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Angle Resolved Photoemission Spectroscopy
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Electronic structure
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Fermi surface of high temperature superconductor

Bi,Sr,Cu 0 (Tc=35K) Tl5BayCuy0 ¢, (Tc=90K)
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Fermi surface of high temperature superconductor

Bi5SryCuq0 ¢, (Tc=35K) Tl,Ba,Cuy0 ¢, (Tc=90K)
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Energy [eV]

ARPES intensity econst -

Energy Distribution Curve (EDC)
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Superconducting energy gap
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Superconducting energy gap
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Bi2201 OP35K
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High precision lab-based ARPES system

Energy resolution: ~1 meV

Angular resolution: 0.1 deg.

UV source: 10'3 photons/sec.
Sample positioning:~1um

Ability to perform quantitative
measurements of spectral intensity




Sample aging due to CO, absorption
when vacuum is less than perfect

OP Bi2212 Tc=95K

it i R B I S AR 5 i R ARRED l""I""I""l"'""I""l""l
o A\ A Aesi
~&~ 0 hours ://‘ﬂ\
-5~ 2hours =&~ 24 hours Ni/ & - —— Data ' '
—ao— 10 hours =3 28 hours % A Exponcnnal Fn
g
A
=™
o~
o
aasalaasalassatassalsssatasaslaran .........I].... 'TENE CTTTE FENTE AR .....“ 1
04 03 0.2 0.1 0.0 0.1 -60 -40 -20 0
Energy [eV] Energy [meV
VUV Timelh
as cleaved 24 hours later [ ]

Energy (eV)

A. Palczewski et al.,
Phys. Rev. B 81, 104521 (2010)




Energy (eV)

Benchmark: op’rlmally doped Bi2212
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Phase diagram of cuprates , .. ..,

The pseudogap: friend or foe of high

temperature superconductivity?
M. R. Norman et al., Advances in Physics, 54:8, 715 (2005)
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Possible origin of the pseudogap:
pre-formed pair scenario

Emery and Kivelson
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Possible origin of the pseudogap: ordered state
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Phys. Rev. B 43,2866 (1991) Phys. Rev. B 55, 14554 (1997). L. Balents, et al.. Phys. Rev. B (2005)

S. Chakravarty et al.,
Phys. Rev. B 63, 094503 (2001)

Neutron scattering: Dichroism in ARPES: STM:
H. A. Mook et al. PRB (2002, 2004) A. Kaminski et al. Nature (2002) W. D. Wise et al.
Nature Physics
Quantum oscillations: Neutron scattering (2008)
N. Doiron-Leyraud et al. Nature (2007) B. Fauqué et al. PRL (2006)
D. LeBoeuf et al. Nature (2007) H. A. Mook et al. arXiv: 0802.3620
S. Sebastian et al. Nature (2008) Y. Li et al. arXiv: 0805.2959
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J. Xia et al. PRL (2008)
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d-wave superconduc‘rmg order parameter
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At lower carrier concentration there
is strong deviation of the spectral gap

from d-wave symmetry
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How can we understand this deviation?
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How can we understand this deviation?

pseudogap
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T. Kondo et al., superconducting gap

Phys. Rev. Lett. 98, 267004 (2007)

Spectral gap has
two components

Le Tacon, M. et al. Nature Physics 2, 537-543 (2006).
Tanaka, K. et al. Science 314, 1910-1913 (2006).

Lee, W. S. et al. Nature 450, 81-84 (2007).
Boyer, M. C. et al. Nature Physics 3, 802—-806 (2007).



Doping and momentum
dependence of

the spectral gap
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Spectral gap has "unusual” temperature dependence”
Antinode
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We need to study
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Set of high quality, well |
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Temperature dependence at antinode T=11K ...110K
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Spectral changes across T and T* at an‘rmode
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Temperature dependence of SC and PG spectral weights
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Intensity [10* counts]

Temperature dependence of SC and PG spectral weights

frrrrrroT LI N | LI I [rTrrr T L [T T T
1f ] :
d Z |
C g L
e o ARSI Bl
O: \k\‘\« vo -
i © I
L : C
: 1 =
-1 Weight “lost” 1 2 -If ]
- ] O C
- to pseudogap =
n ] = T
_23_ I1(T)-1(110K) ] _2:_ I(T)-1(41K) \ ]
;. ........ Leviitin, Leviutins, b [ [ N i Ly [ A T T
-40 -20 0 20 40 -40 -20 0 20 40
Energy [meV] Energy [meV]




Intensity [10* counts]

Temperature dependence of SC and PG spectral weights
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Doping and momentum
dependence of
the spectral weights
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Weight of the coherent peak and weight lost to the pseudogap
are anti-correlated
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“Partially superconducting” Fermi surface in underdoped cuprates

T. Kondo et al., Nature 457, 295 (2009)
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Superfluid densn‘ry measured by uSR
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..one problem: Nerst effect and magnetization measurements
detect pairing above Tc...
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Density of states at Ef - D(E¢) is well aware
of pairing gap and pair breaking
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Superconducting patches above Tc in STM data
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Quantitative studies of spectral weight at E¢
OP Bi2212 Tc=95K
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Quantitative studies of spectral weight at E¢
OP Bi2212 Tc=95K
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Intensity

Quantitative studies of spectral weight at E¢
OP Bi2212 Tc=95K
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Doping dependence of the Wps and Wi Bi2201
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Universal scaling of Wopair w.r.t. Tpair
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Pseudogap = "checkerboard” order?
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Pseudogap = "checkerboard” order?
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Conclusions

"artists rendition” of

pseudogap i§ a state that cogx.is‘rs and CUPF‘GT@S phClS@ diagram
competes with superconductivity

energy scale associated with pseudogap is T
similar to one of the checker board order
observed in STM

quantitative ARPES approach revealed new
spectroscopic temperature scale Tpair
associated with pairing and different from the

pseudogap temperature T*: T << Tpgir << T*

there is indeed a pre-formed pair state in
cuprates, but it is not directly related to the
pseudogap

. ~0.15 .
Y carrier concentration





