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Weyl| Semimetals
NbP, TaAs ...
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Weyl semimetals

Band inversion DSM
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Graphene

A. K. Geim, A. H. MacDonald Physics Today, 08.(2007), 35-41 Shekhar, et al. , Nature Physics 11 (2015) 645



Weyl semimetals

3D topological Weyl semimetals - breaking time reversal
symmetry —in transport measurement
we should see:

1. Fermi arc T —
® e

2. Chiral anomaly
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NbP, NbAs,
TaP, TaAs W \

% Transport agent
§ Precursor
f Single crystals
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Shekhar, et al. , Nature Physics 11 (2015) 645, Weng, et al. Phys. Rev. X 5, 11029 (2015)
Frank Arnold, et al. Nature Communication 7 (2016) 11615 Huang et al. preprint arXiv:1501.00755



NbP, TaP, TaAs

Increasing spin orbit coupling increases —
heavier elements
Distance between the Weyl points increases
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NbP is a topological Weyl semimetal
* with massless relativistic electrons
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* extremely large magnetoresistance of 850,000% at 1.85 K, 9T (250% at room temperature)

* an ultrahigh carrier mobility of 5*10°cm?/ Vs

Shekhar, et al. , Nature Physics 11 (2015) 645,
Frank Arnold, et al. Nature Communication 7 (2016) 11615

Weng, et al. Phys. Rev. X 5, 11029 (2015)
Huang . et al. preprint arXiv:1501.00755




NbP and the Fermi surface
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Chiral Anomaly
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Chiral Anomaly

Experimental signatures for the mixed axial-gravitational

anomaly in Weyl semimetals

* |n solid state physics, mixed axial-gravitational
anomaly can be identified by a positive
magneto-thermoelectric conductance (PMTG)
for AT Il B.

* Low fields: quadratic
- 2

* High fields: deminishes

* AT Il B dictates sensitivity on alignement of B and AT.

'GT

[Lucas, et al. Proceedings of the National Academy of Sciences 113, 9463 (2016)]



Gravitational Anomaly

* Landsteiner, et al. Gravitational anomaly and
transport phenomena. Phys. Rev. Lett. 107,
021601 (2011). URL

* Jensen, et al. Thermodynamics, gravitational
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Physics 2013, 88 (2013).

Lucas, A., Davison, R. A. & Sachdey, S.
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A positive longitudinal magneto-thermoelectric conductance (PMTC) in the Weyl semimetal NbP
for collinear temperature gradients and magnetic fields that vanishes in the ultra quantum limit.

Johannes Gooth et al., Nature 547 (2017) 324 arXiv:1703.10682



Gravitational Anomaly

Landsteiner, et al. Gravitational anomaly and




Hydrodynamics

PHYSICS

Electrons go with the flow
in exotic material systems

Electronic hydrodynamic flow—making electrons
flow like a fluid—has been observed

REFERENCES

1

2

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, Science 351,1058 (2016).

D.A.Bandurin, |. Torre, R. Krishna Kumar, M. Ben Shalom,
A.Tomadin, A. Principi, G. H. Auton, E. Khestanova, K. S.
Novoselov, |. V. Grigorieva, L. A. Ponomarenko, A. K. Geim,
M. Palini, Science 351,1055 (2016).

P.J.W.Mollet al., Science 351,1061(2016).
J.Zaanen,Y.-W Sun, Y. Liu, K. Schalm, Holographic Duality
inCondensed Matter Physics (Cambridge Univ. Press,
2015).

S.A.Hartnoll, P.K. Kovtun, M. Mueller, S. Sachdev, Phys.
Rev.B76,144502 (2007).

A.H.CastroNeto et al., Rev. Mod Phys. 81,109 (2009).

. M.Mueller,J. Schmalian, L. Fritz, Phys Rev. Lett 103,

025301(2009).
M.S. Foster, |. L Aleiner, Phys. Rev. 879, 085415 (2009).

. A.Lucas, J.Crossno, K. C. Fong, P. Kim, S. Sachdev, hitp:/#/

arxiv.org/abs/1510.01738 (2015).

. L Levitov, G. Falkovich, http-//arxiv.org/abs/1508 00836

(2015).
M.J.M.deJong, L. W.Molenkamp, Phys Rev. B51 13389
(1995).

Hydrodynamic electron fluid is defined by momentum-conserving electron-

electron scattering
Violation of Wiedeman-Franz law

Viscosity-induced shear forces making the electrical resistivity a function of

the channel width



High mobility wires

PHYSICAL REVIEW B VOLUME 51, NUMBER 19 15 MAY 1995-1

Hydrodynamic electron flow in high-mobility wires

M. J. M. de Jong* and L. W. Molenlm.mp't
Philips Research Laboratories, 5656 AA Eindhoven, The Netherlands
(Received 24 October 1994)

Hydrodynamic electron flow is experimentally observed in the differential resistance of electro-
statically defined wires in the two-dimensional electron gas in (Al,Ga)As heterostructures. In these
experiments current heating is used to induce a controlled increase in the number of electron-electron
collisions in the wire. The interplay between the partly diffusive wire-boundary scattering and the
electron-electron scattering leads first to an increase and then to a decrease of the resistance of
the wire with increasing current. These effects are the electronic analog of Knudsen and Poiseuille
flow in gas transport, respectively. The electron flow is studied theoretically through a Boltzmann
transport equation, which includes impurity, electron-electron, and boundary scattering. A solution
is obtained for arbitrary scattering parameters. By calculation of flow profiles inside the wire it is
demonstrated how normal flow evolves into Poiseuille flow. The boundary-scattering parameters for
the gate-defined wires can be deduced from the magnitude of the Knudsen effect. Good agreement
between experiment and theory is obtained.



Weyl Semimetals
WP2



WP, protected Weyl

4-fold
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Extremely high magnetoresistance and conductivity in the type-Il Weyl semimetal WP2, Nitesh, et al.; arXiv:1703.04527



WP, protected Weyl

Nitesh, et al., Nature Com. accepted arXiv:1703.04527
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Macroscopic mean free path
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Hydrodynamics

week ending

PRL 118, 226601 (2017) PHYSICAL REVIEW LETTERS 2 JUNE 2017

S

Hydrodynamic Electron Flow and Hall Viscosity

Thomas 3cafﬁqi,‘ Nabhanila Nandi,> Burkhard Schmidt.”> Andrew P. Mackenzie. >’ and Joel E. Moore'*
. . ° . - _1
In the ballistic regime (w <</, [ ): p~w

Hydrodynamic effects become dominant

* electron-electron scattering I, << w<</[_,

* with electron-electron scattering length I, = v{Te,

* w the sample width,

* |, =VTmr the mean free path and v; the Fermi velocity

In the Navier-Stokes flow limit: p = m™/e’n)-12nw>

R. N. Gurzhy, A. N. Kalinenko, A. I. Kopeliovich, Hydrodynamic effects in the electrical conductivity of impure metals. Sov. Physics-JETP. 69,
863-870 (1989).

P. S. Alekseev, Negative magnetoresistance in viscous flow of two-dimensional electrons. Phys. Rev. Lett. 117 (2016).

T. Scaffidi, N. Nandi, B. Schmidt, A. P. Mackenzie, J. E. Moore, Hydrodynamic Electron Flow and Hall Viscosity. Phys. Rev. Lett. 118, 226601
(2017).



Hydrodynamic flow

beam width w
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Hydrodynamic electron fluid
<15K

conventional metallic state at T
higher 150K

The hydrodynamic regime:

a viscosity-induced dependence
of the electrical resistivity on the
square of the channel width

p=m/Ae’n) 12nw2

* astrong violation of the

K 7[2

~oT 3

= L,

J. Gooth et al. submitted, arXiv:1706.05925



| beam width w
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J. Gooth et al. submitted, arXiv:1706.05925



5 I I | I I I I 1 I I I

- -@- 77 extracted from p(w) -

4 - o717 = V.7 /4 N

L 3t -
S
O

- 2 i
<

1F i

0 I ] ] I ] I

4 6 8 10 12 14 16
T (K)

The dynamic viscosity is 1, = 1x10* kgms?t at 4 K.



MoP better than Copper

Triple-point
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3D-Hydrodynamics ?

B. Q. Lv, Z.-L. Feng & Q.-N. Xu et al. Nature 546, (2017) 627

Chandra Shekhar et al. arXiv:1703.03736
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NbP
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Magnetic Weyl Semimetals

Paul Klee



Tuning the symmetry

Half-Heusler, F43m (no.
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Spin-gapless Magnetic
Semiconductor Semiconductor

Half-metal




Zhijun Wang, et al., arXiv:1603.00479
Guoging Chang et al., arXiv:1603.01255

orbital localization
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AHE in half metallic ferromagnets

PHYSICAL REVIEW B 85, 012405 (2012)

Berry curvature and the anomalous Hall effect in Heusler compounds

Jiirgen Kiibler'" and Claudia Felser”

Co,VSn
&% | /‘/\ :: Compound® Ny a (nm) Mo pfeale Ty P (%)
v \ FEL | ¢4 / Co,VGa 26 0.5779 .92 1.953 66 65
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FIG. 4. (Color online) Band structure near the Fermi edge of 1881
Co:VSn. Majority-spin electron states appear in red, minority-spin
states in black. Note the Dirac cone at the T™ point at about —0.22 ¢V,

Kiibler, Felser, PRB 85 (2012) 012405



Giant AHE in Co,MnAl

o, =1800S/cm calc.

o, ~2000S/cm meas.
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Kibler, Felser, PRB 85 (2012) 012405
Vidal et al. APL. 99 (2011) 132509

Klbler, Felser, EPL 114 (2016) 47005.
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With SOC

>

Symmetry and electronic
structures depend on the
magnetization direction

Without SOC

O nodal line is formed in the plane when bands of opposite
mirror eigenvalues cross.
O Mirror planes are related to each other by the rotations

Phys. Rev. Lett. 117, 236401 (2016)
Sci. Rep. 6, 38839 (2016)



Berry and Heusler —and ARPES
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#) Magnetic Heusler compounds with and without inversion
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MnP and CuMnAs
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Summary

The class of topological materials ranges from
* Topological insulators

* Dirac and Weyl semimetals

* New metallic Fermions

Non magnetic Weyl semimetals show Fermi arcs and a chiral anomaly

Electronic properties were studied extensively, while the thermal properties are still
unexplored

Hydrodynamic flow of electrons might be more common in topological materials
with high spin orbit coupling and can lead to new interesting applications

In magnetic Weyl semimetals the Berry curvature has impact on the classical
properties and might lead to the identification of QAH with high Curie tempertature
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