STM as a Probe of Real and Momentum Spaces
in Correlated Electron Systems
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Outline
* Pedagogical explanation of Quasiparticle Interference (QPI)

* Review of the last 8 years of QPT imaging in cuprate superconductors
* Controversies in the cuprates:
 Static vs. dispersing order
* Pseudogap: competing phase vs. superconducting fluctuations

* Conclusions: we've made progress, but still not sure

* Need to track QPTI and checkerboards through T*

* Need to understand spatial phases of patterns

* Need to fully understand the artifacts of STM setup conditions
* QPI in magnetic field

* QPI on iron-pnictide superconductors



Simple clean metals: More complex materials:
all info is in momentum space info is in real space inhomogeneity

Fermi
surface




Simple clean metals:
all info is in momentum space

Fermi surface of Cu:

—J%;Z}Tfel, ISSP)
Bloch wave functions:
P, (F)=u,(F)- e’

k = electron momentum

With no impurities, there is
nothing to see in real space

For a given energy E, add up
all the states in k-space:

DOS(E, F)
o 3|, (F) 5 (E —£(K))

k
Bloch wave function: o
LIJk (f-’) — uk (F) . elk.r

DOS(r) is uniform in a metal |

BORING!




Dirty metal:
potential no longer periodic

Fermi s_urface of Cu:

—

AKittel, IS5P)

K is a wavevector, so the
system must uniform over
several A =2x /K inorder
for k to have any meaning

Image impurities in real space

Real surface of Cu:

Crommie, Nature (1993)

with step edges
and impurities




Momentum space tool: Real space tool:
Angle-Resolved Photoemission Scanning Tunneling Microscopy
Spectroscopy (ARPES) /Spectroscopy (STM/STS)
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Momentum space tool:
Angle-Resolved Photoemission
Spectroscopy (ARPES)
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Conserve momentum:

B, =1k, =+/2m,E,;, SinJ

No spatial resolution:
averages over > (100 um)?

Real space tool:
Scanning Tunneling Microscopy
/Spectroscopy (STM/STS)
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Bi,Sr,CaCu,0g,; : a High-Tc Superconductor

(donates
2 holes
each)

optimum
Tc ~ 90K
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High Temperature Superconductor: Doped Mott Insulator
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Momentum space tool:
Angle-Resolved Photoemission
Spectroscopy (ARPES)

1st Brillouin zone:

D.L. Feng, PRL (2001)

Real space tool:
Scanning Tunneling Microscopy
/Spectroscopy (STM/STS)

map of superconducting A:

3‘ ?H' E.-‘ .'I




Summary of experimental techniques:

Momentum space:

* ARPES (Angle-Resolved Photo Emission Spectroscopy)

Real space:

+ STM (Scanning Tunneling Microscopy)

R-space & k-space:




Traditional STM/STS Measurements
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Scanning Tunneling Microscopy:

R-space



Structure of Bi,Sr,CaCu,0g,;

photograph

Cleave Here
Reveals




Atomic resolution Bi,Sr,CaCu,0Oq,

'STM topography

Cleave Here *

BiG Reveals |
AiO Surface 3

: 560 A =

T=4.2K,B =0T
100pA, -100mV




Atomic resolution Bi,Sr,CaCu,0Oq,

ISTM ’ropogmphy

T=4.2K,B =0T
100pA, -100mV



Atomic resolution Bi,Sr,CaCu,0Oq,
STM topography
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Atomic resolution Bi,Sr,CaCu,0Oq,
STM topography
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Scanning Tunneling Spectroscopy:

energy dependence



Expected DOS for a conventional s-wave superconductor

Gap Magnitude vs. k

2

DOS(E) after average over k

-2 0
Sample Bias (mV)

-8 6 4 -2 0 2 4 6 8
Sample Bias [mV]

STM Experiment
measured on NbSe,

Rev. Sci. Inst. 70, 1459 (1999).



Expected k-averaged DOS for a d,?-,* Superconductor

Gap Magnitude vs. k
DOS(E) after average over k

-50 0 50

Sample Bias (mV) -300 -150 0 150 300
Sample Bias [mV]

STM Experiment
measured on BiO plane
Typical Gap ~ 45 meV
[as-grown T, = 89K]



Spectroscopic Mapping Energy

(meV)

dI/dV map

Point dI/dV Spectrum

) AT QY
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>

100 energies

- 100 x 128 x 128 = 1,600,000 measurements

* Registered to surface with atomic resolution for 2 days



GapMap:

Map of A as a function of location
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Evolution of Bi,Sr,CaCu,0Oq,s gapmap with doping

Nature 413, 282 (2001)
Nature 415, 412 (2002)



STM measurements so far: all in real space
So much disorder |

This disorder gives us the key to turn STM/STS
into a simultaneous R-space and k-space probe



Experiment: Quasiparticle Interference
at Impurity Atoms in Metals (real space)




Theory: Quasiparticle Interference
from disorder scattering in the cuprates

Suppose you have some dlsorder potential V, such as

Qe O oxygen

gap dlsorder pbiﬁ? defects T .

Each Fourier component V(q) will cause elastic scattering between
initial and final states whose momenta differ by q.

Power spectrum of scattering:

P(Sa (_j) oC ‘V(ED‘Z ni (Si 9121) nf (8f 912f)

/ \

Structure factor Density of Density of
of disorder potential initial states final states




ARPES:

k-space



ARPES: Normal State Fermi Surface

Marshall et a/, PRL 76, 4841 (1996)

(0,0) (1c,0)
—$—Slightly Overdoped T =85K
—o—Underdoped-To~67K

Campuzano et al., PRL 64 2308 (1990)
Dessau et al, PRL 71 2781 (1993)
Aebi et al, PRL 72 2757 (1994)

Ding et al, PRL 78 2627 (1997)

1L




ARPES: Normal State Fermi Surface & Band Structure

1.0[

contours

" from -100meV

to +100meV

filled
states
(electrons)

empty
states

I CCE (E): The location
Il in k-space of states
with energy E

Fermi Surface




ARPES: Superconducting anisotropic gap




ARPES: Superconducting anisotropic gap




ARPES: Superconducting anisotropic gap




ARPES: Superconducting anisotropic gap




ARPES: Superconducting anisotropic gap

contours
" from -100meV , i Ding et al., PRLB 54, 9678 (1996)
- to +100meV M

Shen et a/, PRL 70 1553 (1993)
Ding et a/, PRB 54 9678 (1996)
Mesot et a/, PRL 83 840 (1999)




O meV CCE: the Fermi points
o[ ~ T T










30 meV CCE
o




40 meV CCE




Octet of regions at ends of 'bananas’ have largest |dk|/dE

1.0[

Density of States

The octet of k-space
locations at the tips
of the 'bananas’
provide maximum
contribution to 1, (€)
and thus dominate
elastic scattering
processes.




The scattering vectors
of QI model

(=.,0)

k-space:
- unperturbed eigenstates
* not directly accessible to STM

* measured by ARPES



The scattering vectors
of QI model

-k—space: g-space. .
- unperturbed eigenstates » Scattering — standing waves ¢ =2m/\
- not directly accessible to STM ~ * Measure g from FT of LDOS image

* measured by ARPES
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The scattering vectors
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The scattering vectors
of QI model

-k—space: g-space. .
- unperturbed eigenstates » Scattering — standing waves ¢ =2m/\
- not directly accessible to STM ~ * Measure g from FT of LDOS image

* measured by ARPES




The scattering vectors
of QI model

Total sets of ¢ (7X8) : B6
Inequivalent sets of ¢ : 32
Distinguishable via FT-STS : 16

-k—space: g-space. .
- unperturbed eigenstates » Scattering — standing waves ¢ =2m/\
- not directly accessible to STM ~ * Measure g from FT of LDOS image

* measured by ARPES




The scattering vectors
of QI model

Total sets of ¢ (7X8) : B6
Inequivalent sets of ¢ : 32
Distinguishable via FT-STS : 16

-k—space: g-space. .
- unperturbed eigenstates » Scattering — standing waves ¢ =2m/\
- not directly accessible to STM ~ * Measure g from FT of LDOS image

* measured by ARPES




Expected structure of FFT of LDOS(r,E)
(for a fixed E)

(27.,0) (2w, 27)
: »
N / /.
..\ \ /.__. (0,21)

g-space



Dispersion:

how does each q; vary with E ?



For example, look at the dispersion of:
g, || (m,0) or (0,+n)

(7.,0)




Expected energy dependence of |q;

erspective view:




Expected energy dependence of |q;

A perspective view:




Expected energy dependence of |q;




Expected energy dependence of |q;




Expected energy dependence of |q;




For example, look at the dispersion of:

37 || (£m, £1)




Expected energy dependence of |q;

erspective view:




Expected energy dependence of |q;




Expected energy dependence of |q;

erspective view:




Expected energy dependence of |q;

erspective view:




Expected energy dependence of |q;




Expected energy dependence of 5 independent q;'s
As predicted from ARPES-determined FS




Finally, some data...

_Topograph

Bi-2212
T.=76 K
A~HlmeV



energy
(meV)

Bi-2212
T.=76 K
A~HlmeV

Imaging quasiparticle wavefunctions




energy : : _ .
(meV) I'maging quasiparticle wavefunctions

Bi-2212
T.=76 K
A~HlmeV



(enqu\‘/fa)y I'maging quasiparticle wavefunctions
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Bi-2212
T.=76 K
A~HlmeV



energy I'maging quasiparticle wavefunctions
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energy I'maging quasiparticle wavefunctions

Bi-2212

T.=76 K
A~BlmeV




energy I'maging quasiparticle wavefunctions
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energy I'maging quasiparticle wavefunctions
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energy I'maging quasiparticle wavefunctions

Bi-2212
T.=76 K
A~HlmeV
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energy : : : .
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energy : : : .
(meV) I'maging quasiparticle wavefunctions

Bi-2212
T.=76 K
A~HlmeV
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ticle wavefunct
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Bi-2212
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A~HlmeV



energy I'maging quasiparticle wavefunctions
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energy I'maging quasiparticle wavefunctions

Bi-2212
T.=76 K
A~HlmeV



energy : : : .
(meV) I'maging quasiparticle wavefunctions

Bi-2212
T.=76 K
A~BlmeV



Measuring the dispersion of the ¢(E)
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Nature, 222,592 (2003)




Measuring the dispersion of the ¢(E)

e o (s

15 20 25 30
Energy [meV]

Nature, 222,592 (2003)



Measuring the Fermi Surface:

G (E) = (2K, (E),0)




Measuring the Fermi Surface:
G:(E) = (2k,, (E),0)

qz(E) = (klx(E)+ kly(E)D kly(E)_ klx(E))
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Measuring the Fermi Surface:
G:(E) = (2k,, (E),0)
qz(E):(klx(E)+kly(E)9 kly(E)_klx(E))

q3(E) - (klx(E)+ kly(E)Dklx(E)_i_ kly(E))

d,(E) = (2k;, (E), 2k, (E))
Gs(E) = (0,2k,, (E))

Gs(E) = (K (E) =k, (E), ki, (E) + K (E))



Measuring the Fermi Surface:
G;(E) = (2K, (E),0)
qz(E):(klx(E)+kly(E)9 kly(E)_klx(E))

q3(E) - (klx(E)+ kly(E)Dklx(E)_i_ kly(E))

d,(E) = (2k;, (E), 2k, (E))

For each energy:

- 7 measured quantities
- / equations

0o (E) = (k,, (E) - kly(E)9 kly(E) +K,(E)) « 2 unknowns (kx,ky)

System is vastly overdetermined!

Gs(E) = (0,2k,, (E))

G,(E) = (k (E) =k, (E),k, (E) =k, (E))



ARPES & STM: Fermi surface comparison

FT-STS
measured FS

ARPES

‘measured FS

0.0
0.0 0.2 0.4 0.6 0.8

k, [/a]

Nature, 222,592 (2003)



What about doping dependence?



Dispersion of gq-space peaks

(0,%) anti-nodal
Cu-O-Cu bond

m ~78K underdoped

10 0 10 20 30

Energy [meV]

Scrence 297, 1148 (2002).

(rt,m) nodal
45° from bond
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Dispersion of gq-space peaks

(0,%) anti-nodal
Cu-O-Cu bond

m ~78K underdoped
‘as-grown’
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énergy [meV]

Scrence 297, 1148 (2002).
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Dispersion of gq-space peaks

(0,%) anti-nodal , _' (rt,m) nodal
Cu-O-Cu bond N 45° from bond

m ~78K underdoped
‘as-grown’
A ~85K overdoped

10 0 10 20 30 30 -20 10 0 10 20 30

Energy [meV] Energy [meV]

Scrence 297, 1148 (2002).



Doping trend fits expectation, agrees with ARPES

B underdoped
‘as-grown’
A overdoped
ARPES
T T T T T T T T T T T T . I B an on mm o an an o an an an mnan o an ay mnam o anan mm o o an oy
-30 -20 -10 0 10 20 30 - - -10 0 10 20 30
Energy [meV] Energy [meV]

Scrence 297, 1148 (2002).






