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Introduction to
scanning tunneling

microscopy / spectroscopy
(STM / STS)




STM /STS

Principle — Orders of magnitude — Operating modes

Typical current nano-Ampere
Typical voltage Volt

Typical resistance giga-Ohm
Spatial resolution sub-A

Energy resolution sub-meV

Typical time between

two tunneling events 0.l nano-second
Typical electron

relaxation time 0.004 ns (I meV)

Spectroscopy (STS) Constant-current mode Constant-height mode

Use constant-current mode
for topography

» At each point, open feedback
loop to freeze the height z

Sweep voltage and measure
the I(V) and/or dl/dV curve

I =cste = Image = z(x, y) z =cste = Image = I(z, y)




STM /STS

Interpretation of experimental results — Tunneling Hamiltonian

Theory

» The electrodes are initially
lev isolated, and in contact with
HR two different reservoirs
» The tunneling of electrons is
treated perturbatively by

turning on a tunneling
Hamiltonian

Cohen et al. (1962)

Tunneling Hamiltonian ‘Hz = ZTAPC;CA + h.c.
Ap

Tunneling current at lowest order in Txp




STM /STS

Interpretation of experimental results — Matrix element and LDOS

Tunneling matrix element Bardeen (1961)
h? . .
Iy, = T om [%%("“)VSO,\("“) — %\(”“)VS%("“)] -dS
mJs
Application to the STM Tersoff et al. (1983) ——

See also Chen (1990)

Tsp X 902 (Ttip)

Paradigm for the
interpretation of
STM measurements

STM tunneling conductance on the cuprates

o (Ttip, V) I X /dw —f'(w — eV)] Neample (Ttip, w)

= dav




STM /STS

Application to the cuprates — The Bi-based family

Bizsr2CUO6 Bi2$r2CaCu208 BiZSI"ZCaZCu3OIO | B|-2223
B2201)  (B-2212) B2223)

Cleaying plane Bi®
“"@=-1 BiO
BiO oro
SrO CuO,
oo | Cuo, Ca Y o
CuO, Ca CuO, Jenkins et al. (2009)
SrO | CuO:  Ga |
BiC) SrO CuO, ® The topography images
- BIiO SrO the BiO layer (high bias)

ane

BiO
® The low-bias spectroscopy
measures the CuO; layers




STM /STS

Application to the cuprates — «YBaCuO»

YB&zCU3O7
(Y-123)
€ Ba
~ Cu

Ll v
Y =

Pan et al. (1999)

® There is no cleaving plane in Y-123

® Measurements are done on as-grown
or chemically etched surfaces



Typical spectrum

Terminology

-300 =200 —-—100 0 100 200 300
[mV]

Optimally-doped Bi-2212 (92K) Renner et al. (1995)

Sample



Typical spectrum

Comparison with BCS theory for d-wave superconductivity

)

dydV [GQ]
-

0.4
O llllllijllijllllllLlLlllJl]‘_L_lllllIllllllilllllllllllllllli
~300 =200 -100 0 100 200
_VSample [mV]

s Band structure [Norman et al. (1995)] + BCS d-wave gap



dI/dv [GQ™

Other examples

_ Maggio-Aprile et al. (1995)

“30 0 50 100
VSamplc [mV]

G5 ke
-100

Sr,_La,CuO,

L Yeh et al. (2002)

B (o))
o =3

dl/dv (GQ™)

50 25 0 25 50
Sample bias (mV)

dl/dV[nS]

Bi-2223
2.0 0.6
| 10.4
1.5¢ ]
I 10.2
1.0} {00 €
I -I-Conset=1 11K _ _0.2
0.5 A=56meV ]
P 1-0.4
| 2Ap/kT, = 11.8
ool o e e 1_0.6
-600 -400 -200 O 200 400 600
V,[mV]
Kugler et al. (2006)
See also Bi-2201  Boyer et al. (2007)

Nd,_,Ce,CuO, (Nd-214) Hayashi et dl

(1998)



Phase diagram

The fundamental question




Phase diagram

How can the STM contribute?

® The STM allows to measure: dI/dv [GQ™] 1.6

|) the half-width of the gap in
the excitation spectrum: A,

2) the temperature at which
this gap first appears: T'

: . o

® The doping x and the critical S ‘a 100
temperature T, are measured A v TR s
by other means Vsample [mV]

Renner et al. (1998)

>
to



Phase diagram

Some STM measurements

Underdoped Bi-2212 (83K) Overdoped Bi-2212 (81K)

\\\__:—\\_\24”
Mzzw
200 K

—~~ 3

= 160 K
© 140 K
~ 120 K
% 100 K
= 20 K
o)

70 K
60 K
50 K
40 K
30K
20K
13K

T.=81K
A, = 42 meV

-0.2 -0.1 0 0.1 0.2
[mV] Sample bias (V)

Sample
Renner et al. (1998) Matsuda et al. (1999)



T-dependence of STM spectrum in a conventional BCS superconductor

Niobium (9K)

oo 8.6 K
70K

o

380 mK

Differential Conductance (a.u.)

8 6 4 -2 0 2 4 6 8
Sample Bias (mV)

Pan et al. (1998)



dI/dV [GQ']

Phase diagram

Some STM measurements

Optimally-doped Y-123 (92K) Bi-2201 (10K)

EEEE TR FTEEE FETEE FRTEE FREETE N RN

\—/\/\f’« 275mK
//\H 1.6K
2 5K
3.6K
‘—\/\M 4.8K
w——\/\ﬁ 6.3K

8.8K

T bulk| 2%
\J\/k— 11.9K

17.2K
] 197K
24.7K
29.6K
—————_———— 403K
50.2K
61.9K
67.4K
74.1K
82.0K

Normalized tunneling conductance dl/dV; /dl/dVg,,

See also I

200 -100 0 100 200 NdBa,Cu30;_s RV P
VSample [mV] (Nd- I 23)

Maggio-Aprile et al. (2000) Nishiyama et al. (2002) Kugler et al. (2001)



Phase diagram

Absence of universality

® A gap is observed above the bulk T¢ in
underdoped and overdoped Bi-2212

® No gap is observed above the bulk T
in optimally-doped Y-123 and Nd-123

® A large pseudogap phase is observed
in Bi-2201

100
CT75¢
~ 50

25}

110

0.15 0.2
p (hole doping)

A, (meV)

Fischer et al. (2007)



Phase diagram

Facts about the gap A, — Temperature dependence

— 1 Fischer et al. (2007)

® The gap does not close (a) | | A% (b)
at T, like a BCS gap, but °0 20 40 60 80
is rather temperature T
independent

® The gap fill's in more
rapidly than would be
expected from thermal

ﬂUCtuatlonS AN AN RN AR S I ENEN R AN BYEE RN B
-100 0 100 -100 0 100
V (mV) V (mV)




® A, decreases monotonically with hole doping

® A, does not scale with T¢ like in the BCS theory

Phase diagram

Facts about the gap A, — Scaling relations

8 T T T T I T T
e Bi-2201 B
7 — A w ./ -, —
o |5 e
6Fm :| N . |
A S e
< °f e i
~N 4+ //’/ _
[ Aﬁ/ 2Ap / ks T*=4.3 A
3 — / /E] ]
2 A |
L ‘/EA Nakano et al. (1998) La-214 & -
1+ e Maggio-Aprile et al. (2000) Y-123 & |
: Nishiyama et al. (2002) Nd-123 @ -
o 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
0 5 10 15 20 25 30 35

Kugler et al. (2001)

2Ap / ks To

Fischer et al. (2007)

R NG

2.14 ksT. 110
O T T T 0
005 010 015 020 0.25
carrier concentration p

80 I I [
- 135K®
- ® HgSrCa,1Cu,Onpines .
60 W BixSrCan CuOypeans .
S 123ke ]
[N M1Km
£ 40f ]
. [ e97K ///’ B 74K ]
< [ ]
20 =
| m10K i
ol \ L]

1 2 3

Number of CuO; planes n

Wei et al. (1998)
Kugler et al. (2001)
Renner et al. (1998)

e A BCS d-wave ratio Kugler et al. (2006)

seems to bind Ay to T

Nakano et al. (1998)



Phase diagram

The problem of inhomogeneity...

Optimally-doped Bi-2212

Lang et al. (2002)

STM studies have shown that the
cuprates have inhomogeneous
properties over a length scale of
typically 5 nm.

Pan et al. (2001)



Spatial inhomogeneities

What are they?

® The various characteristics of the STM spectra (gap width,
coherence peaks, etc...) can be spatially inhomogeneous

® |[s this the signature of an intrinsic electronic phase separation?

® |s it due to stoichiometric disorder?



Homogeneous samples with high T, do exist

Spatial inhomogeneities

Y 009

. @
S g
> -
%
>
Q
3
3
<
x
3

() @i Buoje uonisod

Maggio-Aprile et al. (1996)

Kugler et al. (2006)

Renner et al. (1998)

Inhomogeneities are not necessary for high T

Lang et al. (2002)



Spatial inhomogeneities

Inhomogeneities do not favor superconductivity

120 B SR Sk [rrrrrrrres [rrrrrrrrs [Trrrrrrrs [rrrrrrrrr T 1-
100} %
80| (b@\ &@Q op
@ \\\\ i La-Bi2201 Gd-Bi2201
s 60f \ 1
Bi2212
[ Pb-Bi2212 i
- La-Bi2201 il
40 - Gd-Bi12201 .
- O Bi2212[5] -
ol @ Ni-Bi2212 [1.15] 2
[ (@ Pb-Bi2212 (o-phase)[16] _
© Pb-Bi2212 (B-phase)[16]
OHLLLLLILJJJJJJJJILllLLLLLLlLlJJiLLlLJlLLLLLLllJ.llllJ

0 D 10 15 20 25
OA (meV)

Sugimoto et al. (2006)

Inhomogeneity seems to reduce T



Spatial inhomogeneities

Additional observations

® A strong spatial inhomogeneity
implies a broad superconducting
transition, and inversely

.
o

® The spread of the gap in
different regions of the same
sample can be different (even
inhomogeneities are inhomo-
geneous...)

Probability (%)
N
o

50

Hoogenboom et al. (2003)

Monomo et al. (2005)

Kugler et al. (2006)

Underdoped Bi-2212

40
2
=

- M ZEQO
| L
o
| J'—H—‘V %—\L :

0

100 150 50

24, (meV)

) |

100
24, (meV)

Matsuba et al. (2003)

150



Spatial inhomogeneities

Relation with oxygen impurities
Bi-2212

— impurity state
— typical

® Inhomogeneities are correlated
with the positions of oxygen
impurities

Mormalized conductance

-1.0 -0.5 0.0 0.5 1.0
Sample Bias (V)

® Oxygen annealing increases

inhomogeneity
Kinoda et al. (2003)

McElroy et al. (2005)



Spatial inhomogeneities

Relation with other impurities

Underdoped Bi-2212 (79K)
® Pb substitutions for Bi have A
no effect on inhomogeneity 75 meV ; .
Kinoda et al. (2003) . - x
50

® |[ow-energy resonances

typical of Ni impurities are 3
never detected in regions BUSE bt i
having a large gap >
(pseudogap?) 20 meV .

Lang et al. (2002)



Spatial inhomogeneities

Relation with other impurities

Bi-2212
® Like Ni impurities, Zn
impurities are not detected
in large-gap regions

— Zn site
— Far from Zn site

O ayyry M )
ﬁavg ~ 42 meV
cn my
of o |, B
= 4
S
S ||
0 [ 1 1 ] 1 ] 1
-100 0 100 J
Bias voltage (mV) Aavg ~ 54 meV gl i p W
250 WA G5 -100-50 0 50 100

Machida et al. (2010) A (mV) Bias Voltage (mV)



Spatial inhomogeneities

Back to the phase diagram

® Doping is probably inhomogeneous,
but cannot (yet) be measured locally

Overdoped Bi-2212 (65K)

e T is also inhomogeneous

Parker et al. (2010)
Gomes et al. (2007)



Phase diagram

The problem of inhomogeneity...

T
A

[\

What is the meaning of x if the material is inhomogeneous!

How to define T ?



Phase diagram

Summary

Different materials can have the same T, but very different T"
There is no evidence for a hidden QCP in the STM data

Below T a temperature-dependent spectral weight is removed
at Er over a temperature-independent energy scale A,

The vision entailed by the traditional representation of the
(x,T) phase diagram may be too simple



Energy gap, A (meV)

0.04

Spatial inhomogeneities

Inhomogeneity is also a chance

Doping-dependent studies can be done on one single sample

Oxygen doping concentration, x Bi-2212

60

50

40

T

30

20

008 012 _ 016 _ 020 _ 024
Optimally-doped Bi-2212 1

e ¢ - -
o " “ r
| i i i l 1 | Ll | L1 | L1l | K|

20 40 60 80 100 005 010 015 020 025
Integrated LDOS (arbitrary units) carrier concentration p

Pan et al. (2001) Fischer et al. (2007)



Spatial inhomogeneities

Inhomogeneity is also a chance

Doping-dependent studies can be done on one single sample

Oxygen doping concentration, x

_0'04| : .0'98. | .0']2. ] ,0'.16. . .020. 04 ~ 70

Bt 160
g f0r . %
<f 140 €
g ]
3 1904
1 120
c
w I

ql 110

Furthermore inhomogeneity 1L AT I TR T IANN) (N

0005 200,100 01@ 090 @25

reveals quasi-particle carngraongantation p

interference phenomena



The spectral signature
of the pseudogap
observed at [ < [




Characteristics of the pseudogap

T>T.

T.=83K
A, =44 meV
411.5

| Y
Bi-2212 OD 11.0
T,=T74K
A, = 38 meV 05 ® The coherence

| - 100 _
Bi-2201 UD peak and dip-hump
T.<4.2K are suppressed at
A, =16 meV - bi

” negative bias

Bi-2212 UD
as thegapat T < I

W‘ """""""" ® The pseudogap has
okT=42K \M\ the same magnitude

Bi-2201 OD
T.= 10 K
A, =12 meV .
[ s @ A small peak slightly
200 100 0 100 200 6 4 2 0 2 4 6 8 shifted to higher
Vsampie (MV) e Vsampie /' Ap energy remains at

positive bias
Fischer et al. (2007)



Pseudogap at low temperature

The spectral signature of the pseudogap observed at T < T

|) On structurally disordered or damaged surfaces
2) Inside vortices

3) In very underdoped and inhomogeneous samples



Pseudogap at low temperature

On structurally disordered or damaged surfaces

Bi-2212 films

Cren et al. (2000)

On disordered surfaces one observes
sharp transitions to regions with
pseudogap-like spectra over the scale
of the coherence length (~10 A)

Underdoped Bi-2212 (80K)

=01 /\‘.“_.4
AR

1.0R e g

0.5} H
-0.1 0 0.1
Sample Bias [V]

<
AN

di/dV nA/V]

Howald et al. (2001)

100 A




Pseudogap at low temperature

The spectral signature of the pseudogap observed at T < T

|) On structurally disordered or damaged surfaces
2) Inside vortices

3) In very underdoped and inhomogeneous samples



Pseudogap at low temperature

Vortices imaged by STM

Hess et al. (1989)



Pseudogap at low temperature

What is a vortex?

Superconducting
order parameter

Phase

STM observation in NbSe;

/

Vortex-core
bound-states

di/av

Dispersion

V (mV)

1200 5
Caroli et al. (1964) Gygi et al. (1991) Hess et al. (1989)



Pseudogap at low temperature

Phenomenology for the cuprates

Optimally-doped Y-123 (91K) Overdoped Bi-2212

50 0 +50  +100

Maggio-Aprile et al. (1995)

-100 -5IO 0 5IO 100
Levy et al. (2005)

See also Renner et al. (1998) See also  Hoogenboom et al. (2000)
Shibata et al. (2003) Pan et al. (2000)
Matsuba et al. (2003)

ll‘JIJUOL



Vortex cores do not follow the BCS theory in the cuprates

® No zero-bias peak at the
center of the core

® No spatial dispersion of the
core-states peaks

® Linear rather than quadratic
dependence of the core-state

energy on A\,

1T
2T
4T 7
6T |
M 1 M 1 M 1 M 1 M IY1.23
0 10 20 30 40 50 60
Ay (MmeV)

Hoogenboom et al. (2001)

AZ
BCS s-wave vortex-core states: E e
F



Pseudogap at low temperature

A window on the pseudogap in the ground state!

Bi-2212

® The vortex-core spectrum is
very similar to the spectrum
measured just above T

E T.=83.0K Nl
- (underdoped) =

200 100 0 100 200

® The evolution of spectra when
moving out of the vortex is
similar to the evolution with
Increasing temperature

T-dependence

-200 -100

0 100

See also  Beyer et al. (2009) Renner et al. (1998)



Pseudogap at low temperature

The spectral signature of the pseudogap observed at T < T

1) On structurally disordered or damaged surfaces

2) Inside vortices

3) In very underdoped and inhomogeneous samples



Pseudogap at low temperature

In heavily underdoped samples

In heavily underdoped
Bi-2212 one can observe
the transition from regions
with smaller gap and
coherence peaks to regions
with larger gap and no
coherence peaks.

Since the with of the gap
changes, these transitions
are suggestive of local
variations of doping.

Underdoped Bi-2212

\PG ©
<,£\ _ 806040 20 0 20 40 60 80

doping p Sample Bias (mV)

McElroy et al. (2004)

See also  Hanaguri et al. (2004)  (Ca,_,Na,CuO,Cl,)



Pseudogap at low temperature

Summary

® Spectra different from the typical superconducting ones can
be observed closeto T=0

® On damaged surfaces and in vortex cores these spectra are
similar to the pseudogap spectrum at the same doping

® |n inhomogeneous Bi-2212, spectra with very large gaps
(~80 meV) could be a signature of the heavily underdoped
and non-superconducting phase



Contrasts between
real-space and
reciprocal-space phenomena




Real- and reciprocal-space physics

r space <> k space / high energy < low energy / anti-nodal <> nodal

® Phenomenology suggestive of quasi-particles in k-space

|) Homogeneity of low-energy (nodal) excitations
2) Quasi-particle interference patterns
3) Strong-coupling effects

® Phenomenology suggestive of localization in r-space

|) Inhomogeneity of high-energy excitations

2) Non-dispersive (energy-independent) 4 X 4 modulation

3) Modulation in the vortex core

4) Asymmetry of background conductance, and possible
breaking of spatial symmetries



Real- and reciprocal-space physics

r space <> k space / high energy < low energy / anti-nodal <> nodal

® Phenomenology suggestive of quasi-particles in k-space

|) Homogeneity of low-energy (nodal) excitations



Quasi-particles in k-space

The cuprates are less inhomogeneous at low energy

Bi-2201 Bi-2212 (79K) Bi-2223

(a) p~0.10 §A0~13 v] Bi2201(La)

7
“\
— Q
ﬂ

50+

dl/dV[nS]
- N w £ (&)} D

dI/dV(arb. unit)

100+

60 40 20 0 20 40 60 100 50 0 50 100

Sample bias (mV) Sample bias (mV)
Kurosawa et al. (2010) Lang et al. (2002) Kugler et al. (2006)

The low-energy (nodal) excitations are homogeneous



Real- and reciprocal-space physics

r space <> k space / high energy < low energy / anti-nodal <> nodal

® Phenomenology suggestive of quasi-particles in k-space

|) Homogeneity of low-energy (nodal) excitations
2) Quasi-particle interference patterns



uasi-particles in k-space

Quasi-particle interference patterns

Underdoped Bi-2212 (78K)

TR NY A AL T B I'dr T et

o waith
o T M, Tatik
PO 4 NS i
St v R A LS
T
: z h'n'-'u':u N “’Z‘:’" "
s Ty e

e &

Hoffman et al. (2002)



Quasi-particles in K-space

Interpretation of interference patterns

Fourier transform of LDOS in case of weak impurity scattering

Peak at w = F Peak at w = Ejg_gq
4 )
ON(q,w) o Z Gk,w)G(k —q,w)
N k y,
Peak at A, A
w = F = Ek_q E A(Ow)m

BCS: Ej, = /€ + A

\(71',0)

Hoffman et al. (2002)




Quasi-particles in k-space

Fourier transform of conductance maps

Hi

0pS  -16 meV

(0,1

Hoffman et al. (2002)



Fourier Amplitude [pS]

Quasi-particles in k-space

Dispersing interference wave vectors

-22 mV

. - .18 mV

e A 2 -14 mV

N\ % . i 10 mV

;6 mV

R R TR T T
1q,| [2n/a ]

Hoffman et al. (2002)

Fourier Amplitude [pS]

—k
i

o

Akﬂ (0,7) N“ ()
da ,;/\

20 mV
-18 mV

@ ' = - e -4I'I'IV
& 40 mV
B mV

0.0

0.1 '__ufz S Y
|q,l [2n/a ]

The peaks in the Fourier transformed conductance
maps disperse with energy as expected



Quasi-particles in k-space

Reciprocal-space properties recovered from real-space spectroscopy

o FT-STS

O FT-STS (-)
A FT-STS (+)
¢ ARPES

ky (t/a,)
A (meV)

80

'ek (de reels)
McElroy et al. (2003)

The Fermi surface and the gap
function Ak can be reconstructed
from dispersing interferences, and

. .. Also seen in Ca,_,Na CuO,Cl,
agree with photoemission data

Hanaguri et al. (2007)



Quasi-particles in k-space

Also present above T,

Underdoped Bi-2212 (37K)

15T,
55K

12T,
45K

No qualitative change is observed
in the quasi-particle interference
patterns on crossing T

08T,
30K

04T,
15K

01T,
45K

Lee et al. (2009)




Quasi-particles in k-space

Additional observations

! Vvyy "YVYY
. . o 06 ngvq5 _
® The dispersing interferences are ~ g:z;ﬁ
not observed at energies where 8§ LF e
o o T Tl ]
S \\ d, qq*
the LDOS is inhomogeneous o e
02 § To=45K
0 ZIO 4I0 60
Bias (mV)
® The intensity has a maximum at < <
low energy N
-1 -0.5 N (12/a,,) 0.5 1 -1
® The amplitude for scattering o % | sl %
. ° CLEESS
between momenta with equal or b S Rt
: : O;QQEQDO | Sgu;’ o 55K
opposite sign of the gap have Ly, ke TR
different T-dependencies '[F ggoosaceocogtinEl | B
0 Vbias (2;:“,) 0 Vbias (zr(r)lv)

Kohsaka et al. (2008)

Lee et al. (2009)



Real- and reciprocal-space physics

r space <> k space / high energy < low energy / anti-nodal <> nodal

® Phenomenology suggestive of quasi-particles in k-space

|) Homogeneity of low-energy (nodal) excitations
2) Quasi-particle interference patterns
3) Strong-coupling effects



dl/dV (arb. units)

dl/dV (arb. units)

Quasi-particles in k-space

The dip feature can be explained by the interaction with the (T, TT) resonance

Optimally-doped Bi-2223 (I | IK)

&
(«
1 | 1 | 1 1 | 1 |

T T j T | T | T | T
4 A, =38 meV

T T T | T | T | T
& A, =40 meV

T | T | T | T | T | T
Ap = 44 meV
©

Qo
)

T I T I T I T I T I T
A, =46 meV
@

00
‘o)

«
. | |

T I T I T I T I T I T
A, = 48 meV

0©
o)

@S
I 1 I 1 I 1

NI IR I R

Model

5-parameters

band structure
+

BCS d-wave gap
+

Coupling to
spin resonance

Eschrig et al. (2000)

—100-50 0 50 100
Sample bias (mV)

—100 -50 0 50 100
Sample bias (mV)

50 100

;100 =50 0
Sample bias (mV)

Fasano et al. (to be published)

;100 =50 0
Sample bias (mV)

50 100

STM data
——  Model

00000000

——  Fermi surface




Quasi-particles in k-space

The dip feature and the gap A
Optlmally doped Bi-2223 (I | 1K)

® This anti-correlation
is also verified locally

Optimally-doped Bi-2223 (I | IK)

d1/dV (normalized)

Qqip (@) (meV)

ol

60

47

-150 =100 =50 0 50 100 150 200
eV + A, (meV)

Levy et al. (2008)

40

Qgipdistribution (meV)

® The characteristic energy

of the dip feature A
decreases as A, increases Jenkins et al. (2009)

70

wn
[\

W
(=)

A
%

Ap (@) (meV)



Real- and reciprocal-space physics

r space <> k space / high energy < low energy / anti-nodal <> nodal

® Phenomenology suggestive of quasi-particles in k-space

|) Homogeneity of low-energy (nodal) excitations
2) Quasi-particle interference patterns
3) Strong-coupling effects

® Phenomenology suggestive of localization in r-space

|) Inhomogeneity of high-energy excitations



Localization in r-space

Inhomogeneity at the energy-gap scale

Optimally-doped Bi-2212 (93K) La-doped Bi-2201 (34K)

O . i B N TP S |

2
A\
%

BN ) R NSRRIy

) 39 5 )

100 %
0 100 -100 0 100

Sugimoto et al. (2006)



Real- and reciprocal-space physics

r space <> k space / high energy < low energy / anti-nodal <> nodal

® Phenomenology suggestive of quasi-particles in k-space

|) Homogeneity of low-energy (nodal) excitations
2) Quasi-particle interference patterns
3) Strong-coupling effects

® Phenomenology suggestive of localization in r-space

|) Inhomogeneity of high-energy excitations
2) Non-dispersive (energy-independent) 4 X 4 modulation



Localization in r-space

Non-dispersive modulation with ~4a period

Underdoped Bi-2212 (72K)

. . . Momono et al. (2005)
® A non-dispersing 4 X 4 modulation . | VmV)
- - = 10
is also observed, different from the 1/4 ﬂ 20
quasi-particle interferences 3/4 _ ¥
¢ - 100
"\*.’\“ k
O I I I I I
00 02 04 06 08 10
. . . . q,(2m/a)
® |t is strongest in spatial regions |
i ' s A #65meV
having a large gap 03
P02 {pR fﬂ% v
S 1.9 q
%’. e A <65 meV
: . < 0.3
® [t becomes more intense with B
decreasing doping  Hashimoro et al. (2006) 0.2 gﬁ q:

100 50 0 50 100
Sample Bias (mV)
See also Howald et al. (2003) McElroy et al. (2005)



Localization in r-space

Non-dispersive modulation with ~4a period

The modulation is present
above T, Vershinin et al. (2004)

The modulation period is
temperature independent

The period appears doping
dependent in Bi-2201...

...but not in Bi-2212

Takeyama et al. (2007)

Underdoped Bi-2201 (32K)

7AD
“L —O0—6K
= 6},%& —— 27K
g 5@% —— 35K
=
. R,
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> i |
":Z:’ 3 \| w%ﬁ%@%m@m@
£ %] YAl
. 2
O e ] S
0 01 02030405 c
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15 @
—0=— UD25 K Z
=0O=|JD32 K
= =0O= (P35 K
£ 101
z
5
54

015 020 0.25
Wave vector (2r/a;)



Real- and reciprocal-space physics

r space <> k space / high energy < low energy / anti-nodal <> nodal

® Phenomenology suggestive of quasi-particles in k-space

|) Homogeneity of low-energy (nodal) excitations
2) Quasi-particle interference patterns
3) Strong-coupling effects

® Phenomenology suggestive of localization in r-space

|) Inhomogeneity of high-energy excitations
2) Non-dispersive (energy-independent) 4 X 4 modulation
3) Modulation in the vortex core



Localization in r-space

The non-dispersive ~4a modulation is enhanced in vortex cores

Overdoped Bi-2212 (89K) Overdoped Bi-2212 (88K)
,#iﬁ A _:\_-.
| 4 ) 7
o, ‘m@;ﬁf :
" @ 35 \,.-"f/ :/
Laa .;1."‘ ,‘ % \ \ / /A
o Pt 1l %Q & 4
100A mﬁﬂ“
0

20 0 0 10 20
0 pA N 2 pA Levy et al. (2005) v mv)

Hoffman et al. (2002)

The modulation corresponds spatially and
energetically to the vortex-core states



Differential Conductance [nS]

=
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0

Localization in r-space

4 x 4 modulation in the vortex core: there is more...

Overdoped Bi-2212 (86K)

—100 -50 0 50

Sample Bias [mV]

100

Matsuba et al. (2007)

The particle-hole symmetry and
the four-fold lattice symmetry
might be broken in the vortex core

See also  Beyer et al. (2009)



Real- and reciprocal-space physics

r space <> k space / high energy < low energy / anti-nodal <> nodal

® Phenomenology suggestive of quasi-particles in k-space

|) Homogeneity of low-energy (nodal) excitations
2) Quasi-particle interference patterns
3) Strong-coupling effects

® Phenomenology suggestive of localization in r-space

|) Inhomogeneity of high-energy excitations

2) Non-dispersive (energy-independent) 4 X 4 modulation

3) Modulation in the vortex core

4) Asymmetry of background conductance, and possible
breaking of spatial symmetries



Electron-hole asymmetry

The background conductance is not particle-hole symmetric

® There is a general tendency for
the background conductance
to be more asymmetric when
the gap is larger

® The asymmetry is (almost)
always in favor of negative bias
(occupied states)

normalized dl/dV

Kugler et al. (2006)

9 T T T T

s 2
Bi2p12 $ e
e |o
¢| %o

overdoped

increasing doping

4r  Bi2p23 T=111K 7
L 'y -
. : !\ A =46mV
3F s
a=0.24 V1 V

Vbias (mV)

100

200

300



Electron-hole asymmetry

Possible interpretations of the background-conductance asymmetry

® Weakly non-local tunneling matrix element |1, o explain the
(more weight given to zone-center states) gap dependence?

® Spectral weight of the Van Hove singularity Real effect, but
(larger gap < less hole doping < higher [) | likely not sufficient

® Electron correlations due to the proximity
of the Mott insulating phase .Whl)' rlot In:j/ertejl’
n ron- ed¢

(background < top of lower Hubbard band) - —-—20CP




di/dV (pS)

Electron-hole asymmetry

Used to measure the pairing strength

Optimally-doped Bi-2212 (93K)

400 :
— A(0)=20 mV
— A(0)=24mV | <
300} — A(0)=28mV { E
— A(0)=82mV | §
— A(0)=36 mV §
200 1 g
Q.
£
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100 . c *
®o0e 2102
%00e )
®180 ©
0 L L
-400 —200 0 200 400
Voltage (mV)

-160

-1807

—200¢

—220¢

—240¢

—2607

—280

15 20 25 30 35 40

A (mV)

Pasupathy et al. (2008)

® The pairing strength has been related to
a feature (hump) in the background

® However a large uncertainty remains

about the background

|
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Pasupathy et al. (2008)

Renner et al. (1995)

Fang et al. (2006)



Electron-hole asymmetry

A way to measure the local doping ?

® A sum rule relates the LDOS to the hole density (Hubbard model)

Upper cutoff LDOS

<), <U hole density
d“% M Q

0 dwg(r; ) [1 — x(r)]

~10%

Randeria et al. (2005)

® |[f the matrix elements cancel, and if the STM measures the exact
LDQOS, this relation allows to determine the local hole density



Electron-hole asymmetry

Breaks spatial symmetries

Underdoped Bi-2212 (45K)
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The conductance asymmetry reveals a breaking

of C4 symmetry, in addition to the 4a modulation

Lawler et al. (2010)

See also



Conclusion

No strong conclusion yet...

Precursor pairing Competing order

Common energy scale

® Non-uni lity of
for gap and pseudogap ON-HIIVErSTIEy ©

phase diagram

20,/ keT* = 4.3 7 .
® Existence of real-space
Pseudogap opening at ® order with broken
the Fermi energy Symmetry
Pseudogap with d-wave ® Pseudogap spectrum

symmetry present in vortex cores




