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We demonstrate that a combination of disorder and interactions in a two-dimensional bulk 
topological insulator (TI) can generically drive its helical edge insulating [1]. We establish this 
within the framework of helical Luttinger liquid theory and exact Emery-Luther mapping. The 
gapless glassy edge state spontaneously breaks time-reversal symmetry in a `spin glass' fashion, 
and may be viewed as a localized state of solitons which carry half integer charge. Such a 
qualitatively distinct edge state provides a simple explanation for heretofore puzzling experimental 
observations. This phase exhibits a striking non-monotonicity, with the edge growing less localized 
in both the weak and strong disorder limits. 
 
In addition to single edge of TI, the zero temperature phases of two isolated TI edges with disorder 
and Coulomb interaction are studied [2]. For sufficiently strong interactions, an interplay of time-
reversal symmetric disorder and inter-edge backscattering interactions drives the entire system to 
a gapless glassy insulator which dominates over other intra-edge instabilities of helical Luttinger 
liquids. For weaker interactions, we predict a correlated anti-symmetric inter-edge fluid for 
generically non-identical edges and a correlated symmetric inter-edge fluid for nearly identical 
edges. We discuss the experimental signatures of these predicted correlated inter-edge states in 
the Coulomb drag setup. 
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Weyl semimetals represent a new type of quantum materials characterized by a non-trivial 
topology and linearly dispersing relativistic electronic bands at low energies. Such materials host 
numerous novel phenomena and proved to be a rich ground for new physics including ultra-high 
mobility transport, chiral anomaly, anomalous Hall effect, and many other interesting phenomena 
[1]. Introducing superconductivity in electron systems with non-trivial topology is expected to result 
in novel phases with even more exotic quasiparticles [2], that hold potential for error-tolerant 
topological quantum computing. 
Up to date Weyl semimetals were realized only in non-interacting electron systems. However, very 
recently, a thermodynamic signature of heavy Weyl bands was discerned in the strongly correlated 
Kondo semimetal Ce3Bi4Pd3 [3], making it a prime candidate for realizing the theoretically 
predicted Weyl-Kondo semimetal state [4]. Interestingly, Ce3Bi4Pd3 shows a superconducting 
transition at Tc = 3.5 K in electrical resistivity. However, the corresponding features of a bulk 
superconducting phase transition in specific heat and magnetization are missing. Subsequent 
electrical resistivity measurements on samples with different surface morphology and careful 
magnetometry measurement provide strong evidence for the superconductivity being indeed 
confined to the surface of the crystal. To explore whether or not the surface superconductivity is 
an intrinsic phenomenon, we performed chemical and structural analyses on samples prepared 
under various conditions. These reveal a reduction of the primary 3-4-3 phase at the surface and 
the formation of a layer with enhanced Ce content. The underlying chemical mechanism is most 
likely the segregation of Ce (forming an oxide), leaving a Pd and Bi rich layer behind. Interestingly, 
the Hc - Tc phase diagram measured by resistivity in the superconducting regime agrees well with 
that of the binary compound BiPd [5]. Thus, we can currently not exclude that the observed surface 
superconductivity is extrinsic. Further experiments under inert atmosphere will be needed to 
confirm this conjecture. Controlling the chemical surface state of Ce3Bi4Pd3 is also required to 
study the proximity effect in a Ce3Bi4Pd3-conventional superconductor heterostructure. 
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Recently discovered Fe-based superconductors demonstrate interesting properties both in 
terms of band structure and the form of superconducting pairing. Using first-principle calculations 
combined with angle-resolved photoemission spectroscopy measurements it was demonstrated 
that FeSe compound can exhibit topologically non-trivial band structure with the substitution of Se 
atoms with Te atoms [1]. In particular, for FeSe0.5Te0.5 compound there is a band inversion in G-Z 
direction with subsequent opening of the gap due to spin-orbit coupling (SOC) [2].  

Following the initial proposal of Fu and Kane for observing Majorana zero modes (MZM) in the 
vortices of the topological insulator (TI) in proximity to s-wave superconductor [3], it was shown 
that MZM modes can be obtained at the end of the vortices of the doped TI [4], when the bulk of 
TI is in superconductive regime and there is no need for TI - s-wave superconductor 
heterostructure. Due to the fact that superconductivity is observed in FeTe1-xSex (FST) for low 
values of chemical potential, the energy separation between Caroli-de Gennes vortex modes is 
expected to be larger compared to TI. Therefore, the zero energy Majorana state will be separated 
from higher energy vortex modes. The occurrence of MZM at the end of vortices in FST was 
demonstrated both theoretically [5] and experimentally [6]. Despite that the observed experimental 
result has been debated. 

In this work we show that the presence of the vortex Majorana zero modes strongly depends 
on the direction of the vortex with respect to the crystal. By rotating the magnetic field, the vortex 
will go through a topological phase transition which is apparent from the appearance and 
disappearance of the Majorana zero modes at the ends of the vortex. 
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We present evidence that strongly suggests the equivalence between disordered surface states of 
topological superconductors (TSCs) and geometric percolation. Percolation is known to play a role in 
quantum Hall systems with magnetic fields. Our unexpected result implies that percolation applies to TSC 
surface states, in the absence of time-reversal symmetry breaking. Moreover, the usual "even-odd" effect 
that occurs in such a system (as identified by Pruisken in the integer quantum Hall effect and by Haldane 
for spin chains) is found to be absent.  
 
We numerically study [1] the surface states of time-reversal TSCs in class CI with generic bulk winding 
numbers and quenched disorder. The low-energy states are predicted to be described by a Wess-Zumino-
Witten conformal field theory (WZW-CFT), with universal wave function statistics that depend only on the 
bulk winding number. In this class, finite energy surface states were expected to be Anderson localized. We 
verify WZW-CFT results at low-energy, but find critical delocalization at finite energy. The statistics at finite 
energy are universal and match those of the spin quantum Hall plateau transition in class C, which is 
equivalent to percolation. Our result suggests that quantum Hall effects in 2D are closely linked to TSCs in 
3D. 
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Understanding the structure of the ground state wave function has played a vital role in the study of 
topologically ordered phases of matter. Besides providing a way for constructing simple exactly solvable 
models, the wave function picture also connects the underlying mathematical framework with a physically 
intuitive picture. In this work, we present such a wave function approach for studying a large class of “fracton” 
phases of matter. Fracton phases generically support excitations with restricted mobility and have a sub-
extensive ground state degeneracy. Starting from layers of two-dimensional string-net models, we construct 
a large class of three-dimensional fracton models by condensing anyons between the string-net layers. We 
further demonstrate that such fracton phases can be understood as the condensation of extended objects, 
dubbed “cage-nets”. These highly fluctuating cage-nets provide a simple wave function picture for 
understanding a large class of discrete fracton models—specifically, a subset of models displaying “type-I” 
fracton phenomenology. Here, we focus mostly on two simple exactly solvable models for which the ground 
state wave functions are cage-net condensates. These models support fractons and non-Abelian excitations 
that can only move in one- or two-dimensions. We further argue that the fractons will not carry any 
topological degeneracy in the construction employed in this work.  
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The two-level systems with their energy difference in control have proved extraordinarily fertile for 
interesting quantum phenomena. One fundamental quantum phenomenon is the Landau-Zener effect [1], 
where the non-adiabatic transition between the energy levels happens at the passage through the avoided 
energy crossing. The interference of multiple Landau-Zener transitions, called Stückelberg interference [1], 
has proved crucial in understanding the dynamics of many physical systems, such as atomic physics, 
nuclear systems, ultra-cold systems, low dimensional semiconducting systems, and superconducting 
systems. 
 
The topological Josephson junction contains an intrinsic two-level system built by coupled Majorana zero 
modes, therefore hosting a natural platform for the interplay between the Landau-Zener effect and 
Josephson effect. We build a quantum resistively shunted junction (QRSJ) model by including the 
quantum two levels into the standard RSJ model [2]. We obtain hysteresis in the I-V characteristics which 
exists in the overdamped regime while the hysteresis is not available when the topology goes to trivial. 
Our results can explain the observed hysteresis in recent experiments on possible topological 
superconductors. We also demonstrate a mapping from the quantum dynamics to a purely classical 
nonlinear dynamic in a restricted three-dimensional phase space, where the hysteresis can be understood 
as coming from the different static and kinetic dry friction. Further investigations in a corresponding 
topological SQUID reveal interference patterns with periods ℎ/𝑒 and ℎ/2𝑒 for the switching and retrapping 

current respectively. 

FIG. 1. (a) Schematic of topological Josephson junction driven by injected current 𝐼. (b) Energies of the 

two-level system defined by the two Majorana zero modes touching the junction, where Landau-Zener 
transitions happens at the avoided energy crossing with 𝑃  the transition possibility. (c) Schematic of 

equivalent electric circuit. 
 

 
 

References: 
[1] L. Landau, Phys. Z. Sowjetunion, 2, 46 (1932); C. Zener, Proc. R. Soc. Landon Ser. A 137 696(1932); 
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In all known fermionic superfluids, Cooper pairs are composed of spin-1/2 quasi-particles that pair to form 
either spin-singlet or spin-triplet bound states. The "spin" of a Bloch electron, however, is fixed by the 
symmetries of the crystal and the atomic orbitals from which it is derived, and in some cases can behave 
as if it were a spin-3/2 particle. The superconducting state of such a system allows pairing beyond spin-
triplet, with higher spin quasi-particles combining to form quintet or septet pairs. Here, we report evidence 
of unconventional superconductivity emerging from a spin-3/2 quasiparticle electronic structure in the half-
Heusler semimetal YPtBi, a low-carrier density noncentrosymmetric cubic material with a high symmetry 
that preserves the p-like j=3/2 manifold in the Bi-based Gamma8 band in the presence of strong spin-orbit 
coupling. With a striking linear temperature dependence of the London penetration depth, the existence of 
line nodes in the superconducting order parameter $\Delta$ is directly explained by a mixed-parity Cooper 
pairing model with high total angular momentum, consistent with a high-spin fermionic superfluid state. We 
propose a k.p model of the j=3/2 fermions to explain how a dominant J=3 septet pairing state is the simplest 
solution that naturally produces nodes in the mixed even-odd parity gap. Together with the underlying 
topologically non-trivial band structure, the unconventional pairing in this system represents a truly novel 
form of superfluidity that has strong potential for leading the development of a new series of topological 
superconductors.  

 

 
 
 
 
 
 
 
 
 
 
 
 



 

Experimental observation of bulk topological superconductivity in 
doped β-PdBi2  

Ayo Kolapo1, Tingxin Li2, Pavan Hosur1, John H. Miller1  

 
1Texas Center for Superconductivity and Department of Physics, University of Houston, 3201 Cullen 

Boulevard, Houston, Texas 77204, USA, aykolapo@uh.edu;  2Department of Physics and Astronomy, 
Rice University, Houston, Texas 77251, USA 

 
 
 
Fully-gapped superconductivity in topological metals is expected to acquire a nontrivial topological phase 
when the superconducting order parameter is odd under inversion, provided the normal state Fermi surface 
encloses an odd number of time-reversal invariant momenta [1]. In this work, we observe the transport 
evidence for three-dimensional topological superconductivity in potassium-doped β-PdBi2, while we find the 
pristine system to be a trivial superconductor [2]. β-PdBi2 is a superconducting topological metal whose 
helical surface states have been seen in photoemission spectroscopy but get overwhelmed by trivial bands 
in transport [3]. Our magnetoresistance measurements above the superconducting transition temperature 
show that K doping depletes the trivial bands and exposes the topological surface states. In the 
superconducting state, soft point-contact spectroscopy on the doped system reveals the presence of in-gap 
surface states that are subsequently destroyed by a magnetic field—a signature of the helical surface states 
of time-reversal invariant topological superconductivity. In addition, upper-critical field and magnetization 
measurements provide evidence that the bulk superconductivity is odd-parity. Thus we discover β-PdBi2 as 
a unique system that, via a tuning parameter, can potentially undergo an unprecedented topological 
quantum phase transition in the superconducting state. 
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The search for Majorana bound state (MBS) has recently emerged as one of the most active research areas 
in condensed matter physics, fueled by the prospect of using its non-Abelian statistics for robust quantum 
computation. A highly sought-after platform for MBS is two-dimensional topological superconductors, where 
MBS is predicted to exist as a zero-energy mode in the core of a vortex. A clear observation of MBS, 
however, is often hindered by the presence of additional low-lying bound states inside the vortex core. By 
using scanning tunneling microscope on the newly discovered superconducting Dirac surface state of iron-
based superconductor FeTe1-xSex (x = 0.45, superconducting transition temperature Tc = 14.5 K), we clearly 
observe a sharp and non-split zero-bias peak inside a vortex core. Systematic studies of its evolution under 
different magnetic fields, temperatures, and tunneling barriers strongly suggest that this is the case of 
tunneling to a nearly pure MBS, separated from non-topological bound states which is moved away from 
the zero energy due to the high ratio between the superconducting gap and the Fermi energy in this material. 
This observation offers a new, robust platform for realizing and manipulating MBSs at a relatively high 
temperature.  
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Despite the interest in 2D p_x + i p_y superconductors, especially in the Majorana quasiparticles that are 
bound in vortex cores, there have been no exact ground state wavefunctions to describe their properties. 
Rather, in the presence of vortices, p_x + i p_y superconductors have been mostly studied using Read and 
Green's mean-field model [1] with universal arguments and the WKB approximation. This contrasts with the 
situation in 1D, where the Kitaev wire (at a special point) [2] provides a model with exact analytic ground 
state wavefunctions that significantly simplifies the calculations and makes the physics easier to understand. 
In 2D, explicit ground state wavefunctions are still missing, in part due to the difficulties that arise from the 
breaking of translation symmetry. 
 
In our work we show that at a special point of the Read and Green’s model it is possible to find the exact 
analytic expressions for the topologically degenerate ground states, even in the presence of an arbitrary 
number of vortices. The wavefunctions of these ground states are similar (but not always identical) to the 
Moore-Read Pfaffian states [3] proposed for the ν=5/2 fractional quantum Hall system. As an application of 
these results, we rederive the non-Abelian statistics of the vortex Majorana modes [4] in a different way. 
The remarkable simplifications at this special point also enable us to construct locally interacting, quasi-
exactly solvable p_x+ip_y pairing Hamiltonians that respect particle number conservation [5,6], a feature 
that may be important in studying the topological properties of Majorana zero modes [7]. 
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In BCS superconductor, three quantum quench phases have been studied in previous work with Lax 
formulation and roots of spectral polynomials in thermodynamic limit. The superconducting order parameter 
decay to zero at long time in phase I and nonzero constant in phase II. In phase III, the order parameter 
exhibits periodic oscillation expressed in periodic Jacobi elliptic function. In our work, we study the quantum 
quench of a 1D s-wave BCS model from different initial state, not only the ground state of the pre-quench 
Hamiltonian. Other than the three phases studied before, we recognize a new phase IV, where the spectral 
polynomial has three pairs of isolated roots and order parameter can be expressed as the combination of 
two periodic functions. In general, the two periods of the oscillation are incommensurate. We study the 
order parameter dynamics via numerical simulation of a 1D s-wave BCS chain written in Anderson pseudo 
spin. We construct a BdG Hamiltonian with time-dependent order parameter oscillating with two 
incommensurate periods. In commensurate limit, we study the Floquet quasienergy spectrum and find a 
series of level crossings in the band structure, which is common in integrable models. We are working on 
to investigate the relationship of the integrability of the original BCS Hamiltonian and the periodic BdG 
Hamiltonian. 
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Recently we established a strongly correlated topological semimetal phase dubbed the Weyl-Kondo 
semimetal (WKSM) [1], realized with a periodic Anderson model on a noncentrosymmetric lattice. 
This robust phase emerges from the Kondo effect, characterized by Weyl nodes with strongly reduced 
effective electron velocity, corresponding to a narrow band. 
In the recently discovered noncentrosymmetric heavy fermion semimetal Ce3Bi4Pd3, key experimental 
signatures have been found to agree within the Kondo regime [2]. 
In this work, we address the role of space group symmetry on the WKSM phase. 
In particular, we will present preliminary results for a model that is appropriate for the half-filling case and 
discuss the implications of our results for the overall phase diagram. 
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The study of strongly correlated and topologically nontrivial insulators goes back in decades to quantum 
Hall systems. In contrast, topological conductors with strong correlations have yet to be identified. Heavy 
fermion semimetals are a prototype of strongly correlated systems and, given their inherently strong spin-
orbit coupling, present a natural setting to make progress. We have advanced a Weyl-Kondo semimetal 
phase [1] within a three-dimensional lattice model that breaks the inversion symmetry. The quasiparticles 
near the Weyl nodes develop out of the Kondo effect, as do the surface states that feature Fermi arcs. This 
has allowed us to propose a key thermodynamic signature of the Weyl-Kondo semimetal phase, viz. the 
specific heat C going as T cubed with a prefactor enhanced by as much as 9 orders of magnitude compared 
to the expected value for weakly correlated systems. This thermodynamic signature has been realized in 
the recently discovered heavy fermion semimetal Ce3Bi4Pd3 [2]. Our findings provide the much-needed 
theoretical foundation for the experimental search of topological conductors with strong correlations, and 
open up a new page for systematic studies of such quantum phases that naturally entangle multiple degrees 
of freedom.  
 

 
 

 
 
References: 
[1] H.-H. Lai, S. E. Grefe, S. Paschen, and Q. Si, Proc. Natl. Acad. Sci. 115, 93-97 (2018). 
[2] S. Dzsaber et al., Phys. Rev. Lett. 118, 246601 (2017 


	Poster booklet
	Huang Z - RCQM_Zhao Huang
	Landau-Zener Stückelberg Interference Induced Hysteresis in Topological Josephson Junctions

	sssss gggggg - Grefe Abstract Spring 2018 RCQM Workshop.pdf
	Weyl-Kondo Semimetal and Proximate Phases in Heavy Fermion Systems

	Hsin-Hua Lai - RCQM_2018_Hsin_Hua_Lai.pdf
	Weyl-Kondo Semimetal in Heavy-Fermion Systems


