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Quantized fluxoids in YBa2Cu3O6+y

J. C. Wynn, D. A. Bonn, B.W. Gardner, Yu-Ju Lin, Ruixing Liang, W. N. Hardy, 
J. R. Kirtley, and K. A. Moler, Phys. Rev. Lett. 87, 197002 (2001).



STM around vortices induced by a magnetic field in the superconducting state
J. E. Hoffman, E. W. Hudson, K. M. Lang, V. Madhavan, S. H. Pan, 

H. Eisaki, S. Uchida, and J. C. Davis, Science 295, 466 (2002).

Local density of states (LDOS)

LDOS of 
Bi2Sr2CaCu2O8+δ

I. Maggio-Aprile et al. Phys. Rev. Lett. 75, 2754 (1995).
S.H. Pan et al. Phys. Rev. Lett. 85, 1536 (2000).

-120 -80 -40 0 40 80 120
0.0

0.5

1.0

1.5

2.0

2.5

3.0

 Regular
 QPSR
 Vortex

D
iff

er
en

tia
l C

on
du

ct
an

ce
 (n

S)

Sample Bias (mV)



BCS theory for local density of states (LDOS) at BCS theory for local density of states (LDOS) at 
the center of a vortex in a the center of a vortex in a dd--wave superconductorwave superconductor

Y. Wang and A. H. MacDonald, Phys. Rev. B 52, 3876 (1995).                             
M. Ichioka, N. Hayashi, N. Enomoto, and K. Machida, Phys. Rev. B 53, 15316 (1996).

Prominent feature: large peak at zero bias
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Local density of states (LDOS)

1Å spatial resolution 
image of integrated 

LDOS of 
Bi2Sr2CaCu2O8+δ

( 1meV to 12 meV) 
at B=5 Tesla.

I. Maggio-Aprile et al. Phys. Rev. Lett. 75, 2754 (1995).
S.H. Pan et al. Phys. Rev. Lett. 85, 1536 (2000).
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Vortex-induced LDOS of Bi2Sr2CaCu2O8+δ integrated 
from 1meV to 12meV at 4K

J. Hoffman et al., Science 295, 466 (2002).
G. Levy et al., Phys. Rev. Lett. 95, 257005 (2005).

Vortices have 
halos with 
LDOS 
modulations at a 
period ≈ 4 lattice 
spacings

Prediction of periodic LDOS 
modulations  near vortices:      
K. Park and S. Sachdev, Phys. 
Rev. B 64, 184510 (2001).





STM in zero field



Y. Kohsaka, C. Taylor, K. Fujita, A. Schmidt, C. Lupien, T. Hanaguri, M. Azuma,
M. Takano, H. Eisaki, H. Takagi, S. Uchida, and J. C. Davis, Science 315, 1380 (2007)
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“Glassy” Valence Bond Solid (VBS)



OutlineOutline

1. Our model

2. Influence of electronic quasiparticles on vortex motion

3. Influence of vortex quantum zero-point motion on 
electronic quasiparticles

4. Aharonov-Bohm phases in vortex quantum fluctuations 
and VBS modulations in LDOS           



I. The model 









OutlineOutline

1. Our model

2. Influence of electronic quasiparticles on vortex motion

3. Influence of vortex quantum zero-point motion on 
electronic quasiparticles

4. Aharonov-Bohm phases in vortex quantum fluctuations 
and VBS modulations in LDOS           



II. Influence of electronic quasiparticles
on vortex motion 
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there are no infra-red singulatities to this order, and 
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Disagrees with N. B. Kopnin, and V. M. Vinokur,  Phys. Rev. Lett , 3952 (1998), 
1who obtained a divergent mass ~  in an applied field vm H

H
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 Bardeen-Stephen viscous drag with 

Universal function of F
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− Δ⎛ ⎞= ×⎜ ⎟

⎝ ⎠

Negligible damping of vortex from nodal quasiparticles
at T=0; can expect significant quantum zero-point 

motion. Damping increases as T2 at higher T
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III. Influence of vortex quantum zero-point 
motion on electronic quasiparticles





Influence of the quantum oscillating vortex on the LDOS
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No zero bias peak. 

Absent because of small core size.
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vortex oscillation frequency



Influence of the quantum oscillating vortex on the LDOS
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S.H. Pan et al. Phys. Rev. Lett. 85, 1536 (2000).

Resonant feature near the 
vortex oscillation frequency 
and no zero-bias peak
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I. Maggio-Aprile et al. Phys. Rev. Lett. 75, 2754 (1995)
S.H. Pan et al. Phys. Rev. Lett. 85, 1536 (2000).

Resonant feature near the 
vortex oscillation frequency 
and no zero-bias peak

Is there an independent way to determine mv and ωv ?
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IV. Aharonov-Bohm phases in vortex motion 
and VBS modulations in LDOS 

N. Read and S. Sachdev, Phys. Rev. Lett. 62, 1694 (1989).
C. Lannert, M.P.A. Fisher, and T. Senthil, Phys. Rev. B 63, 134510 (2001).             

S. Sachdev and K. Park, Annals of Physics, 298, 58 (2002).                          
T. Senthil, L. Balents, S. Sachdev, A. Vishwanath, and M. P. A. Fisher,            

Phys. Rev. B 70, 144407 (2004).                                               
L. Balents, L. Bartosch, A. Burkov, S. Sachdev, and K. Sengupta,                    

Phys. Rev. B 71, 144508 (2005).

See also Z. Tesanovic, Phys. Rev. Lett. 93, 217004 (2004); A. Melikyan and         
Z. Tesanovic, Phys. Rev. B 71, 214511 (2005).



In ordinary fluids, vortices experience the Magnus Force

FM

( ) ( ) ( )mass density of air velocity of ball circulationMF = i i





Dual picture:
The vortex is a quantum particle with dual “electric”

charge n, moving in a dual “magnetic” field of 
strength = h×(number density of Bose particles)

C. Dasgupta and B.I. Halperin, Phys. Rev. Lett. 47, 1556 (1981); D.R. Nelson, Phys. Rev. Lett. 60, 
1973 (1988); M.P.A. Fisher and D.-H. Lee, Phys. Rev. B 39, 2756 (1989)



Influence of the periodic potential on vortex motion





Bosons on the square lattice at filling fraction f=p/q



Bosons on the square lattice at filling fraction f=p/q











STM around vortices induced by a magnetic field in the superconducting state
J. E. Hoffman, E. W. Hudson, K. M. Lang, V. Madhavan, S. H. Pan, 

H. Eisaki, S. Uchida, and J. C. Davis, Science 295, 466 (2002).
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Local density of states (LDOS)

1Å spatial resolution 
image of integrated 

LDOS of 
Bi2Sr2CaCu2O8+δ

( 1meV to 12 meV) 
at B=5 Tesla.

I. Maggio-Aprile et al. Phys. Rev. Lett. 75, 2754 (1995).
S.H. Pan et al. Phys. Rev. Lett. 85, 1536 (2000).
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Vortex-induced LDOS of Bi2Sr2CaCu2O8+δ integrated 
from 1meV to 12meV at 4K

J. Hoffman et al., Science 295, 466 (2002).
G. Levy et al., Phys. Rev. Lett. 95, 257005 (2005).

Vortices have 
halos with 
LDOS 
modulations at a 
period ≈ 4 lattice 
spacings

Prediction of periodic LDOS 
modulations  near vortices:      
K. Park and S. Sachdev, Phys. 
Rev. B 64, 184510 (2001).





Influence of the quantum oscillating vortex on the LDOS
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I. Maggio-Aprile et al. Phys. Rev. Lett. 75, 2754 (1995)
S.H. Pan et al. Phys. Rev. Lett. 85, 1536 (2000).

Resonant feature near the 
vortex oscillation frequency 
and no zero-bias peak

Independent estimate of ωv gives a consistency check.
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Deconfined quantum criticality

What happens when the vortex quantum 
fluctuation length-scale becomes large ?

Landau-forbidden quantum phase transition between 
a superfluid and an insulator with VBS order.



Conclusions
• Quantum zero point motion of vortices provides a unified explanation 

for many LDOS features observed in STM experiments.

• Size of LDOS modulation halo allows estimate of the inertial mass of 
a vortex

• The deduced energy of the LDOS sub-gap peak provides a strong 
consistency check of our proposal

• Direct detection of vortex zero-point motion may be possible in 
inelastic neutron or light-scattering experiments
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• Quantum zero point motion of vortices provides a unified explanation 

for many LDOS features observed in STM experiments.

• Size of LDOS modulation halo allows estimate of the inertial mass of 
a vortex

• The deduced energy of the LDOS sub-gap peak provides a strong 
consistency check of our proposal

• Direct detection of vortex zero-point motion may be possible in 
inelastic neutron or light-scattering experiments


