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Punchline: xy evidence for a robust “failed SC” metal near the SIT
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Particle-hole symmetry in the metallic phase near the SIT

(1) Motivation & Background
 dogma: no metals in 2D
 rich phase diagram of disordered 2D superconductors
 trivial “quantum metal” at the SIT
 weak insulators ( ~ 1 kOhm) show metallic behavior across all systems

(2) Key question
What does the metallic state near the SIT in weakly insulating films have to do 
with superconductivity?

(3) Data on InOx, TaNx films
 Characteristic fields from MR, Hall
 Common behavior

(4) Phase diagram of weakly insulating 2D SC
 PHS from “failed superconductivity” in the metallic phase
 Other recent work
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Quantum diffusion and the hunt for a 2D metal

• Strict distinction between metals and insulators only valid at T = 0
• Interactions stabilize SC
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Metallic “state” in presence of SC interactions
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A Bose metal at the SIT critical point

Goldman and Markovic, Phys. Tod. (1998)

• Fisher proposes a metallic point separating SC, (Bose) insulator
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A Bose metal at the (dual) SIT critical point

Goldman and Markovic, Phys. Tod. (1998)
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• Fisher proposes a metallic ‘point’ separating SC, insulator
• Dirty bosons description (self-dual  c ~ h/4e2, scaling)

NPB, M. A. Steiner, S. A. Kivelson, A. Kapitulnik PNAS (2016)

Ovadia, Shahar Nat. Phys. (2013)
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Unified phenomenology in the strong, weak disorder limits

• Regimes of behavior for TiN, InOx, Ta, MoGe, TaNx, …

• Characterized by behavior near the breakdown of SC: Gc, Hc, scaling, metal

METAL

Steiner NPB Kapitulnik PRB 77 212501 (2008)
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Metallic state - Ephron et al. (1996)

• xx ~ 1.35 k, TC ~ 0.5 K

• Activated behavior at high T:

… disappears at low T!

Ephron Yazdani Kapitulnik Beasley PRL 79 1529 (1996)

“… we do not exclude the 
possibility of a novel quantum 
mechanical process or phase 
lurking behind our lowest 
temperature data.”
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Metallic state – Amorphous metal alloy films

F. Couedo et al. Sci. Rep. (2016)NPB, A. Kapitulnik (2017)

TaN

InOx

NbSiMoGe

Yazdan &, Kapitulnik (1996)
Mason & Kapitulnik (1999, 
2000, 2002)
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• Same universality class as thin-film SIT

SC
junction

Metallic state – Josephson Junction Arrays

C. D. Chen et al. PRB 54 9449 (1996) van der Zant et al. PRB 54 10081 (1996)

Al JJA Al JJA
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Metallic state - Nanostructured SC arrays

S. Eley, N. Mason et al. Nature Physics (2011)

Nb on Au Sn on graphene

Z. Han et al. Nature Physics (2014)
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Metallic State – Elemental / granular metals

H. M. Jaeger et al. PRB 40, 182 (1989) J. A. Chervenak, J. M. Valles PRB 61 R9245 (2000)

Ga Bi

Y. Li, J. Yoon et al. PRB 81 020505 (2010)

Ta

Pb
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Metallic State – Crystalline materials (~100 )

A. W. Tsen, A. Pasupathy et al. Nature Physics (2016)

NbSe2 ZrNCl

Y. Saito, Y. Iwasa et al. Science (2015)

LAO/STO

J. Biscaras et al. Nat. Mat.
12 (2013)

J. Garcia-Barriocanal, A. M. Goldman 
et al. Phys. Rev. B 87, 024509 (2013)

La2CuO4+
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Particle-hole symmetry in the metallic phase near the SIT

(1) Motivation & Background
 dogma: no metals in 2D
 rich phase diagram of disordered 2D superconductors
 trivial “quantum metal” at the SIT
 weak insulators ( ~ 1 kOhm) show metallic behavior across all systems

(2) Key question
What does the metallic state near the SIT in weakly insulating films have to do 
with superconductivity?

(3) Data on InOx, TaNx films
 Characteristic fields from MR, Hall
 Common behavior

(4) Phase diagram of weakly insulating 2D SC
 PHS from “failed superconductivity” in the metallic phase
 Recent finite-frequency studies



17Nicholas P. Breznay Particle-hole symmetry in the metallic phase of disordered 2D superconductors

Disorder and field-tuned SIT in Tantalum Nitride

NPB, M. Tendulkar, L. Zhang, S.-C. Lee, A. Kapitulnik (arXiv:1705.01732)

METAL

Steiner NPB Kapitulnik PRB 77 212501 (2008)
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Disorder and field-tuned SIT in Tantalum Nitride

NPB, M. Tendulkar, L. Zhang, S.-C. Lee, A. Kapitulnik (arXiv:1705.01732)
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Results – evidence for metallic saturation in two materials

N. P. Breznay & A. Kapitulnik (2017)

• Two amorphous materials proximal to the SIT: TaNx, InOx



20Nicholas P. Breznay Particle-hole symmetry in the metallic phase of disordered 2D superconductors

Results – evidence for metallic saturation in two materials

N. P. Breznay & A. Kapitulnik (2017)

• Two amorphous materials proximal to the SIT: TaNx, InOx
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Zero Hall effect in TaNx

• Measure xy in 
the T  0 limit
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InOx: Regimes of behavior in xx, xy

• xx  0 at HM1

• xy  0 at HM2

 track with T

120 mK 210 mK 400 mK
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InOx: Scaling behavior at higher field

• xx  0 at HM1

• xy  0 at HM2

• xx
2/xy ~ H

(vortex state)

• xy  M

(above Hc2)

120 mK 210 mK 400 mK
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InOx Hall effect
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Phase diagram for a weakly disordered 2D superconductor

• In the anomalous metallic state:
- xx saturates > 0
- Zero Hall effect

 Particle-hole symmetry retained 
in the “quantum metal” phase

 metal appears to remember PHS 
from the disrupted 
superconducting state
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No cyclotron resonance in the anomalous metallic state

• Microwave spectroscopy of amorphous InOx films (N. P. Armitage/JHU)

 No FL fermionic excitations

W. Liu, N. P. Armitage et al. PRL 111 067003 (2013)
Y. Wang, N. P. Armitage et al. (arXiv, 2017)
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Summary & Outlook

• Unavoidable, robust, exciting evidence for an 
anomalous metallic phase in 2D superconductors
 amorphous films, JJAs, nanostructures, 
crystalline materials

• Zero Hall effect within the broad metallic phase 
region
• Indicates particle-hole symmetry from disrupted 
SC state

Q: How is the anomalous metal connected to the 
direct (self-dual) SIT?

Q: Bose metal / Inhomogeniety / composite 
Fermions

 Next talk (S. Raghu, Stanford)

NPB, A. Kapitulnik (2017)
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