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Nature 424, 912 (2003)
Signature of Optimal Doping in Hall-effect Measurements 
on a High-Temperature Superconductor
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Phys. Rev. Lett. 85, 638 (2000)
Metal-to-Insulator Crossover in the Low-Temperature

Normal State of Bi2Sr2–xLaxCuO6+δδδδ

Phys Rev Lett 77, 5417 (1996)  
Insulator-to-metal crossover in the normal state of 
La2-xSrxCuO4 near optimum doping
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pseudogap

Anderson, Science 256, 1526 (1992) and Research News, Science 278, 1879 (1997)

The Abnormal Normal State of the High-Tc Superconductors

Using 60 teslas....to suppress the superconducting state and reveal the normal-state phase diagram

Challenges in Producing High Magnetic Fields

Pressure Under Water 
12 feet          Ears               6 pounds per square inch

2000 feet          Submarine                        1000 psi
12,000 feet          Ocean Floor                      6000 psi

Pressure inside NHMFL Pulsed Magnets 
800,000 gauss           Pulsed Magnet             200,000 psi  

(which equals 1.4GPa or 130 kg per square millimeter)
(which is more pressure than most materials can handle)

Strong 
Electromagnets 

Generate 
BIG Forces

The Niobium ribbons work
(sort of) 

like steel bars in cement…

…except the nano-composite
is stronger than either constituent

20% Niobium Droplets
in 80% Copper Matrix

The diameter
of a Human hair

20 times larger magnification
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Until You Spread Your Wings,
You’ll Have No Idea How Far You Can Walk.
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pseudogap

Anderson, Science 256, 1526 (1992) and Research News, Science 278, 1879 (1997)

The Abnormal Normal State of the High-Tc Superconductors

Using 60 teslas....to suppress the superconducting state and reveal the normal-state phase diagram

PRL 77, 5417 (1996)
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PRL 85, 638 (2000) 

BSLCO single crystals
ab - plane
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PRL 75, 4662 (1995)
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kFl ~ 15

Logarithmically Divergent Resistivity in Underdoped Cuprates

Similarities between the Insulator-to-Metal crossover in BSLCO and LSCO:
--- occurs under the superconducting ‘dome’             
--- occurs at the same normalized resistivity, at kFl ~15.
--- the Insulator exhibits Log-T divergence.

ρρρρab /cο = h/(e2kFl)

--- In the quantum critical region, 
temperature is the only energy scale 
controlling the physics.

--- Strong critical fluctuations can 
mediate singular interactions 
between quasiparticles.

--- These singular interactions 
can provide both a strong pairing 
mechanism and a source of 
non-Fermi liquid behavior.

--- The observed linear-T 
resistivity is attributed to 
Quantum Critical Behavior 

from “Universal Quantum-Critical Dynamics of Two-Dimensional Antiferromagnets”
Subir Sachdev and Jinwu Ye, PRL 69 (1992) 2411

Ref [4] is Chakravarty, Halperin and Nelson, PRL 60 (1988) 1057; PR B39 (1989) 2344

QUANTUM CRITICAL POINT
in the HIGH-Tc CUPRATES ?
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Searching for evidence of a quantum critical point in the resistivity

Sharp Insulator-to-Metal  Crossover
---at optimum doping 

Evidence of a Quantum Critical Point ?
---at optimum doping
---where linear-T resistivity 

has been attributed to critical behavior
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Y. Ando et al., Physica C341, 1913(2000)

- Near optimum doping,  
R~T, cotΘ Hall~T 2 

evidence of two independent 
scattering mechanisms?

Tc
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0.23 = x0.390.49
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SC

Hall Effect in Bi2Sr2-xLaxCuO6+�

La doping

- Unusual Temperature-dependence 
of Hall coefficient not understood????

- What happens below Tc ?
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La x=0.49
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Low Temperature Normal State Hall Effect

Hall  Resistivity
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Y. Ando et al.
cond-mat/0004134 (2000) 

BSLCO Hall Effect 
in DC Magnet
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Low-T Hall Effect in BSLCO
(two years to develop technique)

37/44

0 20 40 60 80 100
0

1

2

3

4

5

6

7

8

 La=.84
 La=.73
 La=.51
 La=.49
 La=.39
 La=.23

R
H
(e

/N
V

ce
ll)

T(K)

 La=.84
 La=.73
 La=.51
 La=.49
 La=.39
 La=.23

Calculated Evolution 
of Hall Coefficient 
(= 1/Hall density) 

upon Doping

Shastry, Shraiman, Singh
PRL 70, 2004 (1993)

Measured Evolution 
of Hall Density 
upon Doping



����������	
����
������������
������������������������	�����

����� ���������������� ���!"#�
�$%�������&���
�����
�'()*(+,- ))

We may understand the high-temperature
behavior of the Hall number from the t-J model…

…but not the peak that develops…

…at temperatures below Tc
…and centered on optimum doping
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Onset of carriers       
yields onset of 
superconducting phase    
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Hall Number is correlated with Tc

Critical Temperature
and Hall Number
In BSLCO

In the underdoped regime…
n Hall shows remarkably linear 

correlation with Tc

…but not in the overdoped regime…
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Evidence that the superconducting transition 
is governed by phase stiffness (superfluid density)

in the underdoped regime

Y. J. Uemura et al., PRL 62, 2317(1989)

…and so is the Hall number…

Superfluid density in the
superconducting state 
corresponds to the Hall density

throughout the underdoped regime
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Hall coefficient becomes T-independent 
at low-T near optimum doping in BSLCO
---suggesting a measurement of the Hall number.

Sharp anomaly in doping dependence 
of the Hall number at optimum doping

---suggesting change in the Fermi Surface

…suggests a Quantum Critical Point 
governs High-Tc Superconductivity
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Linear relation between Tc 
and the low-T Hall number 

---suggests phase stiffness
governs superconducting transition
in the underdoped regime
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BaCuSi2O6: An ancient pigment
A quasi-2D magnetic insulator
Gapped spin dimer ground state

Magnetic fields drive a phase transition
to a gas of bosonic spin triplet excitations (triplons)

Transition to a coherent state marked by
Quasi-linear increase in magnetization
Distinct lambda-anomaly in specific heat
Maximum in magnetic susceptibility
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Questions: Metal-Insulator Crossover in the Low-Temperature Normal State
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No evidence of weird resistivity behavior 
at optimum doping in BSLCO...
other than the usual linear-T resistivity.

If there were a Quantum Critical Point 
at optimum doping in BSLCO ....
---between two metallic states.
---underdoped metal exhibits 

unusual localization. 
---would like to have some 

scrap of experimental evidence.

Sharp Insulator-to-Metal  Crossover
---at optimum doping 

Linear-in-Temperature Resistivity
---near optimal doping

Evidence of a Quantum Critical Point ?
---near optimum doping
---where linear-T resistivity 

has been attributed to critical behavior


