jﬁ & " Te.8) 2F ¢, t”h(ﬁﬁ?)

L =v% ¢,

T-T, T-T,
~Mp(k) = ~NOWs pb{ED) g ps | | —Ad(F) = ~N(O)( 2 d(E ) g ps

eigenvalue A ==

kT, = 1.14¢.,e~1/2



Some thermodynamic properties
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Specific heat discontinuity at T=T, 4C AC
2" order phase transition —» discontinuity of specific heat /C/I/C n
Entropy and specific heat: ’ T, T
2kg

== Z{f{E JIn(f(Eg) + (1 - f{Ek))lu{l_f{Ek))} =

_ 85 2o dfiEp)  2N(0) 0f(Bg) ra _ TOART), - 3>
C=T@= ﬂZE:E* aT T _md‘f< aE; B3~ ar ol 2 Fa

capanisoopy: Mg [F = AZ[gg (}T Ar
maximal gap

Specific heat discontinuity:
“universal value”

AC _C-0, B gz 2)%,% « weak coupling
_ = 1.43 " < 1.43
Cn Ir=r, Cn lror, {ggl*) g rs
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Low-temperature properties

thermodynamics is dominated by the excited quasiparticles

o

1 —~
t —_
B = /& + 1A Az * = ot (ALAg) A= A Oy

key quantity: density of states ~ N{(E) = % Y §(E; — E)

dlp E
47 \/EE — |Amg |2

N(E)=N(0) [ ‘%’ [ d€(/E+18ngz P~ B) = N(O) [

Isotropic gap function: A= A, = const.
A
0 IB| < A, NE)
N(E) = N(0 P
(E)=N(0) 4 E A, > |EP N0 P —
| VE? = A
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Low-temperature properties

thermodynamics is dominated by the excited quasiparticles

1 —~—p o~
t _
B = /& + 1A Az * = ot (ALAg) A= A Oy

key quantity: density of states ~ N{(E) = %Eé{EE - F)

dQ; E

N(E)=N(0) [ ‘%’ [ d€(/E+18ngz P~ B) = N(O) [

dn TR Angil?

Anisotropic gap function: Ap = Ap,cosf

(I IE| < A
E 2
N(E) = N{0) 75—«

i

arcsin (J‘) Ay > |E|
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Low-temperature properties

thermodynamics is dominated by the excited quasiparticles

1 —~—p o~
t _
B = /& + 1A Az * = ot (ALAg) A= A Oy

key quantity: density of states ~ N{(E) = %Eé{EE - F)

dlp E
47 \/EE — |Amg |2

N(E)=N(0) [ ‘%’ [ d€(/E+18ngz P~ B) = N(O) [

point
nodes

Anisotropic gap function: Ap = Apsing

quadratic

E_
ijE)zthDX;i}n i+'§£

N(E)=AE? forE<<A, 0



Low-temperature properties

Specific heat:  restricted to quasiparticle contributions

E? 1
BT? 4cosh®(E /2kpT)

o(T) = = ZEﬂ— deN(E)Edf(E) deN(E)

* |sotropic gap function: activated behavior with a real gap (semiconductor-like)

C(T) = N(0)ks ( Ff’;,) \/Zﬂ'kET&{g‘ﬁmkaT}

* Anisotropic gap functions:  contributions from “subgap states” ==y powerlaws

2 1 » C T2 Jine nodes
™ = E N(E f
C{T) f d ‘-—.E,..—)f ksT? dcosh®( E/2ksT) Dc )

x E™ T2 point nodes

— \




Low-temperature properties

44

1000 T . . . ' :
. » _ " London penetration depth ]
powerlaws in other quantities depending on ga 800 | s
YBa,Cu,0,
. 600 | e
: : ] = " Hardy et al. "
quantity line nodes POi = 400} -
specific heat T2 2901 "./-/l'."!// y
C(T) - o/.p!:_.':’.’ 1 . L :
<« —_ 0 20 40 60 80
London penetration 3 . Temperature (K)
depth  A(T) T (T ) m" 1 . ! —
3 b NMR 1T, YBa,Cu0, .}
NMR LT, T° -—_ o SN o
g Martindale et al. = 1
. 1/T1 10 = .";'
heat conductivity T2 S . a | ]
k(1) T,
10°° +
high-temperature superconductors e 3 160

with line nodes in the gap

Temperature (K)




Other characteristic properties
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Impurity scattering - Anderson’s theorem (159

Pure metals: Interference effects for Cooper pairs
electron momentum well defined 7. _
. (qj(k»k,}?s = Y
‘ @ - conventional pairing: | = 0 isotropic
D.|rty r.netals.. | T, £ 0
Impurity scattering (non-magnetic) @ momentum average harmless
\ /v Anderson’s theorem
—» o for non-magnetic impurities

A/ \A
- unconventional pairing: | >0 anisotropic

\POZO

Momentum average
destructive interference

momentum averaging over
the Fermi surface

—» Suppression of
superconductivity
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Impurity scattering - Anderson’s theorem (159

Suppression of T, Interference effects for Cooper pairs
with increasing impurity concentration 7. . _
—— (qj(k»k,}?s = WYy
L2y ST,RUO, l - conventional pairing: 1=0 isotropic

<081 Abrikosov & Gorkov \Jj 0 7§ 0

= o® /
momentum average harmless

0.4}
Anderson’s theorem

Mackenzie et al. o .
for non-magnetic impurities

0.0

0 05 1 15 2 25 3
Ries (u€2eT) o€ 1,

- unconventional pairing: >0 anisotropic
\PO — O

mean free path: | = VpT
Momentum average

life time: T X 1/Nimp destructive interference
h
T.~0 kpTeo ~ = — Suppression of

. superconductivity
only clean samples are superconducting



Spin susceptibility
Spin singlet pairing:  Spin polarization is pair-breaking

M(T) _, » d§
g~ 2N 0 / / 4kgTeosh®(E /2ksT)

x(T) =

— J_ —
XP/ Y (kT) = xpY (T) Yosida function

xp = 245N (0)
Pauli spin susceptibility
suppression of spin susceptibility

due to the gapped quasiparticle
spectrum
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Spin susceptibility
Spin triplet pairing:  Spin polarization is not always pair-breaking

XuT) = xp f dzE {% — Red“'(l 2'2*5 ;’ I(f)(l = Y(f}i\ T))}

field in the same direction for

all directions of k

Yosida function
H- ;l(l;) _() ©qualspin pairing
AY / parallel to field
AP xp = 2upN(0)
HIl c}?( ]}’) Pauli spin susceptibility
equal spin pairing\A Equal spin pairing:
perpendicular to | pairing with parallel spins
T, T



Coherence Factor - transition probabilities

Nuclear magnetic resonance

HIS—AZZI C

k:kfss

spin flip rate: g =

ss*’ckr /

-

-

F1) (ug +op ¥ 1R 1)

(u + vglE 1=K 1)) | = K 1)

~

J

W (IR | -F 1)

ET)E’T)
= 1y O O| -k |

| =K1

[ nuclear spin

ET)E' 1
) @ °

k1)

|

=K'



Coherence Factor - transition probabilities

Nuclear magnetic resonance

HI-S = A E E I- CESJSS"C,I}"s"

L Jor S,8

spin flip rate: g

[ nuclear spin

2T - -
o= =) Co(k, k) (Ep) (1= f(Bp)) (B — By — w)
k. k'
a .
L S s ReA*p(k)y(k') G
2 E.E, -
Coherence factor; Cxi(k, k') = «

1 &€z + ReA2d(K) - d(k') B
5 (1 + E.E; ) S=1

-




Coherence Factor - transition probabilities

/ Conventional superconductor \

(CL(k. R g = 5 (1 N Ez)

4 Hebel-Slichter-peak

1T, \_/\A

exponential

7

_ T
-

Enhancement due to
- density of states

C

\ - coherence factor /

/ Unconventional superconductor \

|

(C(k, k")) g 7o = 5

A
T,

powerlaw

No enhancement




Coherence Factor - transition probabilities

/ Conventional superconductor \

(Cr (kKN e = 3 (1 " E2)

4 Hebel-Slichter-peak

1T, \/\A

exponential

7

Enhancement due to
- density of states

C

\ - coherence factor /

/ Unconventional superconductor\

10"

«#} NMR 1T, YBa,Cu,0, 4s}

Martindale et al. =

T, | =~ lo]

2 /
+ +
105 T
[ 5] ]
.4 T N N A M M A1

10 t }
10 30 100
Tamperature {K) T

No enhancement




