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Major Goals:  In this project, we propose to investigate emergent science and novel electronic devices appeared 
2-dimensional (2D) charge density waves (CDW) systems. By fabricating mesoscopic devices based on 2D CDW 
materials, various novel transport phenomena in new phases can be induced that were absent in bulk. The major 
goals of this projects are: 



•    Inducing electric-field dependent CDW phase transition to create nanometer scale of the embedded CDW 
phases to realize novel 2D transport. 

•    Investigation of the combined electron microscopy and in-situ transport measurement to understand 
mesoscopic CDW domain structures. 

•    Fabrication nanostructured TMDC materials and characterization of mesoscopic CDW phases in a confined 
space.

•    Ionic liquid gating of CDW system for tuning their materials properties.

•    Gate-tunable tunneling between 2D CDW systems and graphene across the van der Waals interface.

Accomplishments:  Atomic lattice disorder in CDW phases in 2D limit crystalline TMD metals

Low-dimensional conductors developing charge density waves (CDW), such as 1T-TaS2, permit unique phases 
that arise through electronic and structural reshaping known, respectively, as CDWs and periodic lattice distortions 
(PLDs). Determining the atomic structure of PLDs is critical toward understanding the origin of these charge-
ordered phases and their effect on electronic properties. In this work, we revealed the microscopic nature of PLDs 
at cryogenic and room temperature in thin flakes of 1T-TaS2 using atomic resolution scanning transmission 
electron microscopy. Real-space characterization of the local PLD structure across the phase diagram enables 
harnessing of emergent properties of thin transition metal dichalcogenides. This work was published in Proc. Nat. 
Acad. Sci. USA (PNAS) [1].



Atomic resolution electron micrsoscopy study of periodic lattice distortions in 2D CDW near the commensuration-
incommensuration transition

CDW and their concomitant periodic lattice distortions (PLD) govern the electronic properties in many layered 
transition-metal dichalcogenides. In particular, 1T-TaS2 can undergo a PLD phase transition from a conducting to 
an insulating state as the PLD becomes commensurate with the crystal lattice. Here we directly image PLDs of the 
nearly-commensurate (NC) and commensurate (C) phases in thin exfoliated 1T-TaS2 using atomic resolution 
cryogenic scanning transmission electron microscopy (cryo-STEM). Compared to scanning tunneling microscopy 
which allows mapping of CDWs at the material’s surface, STEM provides direct information about the projected 
nuclear positions in thin films. We observed PLD superstructures in exfoliated 1T-TaS2 samples, suggesting 
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ordering of the CDWs in the out-of-plane direction. More importantly, PLDs exist in domains with different atomic 
lattice stacking order and their boundaries. Stacking faults in the atomic lattice should directly affect the relative 
alignment of the CDWs of adjacent layers and, thus, the electronic properties of 1T-TaS2, especially in thin 
samples. This work was published in PNAS [2].



Nature of the quantum metal in a two-dimensional crystalline superconductor

2D materials are not expected to be metals at low temperature owing to electron localization1. Consistent with this, 
pioneering studies on thin films reported only superconducting and insulating ground states, with a direct transition 
between the two as a function of disorder or magnetic field. However, more recent works have revealed the 
presence of an intermediate quantum metallic state occupying a substantial region of the phase diagram, whose 
nature is intensely debated. In this work, we observed such a state in the disorder-free limit of a crystalline 2D 
superconductor, produced by mechanical co-lamination of NbSe2 in an inert atmosphere. Under a small 
perpendicular magnetic field, we induce a transition from superconductor to the quantum metal. We find a unique 
power-law scaling with field in this phase, which is consistent with the Bose-metal model where metallic behavior 
arises from strong phase fluctuations caused by the magnetic field. This work was published in Nature Physics [3].



Observation of the breakdown of the Wiedemann-Franz law in 2D Dirac systems.

Interactions between particles in quantum many-body systems can lead to the collective behavior described by 
hydrodynamics. One such system is the electron-hole plasma in graphene near the charge neutrality point, which 
can form a strongly coupled Dirac fluid. This charge-neutral plasma of quasi-relativistic fermions is expected to 
exhibit a substantial enhancement of the thermal conductivity, thanks to the decoupling of charge and heat currents 
within hydrodynamics. For this study, we developed Johnson noise thermometry for measuring electronic 
contribution of thermal conductivity. Employing this novel high frequency experimental technique, we observed an 
order of magnitude increase in the thermal conductivity and the breakdown of the Wiedemann-Franz law in the 
thermally populated charge-neutral plasma in graphene. This result is a signature of the Dirac fluid and constitutes 
direct evidence of collective motion in a quantum electronic fluid. This work was published in Science [4]



Inducing Superconducting Correlation in Quantum Hall Edge States in 2D Materials

Creating a hybrid system of a superconductor (SC) and quantum Hall (QH) states have been a long-standing 
experimental and theoretical goal in condensed matter physics. Recently, this idea of hybrid SC/QH systems has 
been received intense attentions. We have realized hybrid system between chiral edge of quantum Hall state in 2D 
materials with superconductor to create electronic state with non-trivial topology. We have developed a novel 
device scheme for a SC/QH platform by employing high-mobility graphene with transparent superconducting 
contacts with a high critical magnetic field. If the SC electrode is narrower than the superconducting coherence 
length under a quantizing magnetic field, the incoming electron is correlated to the outgoing hole along the chiral 
QH edge state by the Andreev process across the SC electrode. In order to realize this crossed Andreev 
conversion (CAC), it is necessary to fabricate highly transparent and nanometer-scale superconducting junctions to 
the QH system. In this experiment we reported the observation of CAC in a graphene QH system contacted with a 
nanostructured NbN superconducting electrode. The chemical potential of the edge states across the SC electrode 
exhibited a sign reversal, providing direct evidence of CAC. The result was a hallmark of crossed Andreev 
conversion and constitutes direct evidence of coupling of counter propagating quantum Hall edge states via Cooper 
pairing. This work was published in Nature Physics [5]
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Training Opportunities:  The project activities have involved 3 postdocs and 3 graduate students, and 1 
undergraduate students, trained for interdisciplinary research activities. 

Dr. Adam Wei Tsen and Dr. Gil-Ho Lee completed their project and now becomes an Assistant Professors at the 
University of Waterloo, Canada and at POSTECH, Korea, respectively. Ms. Rebecca Engelke received her 
National Science Foundation Graduate Fellowship that related to the current project. One Harvard College student, 
Sebastian Wagner-Carena worked on the project as an undergraduate researcher.
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Results Dissemination:  1. A. W. Tsen, R. Hovden, D. Z. Wang, Y. D. Kim, J. Okamoto, K. A. Spoth, Y. Liu, W. J. 
Lu, Y. P. Sun, J. Hone, L. F. Kourkoutis, P. Kim, and A. N. Pasupathy, “Structure and Control of Charge Density 
Waves in Two-Dimensional 1T-TaS2,” Proc. Nat. Acad. Sci. USA 112, 15054–15059 (2015)

2. R. Hovden, A. W. Tsen, P. Liu, B. H. Savitzky, I. E. Baggari, Y. Liu, W. Lu, Y. Sun, P. Kim, A. N. Pasupathy, 
and L. F. Kourkoutis, “Atomic lattice disorder in charge-density-wave phases of exfoliated dichalcogenides (1T-
TaS2),” Proc. Nat. Acad. Sci. USA 113, 11420–11424 (2016).

3. A. W. Tsen, B. Hunt, Y. D. Kim, Z. J. Yuan, S. Jia, R. J. Cava, J. Hone, P. Kim, C. R. Dean, and A. N. 
Pasupathy, “Evidence for a Bose Metal in a Two-Dimensional Crystalline Superconductor ,” Nature Physics 12, 
208*212 (2016).

4. J. Crossno, J. K. Shi, K. Wang, X. Liu, A. Harzheim, A. Lucas, S. Sachdev, P. Kim, T. Taniguchi, K. Watanabe, 
T. A. Ohki, K. C. Fong, “Observation of the Dirac fluid and the breakdown of the Wiedemann-Franz law in 
graphene,” Science 351, 1058-1061 (2016).

5. G.-H. Lee, K.-F. Huang, D. K. Efetov, D. S. Wei, S. Hart, T. Taniguchi, K. Watanabe, A. Yacoby, P. Kim, 
“Inducing Superconducting Correlation in Quantum Hall Edge States,” Nature Physics 13, 693–698 (2017).

Honors and Awards:  During the project time period, the PI received following honors:

Thomson Reuters: 2015-17 Most Highly Cited Researchers

Abigail and John Van Vleck Lecture, University of Minnesota (2017); 

Robert Meservey Memorial Lecture, MIT (2016); 

Rustgi Lecture, SUNY Buffalo (2015);

Protocol Activity Status: 

Technology Transfer:  Disseminated high mobility and low disorder graphene device and Josephson junction 
devices for noise measurement at BBN Raytheon.
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Low dimensional electronic system, charge density waves, 2D superconductivity, transition metal dichalcogenide

In this project, we investigated various emergent physical phenomena based on correlated electronic states
in 2-dimensional (2D) materials that can be utilized for novel electronic devices, such as charge density waves
(CDW) and 2D superconductivity (SC). We observed effect of atomic lattice disorder in CDW phases of 2D limit
transition metal dicharcolgenide (TMD) crystallites, studying periodic lattice distortions in 2D CDW system. 
We measured electron transport in 2D crystalline superconductor under magnetic fields, revealing the nature
of the low dimensional quantum metals. We also measured the electronic thermal conductivity measurement 
and observed the breakdown of the Wiedemann-Franz law in 2D Dirac systems. We fabricated of SC/2D 
quantum Hall hybrid system to demonstrate induced SC correlation in QH edge states.
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Convention (EPC). If such is known, the letters PCT or EPC shall be entered 
after each listed country. 

6.a. Self-explanatory. 

6.b. Self-explanatory. 

6.c. Self-explanatory. 

6.d. Patent Rights Clauses are located in FAR 52.227. 

6.e. Self-explanatory. 

6.f. Self-explanatory. 

7. Certification not required by small business firms and domestic nonprofit 
organizations. 

7.a. through 7.d. Self-explanatory. 
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Foreword:   
In this project, we investigated various emergent physical phenomena based on correlated 
electronic states in 2-dimensional (2D) materials that can be utilized for novel electronic 
devices, such as charge density waves (CDW) and 2D superconductivity (SC). We observed 
effect of atomic lattice disorder in CDW phases of 2D limit transition metal dicharcolgenide 
(TMD) crystallites, studying periodic lattice distortions in 2D CDW system. We measured 
electron transport in 2D crystalline superconductor under magnetic fields, revealing the 
nature of the low dimensional quantum metals. We also measured the electronic thermal 
conductivity measurement and observed the breakdown of the Wiedemann-Franz law in 2D 
Dirac systems. We fabricated of SC/2D quantum Hall hybrid system to demonstrate induced 
SC correlation in QH edge states.  
 
Statement of the problem studied:   
On the mesoscopic scale, which bridges the atomistic or microscopic scale to macroscopic 
scales in the bulk, quantum confinement provides a rich playground for the study of emergent 
phenomena. Many-body electron interaction, commensuration versus incommensuration with 
the lattice interactions, and phase coherence in mesoscopic systems are some of the key 
elements to understand new collective phenomena that might be relevant for novel 
nanoelectronics applications. To study these topics, we fabricated mesoscopic devices based 
on 2D CDW/ SC materials, and studied novel transport phenomena in new quantum phases 
can be induced that were absent in bulk. In particular, we studied:  

• Effect of atomic lattice disorder in CDW phases of 2D limit transition metal 
dicharcolgenide (TMD) crystallites.  

• Mapping periodic lattice distortions in 2D CDW system with atomic resolution 
electron microscopy.  

• Electron transport in 2D crystalline superconductor to understand the nature of the 
low dimensional quantum metals.  

• Development noise thermometry for electronic thermal conductivity measurement and 
observation of the breakdown of the Wiedemann-Franz law in 2D Dirac systems. 

• Fabrication of SC/2D quantum Hall (QH) hybrid system and demonstration of 
induced SC correlation in QH edge states. 

 
Summary of the most important results:  
Atomic lattice disorder in CDW phases in 2D limit crystalline TMD metals 



Low-dimensional conductors developing charge density waves (CDW), such as 1T-TaS2, 
permit unique phases that arise through electronic and structural reshaping known, 
respectively, as CDWs and periodic lattice distortions (PLDs). Determining the atomic 
structure of PLDs is critical toward understanding the origin of these charge-ordered phases 
and their effect on electronic properties. In this work, we revealed the microscopic nature of 
PLDs at cryogenic and room temperature in thin flakes of 1T-TaS2 using atomic resolution 
scanning transmission electron microscopy. Real-space characterization of the local PLD 
structure across the phase diagram enables harnessing of emergent properties of thin 
transition metal dichalcogenides. This work was published in Proc. Nat. Acad. Sci. USA 
(PNAS) [1]. 
 
Atomic resolution electron micrsoscopy study of periodic lattice distortions in 2D CDW near 
the commensuration-incommensuration transition 
CDW and their concomitant periodic lattice distortions (PLD) govern the electronic 
properties in many layered transition-metal dichalcogenides. In particular, 1T-TaS2 can 
undergo a PLD phase transition from a conducting to an insulating state as the PLD becomes 
commensurate with the crystal lattice. Here we directly image PLDs of the 
nearly-commensurate (NC) and commensurate (C) phases in thin exfoliated 1T-TaS2 using 
atomic resolution cryogenic scanning transmission electron microscopy (cryo-STEM). 
Compared to scanning tunneling microscopy which allows mapping of CDWs at the 
material’s surface, STEM provides direct information about the projected nuclear positions in 
thin films. We observed PLD superstructures in exfoliated 1T-TaS2 samples, suggesting 
ordering of the CDWs in the out-of-plane direction. More importantly, PLDs exist in domains 
with different atomic lattice stacking order and their boundaries. Stacking faults in the atomic 
lattice should directly affect the relative alignment of the CDWs of adjacent layers and, thus, 
the electronic properties of 1T-TaS2, especially in thin samples. This work was published in 
PNAS [2]. 
 
Nature of the quantum metal in a two-dimensional crystalline superconductor 
2D materials are not expected to be metals at low temperature owing to electron localization1. 
Consistent with this, pioneering studies on thin films reported only superconducting and 
insulating ground states, with a direct transition between the two as a function of disorder or 
magnetic field. However, more recent works have revealed the presence of an intermediate 
quantum metallic state occupying a substantial region of the phase diagram, whose nature is 
intensely debated. In this work, we observed such a state in the disorder-free limit of a 
crystalline 2D superconductor, produced by mechanical co-lamination of NbSe2 in an inert 
atmosphere. Under a small perpendicular magnetic field, we induce a transition from 
superconductor to the quantum metal. We find a unique power-law scaling with field in this 
phase, which is consistent with the Bose-metal model where metallic behavior arises from 
strong phase fluctuations caused by the magnetic field. This work was published in Nature 
Physics [3]. 
 
Observation of the breakdown of the Wiedemann-Franz law in 2D Dirac systems. 
Interactions between particles in quantum many-body systems can lead to the collective 
behavior described by hydrodynamics. One such system is the electron-hole plasma in 
graphene near the charge neutrality point, which can form a strongly coupled Dirac fluid. 
This charge-neutral plasma of quasi-relativistic fermions is expected to exhibit a substantial 
enhancement of the thermal conductivity, thanks to the decoupling of charge and heat 
currents within hydrodynamics. For this study, we developed Johnson noise thermometry for 
measuring electronic contribution of thermal conductivity. Employing this novel high 



frequency experimental technique, we observed an order of magnitude increase in the thermal 
conductivity and the breakdown of the Wiedemann-Franz law in the thermally populated 
charge-neutral plasma in graphene. This result is a signature of the Dirac fluid and constitutes 
direct evidence of collective motion in a quantum electronic fluid. This work was published 
in Science [4] 
 
Inducing Superconducting Correlation in Quantum Hall Edge States in 2D Materials 
Creating a hybrid system of a superconductor (SC) and quantum Hall (QH) states have been a 
long-standing experimental and theoretical goal in condensed matter physics. Recently, this 
idea of hybrid SC/QH systems has been received intense attentions. We have realized hybrid 
system between chiral edge of quantum Hall state in 2D materials with superconductor to 
create electronic state with non-trivial topology. We have developed a novel device scheme 
for a SC/QH platform by employing high-mobility graphene with transparent 
superconducting contacts with a high critical magnetic field. If the SC electrode is narrower 
than the superconducting coherence length under a quantizing magnetic field, the incoming 
electron is correlated to the outgoing hole along the chiral QH edge state by the Andreev 
process across the SC electrode. In order to realize this crossed Andreev conversion (CAC), it 
is necessary to fabricate highly transparent and nanometer-scale superconducting junctions to 
the QH system. In this experiment we reported the observation of CAC in a graphene QH 
system contacted with a nanostructured NbN superconducting electrode. The chemical 
potential of the edge states across the SC electrode exhibited a sign reversal, providing direct 
evidence of CAC. The result was a hallmark of crossed Andreev conversion and constitutes 
direct evidence of coupling of counter propagating quantum Hall edge states via Cooper 
pairing. This work was published in Nature Physics [5] 
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III. SCIENTIFIC ACCOMPLISHMENTS 

Charge Density Waves in Mesoscopic 2-Dimensional Materials for Nanoelectronics 
Professor Philip Kim, Harvard University, Single Investigator Award 
 
The objective of this project is to investigate emergent science and novel electronic devices appeared 2-dimensional 
(2D) correlated electronic systems. In this period, we have realized hybrid system between chiral edge of quantum 
Hall state in 2D materials with superconductor to create electronic state with non-trivial topology. The quantum Hall 
(QH) effect supports a set of chiral edge states at the boundary of a 2D electron gas system. A superconductor (SC) 
contacting these states can induce correlations of the quasiparticles in the dissipationless 1D chiral QH edge states. 
Creating a hybrid system of a superconductor (SC) and quantum Hall (QH) states has been a long-standing 
experimental goal in condensed matter physics. Recently, this idea of hybrid SC/QH systems has received high 
attention. For example, there has been a theoretical proposal that SC/QH system provides a novel route to realizing 
non-Abelian zero-energy modes including Majorana modes, which allow bona fide universal topological quantum 
computation. However, the realization of combined SC/QH devices has been a challenging task due to the formation 
of large contact barriers at the SC/QH interfaces. In this funding period, we have developed a novel device scheme 
for a SC/QH platform by employing high-mobility graphene with transparent superconducting contacts with a high 
critical magnetic field.  For this experiment, we fabricated highly transparent NbN superconducting electrodes on a 
hexagonal boron nitride (hBN) encapsulated graphene samples (Fig. 1A). If the SC electrode is narrower than the 
superconducting coherence length under a quantizing magnetic field, the incoming electron is correlated to the 
outgoing hole along the chiral QH edge state by the Andreev process across the SC electrode. In order to realize this 
crossed Andreev conversion (CAC), it is necessary to fabricate highly transparent and nanometer-scale 
superconducting junctions to the QH system. In this experiment we reported the observation of CAC in a graphene 
QH system contacted with a nanostructured NbN superconducting electrode. The chemical potential of the edge 
states across the SC electrode exhibited a sign reversal, providing direct evidence of CAC. The result was a hallmark 
of crossed Andreev conversion and constitutes direct evidence of coupling of counter propagating quantum Hall 
edge states via Cooper pairing. This hybrid SC/QH system can also enable a novel route to create isolated non-
Abelian anyonic zero modes in resonance with the chiral QH edge, which will be discussed in the later part of this 
proposal. 

 

 
Fig. 1. (A) False color scanning electron microscopy 
(SEM) image of the device with measurement 
configurations. Ti/Au normal electrodes (yellow) and a 
NbN superconducting electrode (green) contacts the 
graphene Hall bar (blue). Inset, one-dimensional NbN 
contact to the graphene edge is highlighted with a dotted 
red line. Note that due to the finite slope of the etching 
profile of h-BN, the NbN contact is positioned slightly 
more inwards than the boundary shown in SEM image. A 
black dotted rectangle guides the NbN segment 
contributing to the downstream resistance. (B) The filling 
fraction (n) dependence of the downstream edge resistance 
(RD) at different temperatures with B = 14 T. 
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