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Transport in solids

V1

Resistance: R = 𝑽𝟏/𝑰𝟏
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Frictional drag 

M.B Pogrebinskii, Sov. Phys. Semicond. 11,372 (1977)
P. M. Price, Physica 117B, 750 (1983)

Drag between two closely spaced but electrically isolated conductors

I

Electric current flowing  in one layer (active layer)

An open-circuit voltage (or a closed-circuit current) in the other layer (passive layer)

Mutual friction
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Comparison

Disorder, phonon, etc

 Inter-layer drag effect

V1

 Intra-layer transport

Inter-layer long-range  scattering

Drag resistance: Rdrag = 𝑽𝟐/𝑰𝟏Resistance: R = 𝑽𝟏/𝑰𝟏

Measuring the momentum lost Measuring the momentum gained



Mechanism: Coulomb scattering

B. N. Narozhny et al., Rev. Mod. Phys. 88, 025003 (2016)

Interlayer long-range Coulomb interaction between carriers

Inter-layer momentum and energy transfer

Rdrag ∝ 𝑇2/(𝑛1
3/2𝑛2

3/2𝑑4)

• Magnitude of Rdrag

• Polarity of Rdrag

electron/hole: positive  

electron/electron or hole/hole: negative
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A. S. Price et al., Science 316, 99 (2007)

Fermi liquid regime（EF >> kBT and kFd >> 1）

(weak coupling limit) 



• Phonon mediation 

• Plasmon mediation 

• Magnetic interaction (vortices in superconductors)
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Rich physics in drag effect

• Probe to detect the properties of the constituent layers

• Interlayer quasiparticle interactions 

• Novel drag effect & inter-layer correlated states

Drag measurements: an unique toolbox in condensed matter physics 

Other mechanisms 
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First observation of drag effect

Interlayer spacing: 17.5 nm Consistent with the Coulomb scattering model



Typical systems

A. F. Croxall et al., Phys. Rev. Lett.  101, 246801 (2008)

R. V. Gorbachev et al., Nat. Phys. 8, 896 (2012)

BN

BN

BN

Graphene

 GaAs/AlGaAs double-quantum well

 Graphene based double-layer system 
D. Namdi. et al., Nature 488, 481(2012)

Stronger coupling & Higher tunability
X. Liu et al., Science 375, 205 (2022)
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Interaction-enhanced quantum effects

A.S. Price et al., Science 316, 99 (2007)

• Giant drag fluctuations at low T

• Intra-layer interference effect + Inter-layer electron-electron interactions

(short interaction distance → large momentum transfer → enhanced mesoscopic fluctuations)
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Probing new quantum states

Science 343, 631 (2014)

• An upturn in the drag resistance at low T

• 1D Tomonaga-Luttinger liquid
• Negative drag due to strong correlations

• Wigner crystal state

Science 313, 204 (2006)
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New inter-layer correlated states 

Superfluidity phase

in bilayer quantum Hall system

• Zero resistance via counterflow• Quantized Hall drag

Li et al., Nat. Phys. 13, 751 (2017)



Outline

➢Interlayer quasiparticle interactions

• Interactions between massless and massive fermions

Monolayer graphene + Bilayer graphene

➢New interlayer coupling effects

• Inter-layer quantum interference effect 

Bilayer graphene + Bilayer graphene

• Giant supercurrent drag effect (Josephson-Coulomb drag)

Graphene + Superconducting LaAlO3/SrTiO3 
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13



Thickness dependent electronic structure in graphene

 Massless fermions in SLG  Massive fermions in BLG

Interactions between massless and massive fermions ?
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Coulomb drag between massless and massive fermions

Density matched cases 15

System

(active-passive)

𝝆𝑫

Strong coupling regime

(𝒌𝐅𝒅 ≪ 𝟏)

𝝆𝑫

Weak coupling regime

(𝒌𝐅𝒅 ≫ 𝟏)

Massive-massive ∝ 1/𝑛3 ∝ 1/𝑛3

Massless-massless ∝ 1/𝑛 ∝ 1/𝑛3

Massless-massive ∝ 1/𝑛2 ∝ 1/𝑛3



Carrier density dependence

Rdrag vs (nS, nB) Rdrag vs (Vint, VBG) 
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T = 140 K



Rdrag vs carrier density

• Regime I (kFd <1)

Rdrag∝ 1/n2 

• Regime II (kFd >1)

Rdrag∝1/n3

Consistent with theoretical prediction

Density matched cases

|nS| = |nB|
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Density mismatched cases

|nS| ≠ |nB|

Strong coupling regime

Rdrag∝1/(|nS|+|nB|)2
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Rdrag vs carrier density

Theoretically unclear



Summary

• Inter-layer drag interactions between massless and massive fermions

• Weak coupling→ strong coupling regime

Rdrag: 1/n3
→ 1/n2 Fingerprint feature for massless-massive systems

• A generalized carrier dependent expression 1/(|nS|+|nB|)2 for the strong coupling regime

Lijun Zhu et al., Nano Lett. 20, 1396 (2020)
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Interlayer quasiparticle interaction                     New drag effect 



Outline
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Superconducting drag?

• Superconductor        Superconductor

• Superconductor       Metal

Novel and giant drag effect?

21

• Metal        Metal

Drag current << drive current



Prediction of Superconducting drag in 3He-4He mixtures 
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Prediction of Superconducting drag in neutron stars
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Superconducting drag: previous experiments

X. Huang et al., Phys. Rev. Lett. 74, 4051 (1995)

Sb & SC AlOxAu/Ti & SC AlOx

(spacer: 30 nm)

Disadvantages of the conventional 

systems

• Lack of tunability

• High carrier density (screening effect)

• Large inter-layer spacing

• Non-uniform inter-layer interaction

• Very weak drag response

(spacer: 40 nm)

N. Giordano et al., Phys. Rev. B 50, 9363 (1994)
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Weak and uncontrolled drag responses 

Passive-to-active ratio (PAR) r ~ 10-3



Superconducting drag: previous theories

• Coulomb interaction

• Magnetic induction
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Mechanism remains unclear



2D materials to construct drag devices

Graphene LaAlO3/SrTiO3 interface

+

2D conductor 2D superconductor
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LAO/STO interface

A. Ohtomo et al., Nature 427, 423 (2004) S. Thiel et al., Science 313, 1942 (2006)

 Thickness dependent interfacial conductivity

 Interfacial 2D superconductivity and its high tunability

A. D. Caviglia et al., Nature 456, 624 (2008)

LAO thickness ≥ 4 uc: conducting

N. Reyren et al., Science 317, 1196 (2007) Tc ~300 mK



Advantages of Graphene/LAO/STO

• High tunability for both layers

Graphene: tunable carrier type and density

LAO/STO interface: tunable superconductivity, band filling, and SOC

• Strong coupling due to ultra-small inter-layer distance

LAO layer: a natural and ideal spacer (< 2 nm for 5 uc LAO)
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Hybrid graphene/LaAlO3/SrTiO3 device
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Basic transport characterizations

 Tunning graphene layer using Vint Tunning LAO/STO using VBG 
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 Electronic phase separation in LAO/STO

Superconductivity of LAO/STO
 2D superconductivity

• Berezinskii-Kosterlitz-Thouless (BKT)  transition

→V∝ I3 TBKT ~210 mK

• R∝ exp[-b/(T/TBKT-1)1/2] → [dlnR/dT]-2/3∝ (T-TBKT)

→ TBKT  ~206 mK
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Inter-layer drag effect

• Suppression of SC by magnetic field

→ weakening (disappearance) of drag response

• Negative drag signal at the SC transition

• Peaked at ~195 mK

 Magnetic field dependence
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Intimate correlation between the drag response

and the SC transition of the LAO/STO interface

Supercurrent drag effect

 Temperature dependence



Phase diagrams of drag effect

 Resistance of LAO/STO  Drag resistance Rdrag

VBG, T
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Why no drag signal below TC

applying an active current (Idrive) to the graphene layer, and measuring the passive voltage drop (Vdrag) 

at the LAO/STO interface in open circuits

RLAO/STO = 0 below TC Vdrag = 0



Phase diagrams of drag effect

VBG, B
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Strong inter-layer coupling 

 Passive-to-active ratio (PAR) r

PAR r eliminates the passive-layer resistance and manifests the 

intrinsic correlations between the two layers

𝑟 =
𝐼𝑑𝑟𝑎𝑔

𝐼𝑑𝑟𝑖𝑣𝑒
= −

𝑉𝑑𝑟𝑎𝑔

𝑅𝐿𝐴𝑂/𝑆𝑇𝑂𝐼𝑑𝑟𝑖𝑣𝑒
= −

𝑅𝑑𝑟𝑎𝑔

𝑅𝐿𝐴𝑂/𝑆𝑇𝑂



Strong inter-layer coupling 

r is ~0.3 at VBG ~ 20 V and T ~ 170 mK

r is ~10-3

Previous study

X. Huang et al., Phys. Rev. Lett. 74, 4051 (1995).



New mechanism 
 Unique behavior distinct from the conventional Coulomb drag phenomena

• Polarity: always negative, carrier-polarity independent

• Magnitude: anti-correlations between the drag signal and the carrier density of the drive layer

• Momentum transfer mechanism

Carrier polarity dependence
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New mechanism: Josephson-Coulomb (JC) drag

Model: 2D electrons coupling to a 2D Josephson 

Junction (JJ) array via Coulomb interaction

JC drag action
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Charge density of graphene Electric potential at the Jth SC puddle

electrostatic interaction

φj(t): phase of the jth SC puddle

Sc: interactions between the SC phases and the graphene electrons



New mechanism: Josephson-Coulomb (JC) drag

Evolutions of the SC phases 

Time-dependent electric potentials in graphene and thus charge density fluctuations

Cooper-pair tunnelings in the JJ array and thus SC phases variations
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New category in drag physics

• Inherently nonequilibrium

• Quantum fluctuations dominating the interlayer processes



JC drag processes between 1D JJ array and a graphene strip (a simplified model)

PAR: r ~ 𝑎NEJ(T)/𝑑max(|EF|,T)

Josephson-Coulomb (JC) drag effect
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EJ(T) = EJ(0)[1−(T/TP)2]exp(−T/T0)

Josephson energy between puddles:

superfluid density
Cooper-pair 

dephasing effect



Polarity: independent of carrier type

determined by the effective coupling uj(r)

Magnitude: maximized as graphene approaching the Dirac point

Coulomb interaction is less screened

Temperature dependence: r ~ r0[1-(T/T*)2]exp(-T/a)       

Josephson-Coulomb (JC) drag effect

Prediction from the JC drag model

41

√
√

?



Quantitative analysis 

Equation from JJ drag mechanism: r = r0[1-(T/T*)2]exp(-T/a) Excellent consistency

 Fitting of the r vs T curve  

Equation: r = r0[1-(T/T*)2]

 Fittings at different VBG

42×
r0~ 𝑎NEJ(0)/𝑑EF



Giant passive-to-active ratio (PAR)

r0 : PAR at the zero-temperature limit  ~ 105

 Giant PAR

r = r0[1-(T/T*)2]exp(-T/a)

• Giant amplification 

• EJ(0) >> EF

• Innumerable SC puddles (N ≫ 1) 

• Relatively large puddles compared to the interlayer distance (𝑎/𝑑 ≫ 1)

r0~ 𝑎NEJ(0)/𝑑EF

PAR which is not attainable below TC now can be extrapolated down to zero temperature

applying an active current in graphene can induce anstonishing

passive current 105 times larger in the superconductor layer



• Giant and highly gate-tunable drag responses

• Josephson-Coulomb (JC) drag mechanism

Effective Coulomb coupling between the quantum fluctuations of the SC phases in a
superconductor and the charge densities in a normal conductor

Summary

Ran Tao et al., Nat. Phys. accepted

Unique  role  of  quantum  fluctuations in Superconducting drag
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Perspective

• Drag experiment: Quasiparticle interactions, new drag effects, new correlated electronic states 

• Graphene based double layer electronic systems: ideal and versatile platform

• Newly-emerging 2D electronic systems beyond graphene : more fascinating physics 

+

Graphene
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Thank you



Typical systems

A. F. Croxall et al., Phys. Rev. Lett.  101, 246801 (2008)

R. V. Gorbachev et al., Nat. Phys. 8, 896 (2012)

BN

BN

BN

Graphene

 GaAs/AlGaAs double-quantum well

 Graphene based double-layer system 
D. Namdi. et al., Nature 488, 481(2012)

Stronger coupling & Higher tunability
X. Liu et al., Science 375, 205 (2022)
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Novel inter-layer correlated states 

-

+

-

+

-

+

-

+

-

+

-

+

-

+

-

+

-

+

-

+

-

+

-

+

Separating the electrons and holes spatially

➢ Preventing recombination, long lifetime

➢ No need to pump, a true ground state

➢ Possible superfluid state



• Independent contacts for the two layers

• Small inter-layer spacing, while very low interlayer leakage

• Low carrier densities for both layers

• Gate-tunable for both layers  
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Challenges in drag measurements

Leakage check: shift the bias points and check if the signal changes  



Device and basic drag characterizations

SLG/BLG device

Inter-layer thickness ~3.5 nm

• Effective field effect 

• Negligible inter-layer leakage current
50

• RDrag: nonmonotonic carrier density dependent

• Momentum drag theory considering disorder-scattering

140 K



Temperature-dependent characters

Away from the CNP (charge neutrality point)

• e-e: negative  e-h: positive 

• Rdrag ∝ 𝑇2

Coulomb scattering mechanism

in Fermi liquid regime

EF >> kBT, kFd >> 1 kF = 𝜋𝑛
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Carrier density dependence

 Similar evolution behavior in other three regions
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Drag experiment

 Negligible inter-layer leakage  Good linear dependence of Vdrag-Idrive
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Repeatability

Typical characteristics are well reproduced in other devices.
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Validity check

 Exclusion of the impact of inter-layer leakage/tunneling

 Drag response when graphene serves as the drag layer

 Exclusion of the impact of electrostatic field
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Quantitative analysis 

• r increases with decreasing temperature 

- consistent with the enhanced superconductivity

• The superfluid density of a homogeneous superconductor: 

ns = n0[1-(T/TSC)b] 

 Fitting of the r vs T curve ?

n0: superfluid density at absolute zero.

TSC: temperature when Cooper pairs start to emerge.

b=2 for a s-wave superconductor.

Equation (1): r = r0[1-(T/T*)2]

—a clear deviation occurs…

Other issues? e.g. the inhomogeneity of superconductivity
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Possible explanations？

 Coulomb Interaction

 Magnetic Induction

• Based on the inter-layer momentum transfer

• Vdrag should be negative/positive when the carrier 

polarity in the two layers is the same/opposite

• Key factor: local fluctuating electric field induced 

by mobile vortices in the superconductor layer;

• Vdrag should be always positive.
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