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1957 Bardeen, Cooper
and Schreiffer solved
the problem of
superconductivity

“Science ... never solves a
problem without creating

ten more”
G.B. Shaw

Nobel Prize (Literature, 1925)
\Adapted from 1. Vekhter j
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1957 Bardeen, Cooper
and Schreiffer solved
the problem of
superconductivity

BCS Theory:
electrons pair
: spin singlet
s-wave symmeftry
electron-phonon interaction

Is it the same or different for cuprate
k superconductors? How do we know?




ﬂ/ow do we know that electrons pair? \
Flux quantization in a superconducting ring

Cool in maghetic
T<T field

=== —
Flux quantized in

ARNRREEE /uni’rsof hc/q

then remove
magnetic field

|
[

q=2e for Cooper pair

k Picture from Eisberg and Resnick (1974, Wiley) j




nlaw do we know that electrons pair? \
Flux quantization in a superconducting ring
() §i-di =0 W =|w,le"
. T~ " 2. 26, charge 2e
———- |W0| _(hv¢_? Aj Cooper pair
hCr= , v (7 a7
/l\ z—efwﬁ-dl :fA.dl
270 D
—> (D—@Zﬂn no, h\' inale-valued (I)o:E
e phase is single-value 2%
\ Ref: Marcel Franzs Lecture Cifarss 200

9
Ashcroft and Mermin Chap. 24, p. 749/




The charge carriers are paired! \

Flux within a superconducting loop
must be quantized in units of hc/q

}fé_‘” - — -
*g%I__#, e ——+~|Find q=2e
gl | —— _—

g L —

| ,

]

160 260 360

‘ Time(s) ) \/BGZCU3O7_5 (YBCO)

Fig. 2 Output of the r.f.-SQUID magnetometer showing small
integral numbers of flux quanta jumping in and out of the ring.

\ C.E. Gough et al. Nature 326, 855 (1987). j
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Another way of measuring flux quantum:
The Vortex State

ACkaRy
/iji) Ho <H<H,,
212121
Nidaie
Tubes of maghetic | — =
flux called vortices I\j
l“,
. )\
C 7 2
CDO = 2— =2.07x107"Gecm
€

(2.07x10 5 Tm?)

Predicted by A.A. Abrikosov in 1957 K.
\\\\‘ (Nobel Prize - 2003) i




ﬁon ventional Superconductors . ’““;’;ﬁ,,c,ﬂ/ﬁ\
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Magnetic or Bitter Decoration | (.
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Fig. 34.5 Ashcroft and Mermin ,
\ Hess et al. PRL 62, 214 (.798%




/ Magnetic Decoration

In cuprates the vortex lattice 7
is more disordered Gammel e+ al. PRL & o )
NG 50 2507 (1957) p 7 )
YBCO : . ,’ﬁ( 7
L‘EJ 3 4 //A\hc!e
g 2r //{:///
e 1—{//}/
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APPLIED FIELD(GAUSS)

Ly ol T
: b
i STM imagi
fm imaging
FIG, 2. Flux spots in o Y Ba;Cua; sample decorated after
cooling in a field of 13 G YBCO

(a)

BISCCO

Bolle et al. PRL
66, 112 (1991).

0 X [nm] 1000 X [nm] 50

Maggio-Aprile et al. PRL 75, 2754 (1995).




——> charge pairing! \
/ What is the symmetry of

the pair wave function?

Recall for two spin 3 fermions

LIj(rl’ r2’ Sl’ SZ) — g\”(rl o r%)\;((sl’ 822 — FkZ(Sl’ SZ)

Y Y _
spatial spin R = A|</2Ek
Requiring overall antisymmetry with respect E, = \/ g:k2 + Azk

to exchange of two particles

AL _ B Spatially symmetric (A, =A_,)
5=0 singlet % = ‘T\L> ‘\LT>:>L=O (s-wave), L=2 (d-wave), etc

S=1triplet x= ‘T¢>+‘¢T>,‘TT>,‘¢¢>
\ — Spatially antisymmetric(A, =-A,

L=1 (p-wave), L=3 (f-wave), etc




Bext

! atom with

_I_

huclear spin
| a)o = 7/n Bext

‘ In vacuum

Wy
,:ﬁ In a metal

>

Q

/ Absorption
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ext

Z X
R X

A 14
A A

*:

Bext

y
Y71

A A

X

/NMR Knight shift can measure pair spin sfai)

NS

f

B+ AB

s

Electrons polarized by B,,; to give
extra AB felt by the atom through
hyperfine interaction. This causes a
shift in the resonance frequency.

W = 7/n(Bext +AB)
=7 Bext (1+ K)

/

Knight Shift

J




X T4
Y

shift

YBCO Cu(1)
T =90K

o

Normal state: polarizability of
electrons provides a frequency

|O}(o) ‘B”Jl B”TI
8| al
i p Bl
T=100K §° i
£ T as A
_:~ 2r :I o * I.‘
5 i DRCLI N BN
E l% T I| T I
A L ol
@ 8r fo | o |
s AR
z gt ol ol
oI 1
T=42K LT
ol | |

91.5 920 925 930 935
Frequency (MHz)

Superconducting state: less
shift if electrons pair in spin
singlet (5=0) and therefore

do not contribute to AB

S.E. Barrett et al.
PRB 41, 6283 (1990)

%




/ The pairing is a spin singlet state/ \

The Knight shift is proportional to the electron spin susceptibility .
x->0 as T->0, implies electrons paired such that total spin is O.

1.2 l 1 I e
i E
Knight Shift 1 YBCO
in NMR 0.8~ y ¢
Ej 0.6 {. —
£ 0.4 | ,"/ -
4 ’
0.2 - /:ff .
it e 0(2,3)
L e T 18 il
0 % . ? x Cu(2)
_0.2 | | | 1 | |
0O 02 04 06 08 1 12

T,

Data of S.E. Barrett et al. PRB 41, 6283 (1990);
V/I. Takigawa et al. PRB 39, 7371 (1989) Physica 162-164C, 853 {]989)j

Plot from Scalapino, Physics Reports 250, 329 (1995)




Spin-triplet superconductivity
in SroRuQ, identified by o
170 Knight shift - SrRUO oK

K. Ishida*, H. Mukuda*, Y. Kitaoka*, K. Asayama*, 0.8 - LI 1
Z. Q. Maofi, Y. Morit & Y. Maenoti

* Department of Physical Science, Graduate School of Engineering Scienc
Osaka University, Toyonaka, Osaka 560-8531, Japan T. (H)
t Department of Physics, Graduate School of Science, Kyoto University, 0.6
Kyoto 606-8502, Japan

 CREST, Japan Science and Technology Corporation, Kawaguchi, - . T
.- -“wI -l g g
Saitama 332-0012, Japan ol gy r | B

Nature 396, 658 (1998). - / |

Triplet is flat G

0.0-2F O -

K (%)

Singlet decays R R
below Tc | | e




/B{q Question. What is the symmetry of the \
enerqgy gap or order parameter? —
E. =& +A,
Unstable to

formation of
electron pairs

Costs energy
Super- VN pull

conducting
Condensate electron out

Fermi Surface

Anisotropic s-wave _
Isotropic P d-wave

s-wave A(k) l
: AN e i nodes

No zeros or nodes




/ Differences between a finite gap and a \
gap with nodes

Finite Gap:

Unoccupied states

activation at low T:
C ~ exp(-A/T)

Occupied states

With Nodes:

Unoccupied
Power laws in T:

C~T°

Occupied states
\Eg., d-wave A(k)=A_cos(2¢) j




/ Density of States and Tunneling \

o transformation of variable

E=e"+A° N(0)de — | N(O ‘ ‘ dE for |E|>A,
£ j ©) '[ ©) 0 otherwise
N(E) Re{ E] superconducting density of
N() = _A states N(E) in s-wave

4.0 LI B B |

d-wave [ n

@
o

A, =A,C0S(2¢)

e 1.0 — i --------
N (O) \/E2 _Azk Y 'ofsl - '1fo' B '1!5' B '210' 25
\ angular average @/

N(w),/N(0)
/
\ »
<
(&)
<
o




/ I-V characteristics of a

tunneling
junction

tunneling junction

\

AAS
V'V

Superconducting (S) ~ Normal (N)

> O
condensate

S-wave ‘ Takes energy A

Gap in superconducting
state means no current ftill V
is equal or greater than A

N

Ohm's law for
4 normal state
3l
2 ol
S 3 4




/ T dI/dV at low temperature
| s-wave | o

€:1.34x 1073 ey

Pb i e

Image of density of states/
Square root singularity in s-wave

| 1 1
0 4e . Be 12¢ (13

I ENERGY (IN UNITS OF €)

Energy gap A, Giaever, Hart, and Megerle,

k Phys. Rev. 126, 941 (1962).




/ How does the dL/dV give Superconducting (S) Normalm

the Density of States?
® >0
condensate

Itot — IS—>N + IN—>S

o [ Ng fgNy (1= £ )dE — [ Ny f N (L f;)dE
oC . NSNN (fS — fN)dE occuvpied unoc?cupied

N
N, (E) \ f(E) f(E+V)

N, (E+V)=N(0)
I(\/)ocjdENS(E)[f(E)— f(E+V)]

di(v) df (E +V)
v ocjdEN (E)[ ~ }

\ at T=0 dl(v)ocN (V) /




d-wave \

0 © -
o [S) o

N(w)/N(0)

-
o

Wei et al., PRL 81, 2542 (1998).
.Mixéds}t;rhetr'y models STM On y BCO
=1 single crystal

[\
T

o
=]

dI/dV (normalized)

15F
14[

10} i

) | STM on YBCO thin film

05k \ F

difdv (arb. u.)

|
04F ¥
L Ag=lomeV !" j
02f \

0 V1 Sharonietal, EPL 54, 675 (2001)
40 200 0 20 40
\ Sample Bias (mV)
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Classic BCS s-wave gap

Heat Capacity of 4
Aluminum :

C(millijoules /mole deg)

exp(-A/T)

/

L L A D T N NN

Super'conduc‘rmg

STaTe \ ..
\

" Normal State
~T

o ZERO MAGNETIC FIELD
& ZERO MAGNETIC FIELD

\Phillips, Phys. Rev. 114, 67 (1959)

e 300 GAUSS
0 AR U R A A B B B R R
o) 0.5 1.0 1.5 2.0
T (°K) \
Tc

™

/
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A Reminder about Heat Capacity C, au

dT
U :IN(g) f(g)ede

Free Electrons: N(e) 4
#of (e VLo
electrons N(ee) - A5\
==
U =[N(sp KTIKT, y——""n
—"_

g

|

~N(g)T2 "9

dU
C, =—— o N(&.)T N(e)f (e
v =T (&) (e)f(e)

-




/ Gap Anisotropy: the case of nodes

Eg.: d-wave superconductor  A(K) = A, €0s(2¢)

N(e) |
[ YBach3O7_6
[ 8
- ~ __ | zero field
; S M 0 °§
~N 8 i ?‘ w—
N 2 £ 4f
o =
T E2f

OD

U ~N(&)T2 ~ (KT)T?
CVOCT2 \SNkT

\ (T <A,) 2744

(1994).

K. Moler et al., PRL 73,

/




/ Power laws point to nodes in the gap. \

But can we know where the nodes are?




/ Can we know where the nodes are?

- Use a magnetic field!
H T Vortex State

% j. = 2env,

™,

js-———ﬁ’j 1 ! ?é,’. .. * quasiparticles in presence of

s

™

% - circulating supercurrents
t

supercurrents have a Doppler shift

Ll

* now maghetic field H replaces T Unoccupied
- V, depends on H

- H can be orientated in different
directions

)l\ )UM"\ ) \ ‘To their energy: Eé _ EE 4, I

\ Occupied states J




/ Effect of a Magnetic Field:

N(e) |

Eg.: d-wave superconductor

U ~ N(&)T2 = (KT)T?

CVocT2

(T <A,)

N(e) |

e~ kT

A(k) = A, cos(2¢)

H finite

C, ocT\/ﬁ

(T<E,)




/ H || c: Evidence for Nodes and d-wave Gap \

3

YBa,Cu;0-

[
T

c "% K. Moler et al., PRL
T 3, 73, 2744 (1994).
£
E [And other groups, too!]

CocT\/ﬁ

Volovik, JETP Lett. 58, 469 (1993).

N

Theory

\_ /




/ H in a-b plane: NO(H,a)oc\/ﬁmax(|sina|,|cosa|)\

Oscillations in residual density
of states as H rotated in plane!

Coc Ny(H,a)T 010 preerrrrrrrrrre

antinode

Field in Field in
direction of direction of
antinode hode

Vekhter, Hirschfeld, Carbotte, Nicol,
PRB 59, R9023 (1999);

Vekhter, Hirschfeld, Nicol, PRB 64,
064513 (2001)




T. Park et al., PRL 90,
o 177001 (2003).

0.330 -

a0 ' 180
angle
K. Deguchi et al., PRL 92,
i 047002 (2004)

Matter 16, L13 (2004).

H=5T

-45 0 45 90

angle (degrees)

k- (ET),Cu(NCS), ]

1
H. Aoki et al., J. Phys.. Condens.

# .."-"

T=04K B=3T

Experimental Observation of
|  Oscillations in Specific Heat!

Malone et al,
arXiv:0905.2342

K-NCS

= Yooy T
=45 0 .45 90
¢
Zeng et al,,
Fe Seo . 4Teo 6 T arXiv:1004.2236.
NE ‘\/ a T=A70 K

18.4

angle(u)

1 I i 1 L I I L L i 1 1 L
105 -90 -75 60 -45 30 -15 0 15 30 45 60 75 90 105

.. but not in the cuprates




Use Josephson Effect -
Cooper pairs can tunnel to
another superconductor

1o
O =
\I

1 2

¥ =[Ae” W, =|Ale"

= "€ A A singg, - i)
mL
— I0 Sin(¢2 _¢1)

Supercurrent due to
phase difference
\be‘rween superconductors

/ Phase sensitive experiments for determination of \
sign change and orientation

Predicted by
Josephson in 1962,
Nobel Prize 1973

Use this idea to tunnel
into different regions j




/ One more thing about Josephson junctions: \

Applying a magnetic field = A
through junction barrier =
- X S
o) o> £ ‘
= X \O) v _V ¥V ¥ WY
Magnetic flux
L. (X) = 1(X)siny
26 Fraunhofer pattern
Al .l vs_Z= A analogous to single slit
4 jdl {V¢ hC A} diffraction
sin(z®d/d
Ic((D) — I0 ( / O)
(70/ D)

\_ /




/ Evidence for phase of order parameter \

1 —

(@) | A
o
= | "/ \
ol ‘u/_qﬂ_L m&m
8 -4 -2 tbfnmo 2 4 6
(b) TN | | ﬂ_w‘s—-wave
x) i . L )( ‘\ | phase ¢+n
0 ﬂgﬁ.ﬂ?ﬂ"i!___b’r\“ym_

-8 -4 -2 C 2 4 B

oo, Phase difference of
- _T__d:;a;e A(I) on The r'|9h1' Gnd
AN am Ad+mon bottom gives
/ﬂ v ) net current:
ALY |, oc sin(Ag) +sin(Ag+7) =0

D.A. Wohlmann et al,
PRL 71, 2134 (1993) PRL 74, 797 (1995) Adapted from I. Vekhter
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D.A. Wohimann et al. sign Change! d-wave!
PRL 71, 2134 (1993): PRL 74, 797 (1995) Adapted from |. Vekhter




/ Spontaneous generation of flux in w—rings \
No applied magnetic field

Recall phase is single-valued

§>§¢-dr+A¢l—A¢2 = 27N

Make a ring where Ap,—Ap, =7 called a nw-ring

then §§¢dr =7 instead of 2z

— § A.di =2o|  spontaneously generated
p 2 magnetic flux

Bulaevskii et al. 1977, Geshkenbein and Larkin 1986, Sigrist and Rice, 1992
Tsuei and Kirtley, RMP 72, 969 (2000) Adapted from I. Vekhter




Scanning SQUID microscopy\

YBCO ring patterned on a
tricrystal with 3 grain boundaries
or junctions

[010)

(100)

Spontaneously generated flux with
half the conventional flux quantum

C.C Tsueietal PRL 73 593 (1994) |::> d-wavel
kJﬁR Kirtley et al., Nature 373, 225 (1995). /

Adapted from I. Vekhter




/ Evidence for an s-wave component? \

L NN NN ® o O o O
O ® @) O @ o
@@ O ® o O o O
a I O O o a I o @; o
09O @ o O oo O
> <€ >
a b
Tetragonal: TI-2201 Orthorhombic: YBCO
Can have admixture of d and s
::> dxz_yz ::> dxz_yz + S

\_ /




Angle-resolved phase-sensitive Nature Physics 2, 190 (2006). \
determination of the in-plane gap

symmetry in YBa,Cuz; O, _;

J. R.KIRTLEY'*, C. C. TSUEI', A. ARIANDO?, C. J. M. YERWIJS?, S. HARKEMAZ AND H. HILGENKAMP=
“IBM Watson Research Crter, Route 134 Yorktown Heights, New York 105¢3, USA
ZFaculty of Scisnce and Tachnology and MES/* Instituts for Nanotechnology, University of Twents, PO Box 217, 7500 AE Enscheds, The Netherkands

B Make YBCO-Nb rings with
variable angle which connects
to different angular

omem‘a‘rlon of d-wave

lllﬂlﬂﬂllﬂﬂ

1050 120.0 125.0 127.0 127.5 126.0 128.5 129.0 1295

130.0 130.5 131.0 135.0 1355

136.0 136.5 137.0 140.0

&, = ooa@0 /




{chain direction)

M

baxks

— ~—

o | % I
SMrrererrn

10% s-wave
component inferred

a Fyperiment
e — A=Ap0.8 cxsi2a) - 0.09)
----d=aA08c0s28) + 0. 4icos(26 +id)

When angle such that + lobe
connects to - lobe, frustrated
ring will spontaneously generate
magnetic flux to heal the

QUST r‘aT io n 02 ljle gln 1|35 180
& (deg)




/ Special thanks to my great guys!

Adrien Borne, Jules Carbotte,

-

Ilya Vekhter,
LSU

Kent Fisher, James LeBlanc
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