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Introduction of Our Lab

Sample synthesis (single crystal growth) Physical properties measurement
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OUTLINE

Introduction of Weyl Semimetals
Band structure: surface Fermi arcs and bulk Weyl nodes
Chiral anomaly and other unique properties

Theoretical Proposals of Weyl Semimetals

Observation of the Weyl Semimetals in non-central-symmetric compoundsObservation of the Weyl Semimetals in non central symmetric compounds
Ag2Se
TaAs and Isostructural Compounds

Band structure calculation
ARPES
Transport properties

Summary and Plany
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Weyl fermion: massless “Half” Dirac fermion
The Chirality of a massless fermion can be defined as: 

A Dirac fermion is chiral symmetric: it can be seen as the sum of a pair of Weyl
f ifermion

No Weyl fermion has been confirmed in high energy physics.
However, we can study it in condensed matter physics
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Weyl semimetal: zero-gap semimetal with certain 
pairs of Weyl nodespairs of Weyl nodes

GrapheneWeyl semimetal

Band structure of graphene has 
six Dirac points

P i f b d i i i (lik h )

Weyl semimetal has a pair of Weyl
nodes with opposite chirality 

Pairs of bands crossing at certain points (like graphene)
The Weyl nodes are spin single degenerate. (spin textures are different)
Fermi surface surrounding the Weyl nodes are topologically non-trivial
Th W l d ith it hi lit t d b F i f
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The Weyl nodes with opposite chirality are connected by Fermi arcs on surfaces



Comparison: 3D Dirac Semimetals

Dirac nodes along the high-symmetry linesDirac nodes along the high symmetry lines
Protected by rotation symmetry
3D analog of graphene

Difference with Weyl points
Degeneracy 
Spin texture near the nodes
Position in k space  

Realization of a Weyl semimetal needs breaking a time-reversal symmetry 
or inversion symmetry
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Chiral Anomaly: Negative MR

More general case:
Negative MR

D. Son & B. Spivak PRB 88 104412 (2013)
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How to Realize a Weyl Semimetal (Proposal I)

A QCP realized by tuning the SOC interaction.

Example: TlBi(S1-xSex)2, Bi1-xSbx, 
Bi2-xInxSe3

Disadvantage: doping induced 
disorder, need magnetic ground 
state
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How to Realize a Weyl Semimetal (Proposal II)How to Realize a Weyl Semimetal (Proposal II)
A magnetic ordered ground state with strong spin-orbital coupling.

Calculated phase diagram of
Band structure of Y2Ir2O7
X. Wan etal. PRB 83 205101(2011)

Calculated phase diagram of 
Y2Ir2O7 with interaction strength
X. Wan etal. PRB 83 205101(2011)

Example:;Y2Ir2O7( geometric frustrated)
Disadvantage: difficulty of sample growth, unknown magnetic structure
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How to Realize a Weyl Semimetal (Proposal II)

A magnetic ordered ground state with strong spin-orbital coupling.

Band structure of HgCr2Se4

Weyl nodes in HgCr2Se4
G. Xu etal. PRL 107 186806(2011)

Band structure of HgCr2Se4
G. Xu etal. PRL 107 186806(2011)

Example: HgCr2Se4 (FM spinel)
Disadvantage: difficulty of sample growth, magnetic domain
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How to Realize a Weyl Semimetal (Proposal III)

non-central-symmetric semimetal with proper SOC

Ag2Se: P212121 TaAs: I41md SrSi2: P4332 

Difficulty:
choose right systems (need more calculations, structural information)
single crystal growth (thermally unstable low-T phases)
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Band Structure of Ag2Se

Γ X ΓS ΓY S UR Z R ZT

With no SOC: gapless in 
high-symmetry points

With SOC: small gap in all 
high-symmetry points and 
lines
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lines

Space group P212121



Weyl Nodes in Ag2Se

8 Weyl nodes born with small SOC
Move in k-space with SOC increasing
Annihilate at certain SOC  

14



Difficulty for Growing Single Crystals
β-Ag Seβ-Ag2Se

α-Phaseα-phase

G. Beck and  J. Janek Physica B 308-310: 1086 (2001)
β-Phase
β-phase

Bias : We cannot grow single 
crystals of such thermally 

4/10/2015

15H. Billetter and U. Ruschewitz Z. Anorg. Allg. Chem. 634: 241 (2008)

unstable compound.



Single Crystal Growth: Vapor Transfer 

Ag2Se in a quartz tube

Forming crystals via gas phase 
Can be self-selected transfer or via agent
Key point: agent temperature direction “luck”Key point: agent, temperature, direction, luck
Advantage: growing at low-T, clearer than flux-method, 
good for high-vapor-pressure elements 

Black phosphorus via VT
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Black phosphorus via VT



Macro-size Single Crystals Synthesis of Ag2Se 

B. Gates et. al.JACS 123: 1150 (2001)

For comparison, only 
nano-size crystals were 
synthesized before.  
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Longitudinal MR: Strong SdH Oscillations 
+Negative LMR+Negative LMR

Strong SdH Oscillations
t

Large n Small n

R l ti l W k O ill ti1st Landau Level at 7T
Negative LMR beyond 1st LL
Oscillations and Negative LMR fade 

t h T ↑

Relatively Weak Oscillations
1st LL at 3T
Clear Negative LMR beyond 1st LL
Anomaly at 6 T
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out when T ↑ Anomaly at 6 T 



Highly Anisotropic Fermi Surface

MR from a to b/c are similar
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MR from a to b/c are similar
Invariant from b to c FS : Cylinder or Highly Anisotropic Ellipsoid

4/10/2015



Dirac Fermions with Tiny Surface

R4 Shows a Similar Profile
Note: Anomaly beyond  1st LL
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Negative LMR: Chiral Anomaly beyond QL
P212121 Leads Symmetry 
Protected Weyl Nodes due to 
SOC

WithWith 
no 
SOC

With 
SOC
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TaAs: a Semimetal with Non-central Symmetric 
StructureStructure

Electric properties of polycrystals
are not noteworthyare not noteworthy

One Ta atom in a 6 atom As prism

B. Saparov etal. 2012

One Ta atom in  a 6-atom As prism
Space group: I41md
Previous study on polycrystals show semiconductor/semimetal behaviors
Single crystals grown via vapor transfer method
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Single crystals grown via vapor transfer method  



TaAs, NbAs, TaP and NbP: Relatively , , y
Structure in Pnictides
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Band Structure of TaAs

With no SOC: band touching

The BZ of TaAsWith SOC: open a small gap in high symmetric lines 
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S. Huang etal. Arxiv:1501.00755(2015)
Similar results in H. Weng etal. PRX 5 011029 (2015)



Weyl Nodes in TaAs (calculated)

Each line node vaporizes into six Weyl points 
8 W1 on one plane, 16 W2 away from the plane
Spin texture shows opposite chirality

25S. Huang etal. Arxiv:1501.00755(2015)
Similar results in H. Weng etal. PRX 5 011029 (2015)



Surface Fermi Arc in TaAs

The (001) surface states on the top 
and bottom surface of TaAs

A close-up of the Fermi arc on 
the surface

26S. Huang etal. Arxiv:1501.00755(2015)
Similar results in H. Weng etal. PRX 5 011029 (2015)



ARPES: Observing the Surface Fermi Arc and 
Weyl Nodes in Experiment

Ob d F i A f t tObserved Fermi Arc surface states  

The Weyl cone rises up to meet the Fermi arcs

27SY Xu etal. Arxiv:1501.03807(2015)
Similar results in B.Q Lv etal. Arxiv: 1502.04684(2015)

The Weyl cone rises up to meet the Fermi arcs



Observation of Clear Weyl Nodes and Fermi 
Arcs in NbAs
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More details in Su-yang Xu etal. arXiv:1504.01350 



Transport Property: Large MR in TaAs

A small field turns on TaAs to be an insulator
In 9T, MR~5000 at 2K and ~3 at 300K (MR = ρH/ρ0-1 )
Extremely strong SdH oscillations at low T 
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Linear MR with Strong SdH Oscillations at Low T

A linear MR beyond the QL up to 
55T at low T

MR h f b li tMR changes from parabolic to 
linear at certain B 
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Two-band Features in Hall Resistance

Compensated semimetal with n and p 1017cm-3Compensated semimetal with n and p ~1017cm-3

e channel with much higher mobility opens below 100K
Low T features are dominated by e channel
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Quantum Oscillations in ρxx and ρxy

Strong oscillations come from a tiny e 
pocket ~ 8T
Non trivial Berry phase

More interesting features at low-T
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Non-trivial Berry phase



Fermi Surface Topology from Transport

An ellipsoid-like shape FS consistent with calculations
Fermi level crosses two Weyl cones and one trivial hole band
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Fermi level crosses two Weyl cones and one trivial hole band



Chiral Anomaly

Low field σ is expressed  as 

T dependent chiral anomaly contribution
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Different samples with different Fermi level 



Chiral Anomaly

This Negative LMR (Positive conductance) is extremely sensitive to the angle 
deviation
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SUMMARY

We observed first Weyl semimetal TaAs in experiment
Large MR and strong SdH oscillations
Negative Longitudinal MR was understood as a Chiral 
anomaly in TaAsanomaly in TaAs
Need other candidates of Weyl semimetals and further 
studies in transport

PLAN

Best candidates for studying the e-e interactions beyond 
QL
Devices: the key point for observing the exotic chiral-
related transport
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