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Figure 1
The topological insulator (TI) and Weyl semimetal (WSM) or Dirac semimetal (DSM). The topology of
both a TI and a WSM/DSM originates from similar inverted band structure. (a) The spin-orbit coupling
(SOC) opens a full gap after the band inversion in a TI, giving rise to metallic surface states on the surface.
(b) In a WSM/DSM, the bulk bands are gapped by the SOC in the 3D momentum space except at some
isolating linearly crossing points, namely Weyl points/Dirac points, as a 3D analog of graphene. Due to the
topology of the bulk bands, TSSs appear on the surface and form exotic Fermi arcs. In a DSM all bands are
doubly degenerated, whereas in a WSM the degeneracy is lifted owing to the breaking of the inversion
symmetry or time-reversal symmetry or both. (c) The type-I WSM. The Fermi surface (FS) shrinks to zero
at the Weyl points when the Fermi energy is sufficiently close to the Weyl points. (d ) The type-II WSM.
Due to the strong tilting of the Weyl cone, the Weyl point acts as the touching point between electron and
hole pockets in the FS.

which is called a Fermi arc. The Fermi arc is apparently different from the FS of a TI, an ordinary
insulator, or a normal metal, which is commonly a closed loop. Therefore, the Fermi arc offers
strong evidence for identifying a WSM by a surface-sensitive technique such as angle-resolved
photoemission spectroscopy (ARPES). If TRS exists in a WSM, at least two pairs of Weyl points
may exist, where TRS transforms one pair to the other by reversing the chirality. The Fermi arc
still appears, as we discuss in this review. However, the AHE diminishes because the Berry phases
contributed from two Weyl pairs cancel each other. Instead, an intrinsic spin Hall effect arises (34)
that can be considered as the spin-dependent Berry phase and remains invariant under the TRS.
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Weyl Semimetals

Paul	Klee



Weyl semimetals

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

1. Fermi	arc

2.	Chiral anomaly

S.	L.	Adler,	Phys.	Rev.	177,	2426	(1969)
J.	S.	Bell	and	R.	Jackiw,	Nuovo Cim.	A60,	47	(1969)
AA	Zyuzin,	AA	Burkov - Physical	Review	B	(2012)
AA	Burkov,	L	Balents,	PRL	107	12720	(2012)	
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Figure 2
Schematics of Fermi arcs and the chiral anomaly effect. (a) Existence of Fermi arcs in the Fermi surface of
the surface band structure. A pair of bulk Weyl cones exists as a pair of Fermi pockets at a Fermi energy
EF ̸= 0 or as points at EF = 0, where the pink (chartreuse) color represents the +(−) chirality. A Fermi arc
(thick line) appears on the top or bottom surface to tangentially connect such a pair of Fermi pockets. (b) The
chiral anomaly can be simply understood with the zeroth Landau level of a Weyl semimetal in the quantum
limit. The zeroth Landau levels from the + and − chiral Weyl cones exhibit opposite velocities due to
different chirality. Applied electric field leads to an imbalance of electron densities in the left-hand and
right-hand valleys, breaking the number conservation of electrons at a given chirality. This result, however,
is not limited to the quantum limit and was recently proposed to induce an anomalous DC current that is
quadratic in the field strength in the semiclassical limit.

An important consequence of the 3D Weyl band structure is that WSMs display the chiral
anomaly effect (see Figure 2). In high-energy physics, the particle number of Weyl fermions
for a given chirality is not conserved quantum mechanically in the presence of nonorthogonal
magnetic (B) and electric (E) fields (i.e., E · B is nonzero), inducing a phenomenon known as the
Adler–Bell–Jackiw anomaly or chiral anomaly (35, 36). In WSMs, the chiral anomaly is predicted
to lead to a negative magnetoresistance (MR) owing to the chiral zero modes of the Landau levels
of the 3D Weyl cones and the suppressed backscattering of electrons of opposite chirality (37,
38). The negative MR is expected to exhibit the largest amplitude when B ∥ E, because the B ⊥ E
component contributes a positive MR due to the Lorentz force. In addition to the negative MR, the
chiral anomaly is also predicted to induce exotic nonlocal transport and optical properties (39–41).

Many material candidates have been predicted as WSMs, e.g., the pyrochlore iridates
Y2Ir2O7 (11), HgCr2Se4 (30), and Hg1−x−y CdxMny Te (42). However, these candidates have not
been experimentally realized thus far. In early 2015, four WSM materials—TaAs, TaP, NbAs,
and NbP—were discovered through calculations (19, 20) and the observation of Fermi arcs us-
ing ARPES (21–23), realizing Weyl fermions for the first time [also in photonic crystals (43)].
Meanwhile, many efforts have been devoted to their magnetotransport properties (44–47). These
WSM compounds preserve TRS but break crystal inversion. In addition, the DSMs were found
to exist in Na3Bi and Cd3As2 by ARPES (48–51).

WSMs can be classified into type I, which respects Lorentz symmetry, and type II, which does
not (see Figure 1) (52). The TaAs family of WSMs exhibits ideal Weyl cones in the bulk band
structure and belongs to the type-I class, i.e., the FS shrinks to a point at the Weyl point. More re-
cently, type-II WSMs have been proposed to exist in the layered transition-metal dichalcogenides
WTe2 (52) and its sister compound MoTe2(53). Here, the Weyl cone exhibits strong tilting so
that the Weyl point is the contact point between an electron pocket and a hole pocket in the
FS. Type-II WSMs are expected to show very different properties from type-I WSMs, such as
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Violation	of	chiral	symmetry.

In	Quantum	Electro	Dynamics	(relativistic	quantum	field	theory)	chiral charge 
conservation can	be	violated	for	massless	fermions!	

Pion	decay:

Electric	charge:	0 0
Spin:	half-integer integer

Neutral	Pion Photon

Photon

Chiral	anomaly

𝐸

𝐵

Adler,	S.	L.	Phys.	Rev. 177, 5	(1969).
Bell,	J.	S.	&	Jackiw,	R.	Nuovo Cim. A60, 4	(1969)

Quantum anomaly in QED



Weyl semimetals in non-centro NbP
NbP,	NbAs,	
TaP,	TaAs

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

Shekhar,	et	al.	,	Nature	Physics 11	(2015)	645,	
Frank	Arnold,	et	al.	Nature	Communication	7	(2016)	11615
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the three compounds where we can clearly see that the topo-
logically nontrivial 1T′-MoTe2 is the most active catalyst.

The Gibb’s free energy (∆GH*) of adsorption of hydrogen at 
the catalyst surface is very often used to predict the activity of an 
HER catalyst. The closer this value is to zero the better is the per-
formance. The ∆GH* (on abscissa) and the activity (on ordinate) 
hence make a so-called volcano diagram (Figure 2c). Notwith-
standing that both 1T-TaS2 and 1T′-MoTe2 are metallic with com-
parable ∆GH* values, the HER activity of these two compounds 

is quite different. As mentioned earlier, 1T-TaS2 shows almost 
no HER activity whereas 1T′-MoTe2 shows a very high activity. 
Since few-layers 1T′-MoTe2 rather exhibits topological features 
in its band structure, this has encouraged us to consider the pos-
sible role of topological effects. We consider below the recently 
discovered Weyl semimetals, NbAs, TaAs, NbP, and TaP.

In a Weyl semimetal, the conduction and valence bands cross 
each other linearly through nodes (Figure 3a), called the Weyl 
points, near the Fermi energy. As a 3D analogue of graphene, 
topological Weyl semimetals (TWSs) are expected to exhibit very 
high mobility in their charge transport.[11] Similar to TIs, TWSs 
also present robust metallic surface states[25] that are stable 
against defects, impurities, and other surface modifications. 
Analogous to the role of graphene, in the MoS2 catalyzed HER, 
we believe that the highly mobile TWS bulk states help electrons 
diffuse freely and quickly. Furthermore, the topological surface 
states may cause the surface to act as stable active planes for 
catalysis. The first family of TWSs that was experimentally dis-
covered, from direct observations of their topological surface 
states, was the transition metal monopnictide: NbP, TaP, NbAs, 
and TaAs.[26–30] These materials are semimetals wherein Weyl 
points are located near the Fermi level with a total of 12 pairs of 
Weyl nodes in the first Brillouin zone. For this reason, we have 
investigated the HER activity in these TWS compounds.

The HER activities of NbP, TaP, NbAs, and TaAs were 
studied over a period of 6 h. Our studies show that all four 
TWSs are highly HER active (Figure 3c) and NbP, being the 
lightest among all, performs the best as an HER catalyst 
with the highest value of H2 evolved per gram of the catalyst 
(3520 µmol g−1). The compounds can undergo many cycles 
of HER without activity fading as can be seen in Figure 4b, 
where we show three cycles of HER in NbP with a comparable 
catalytic performance each time. Chemical analysis shows no 
observable changes in chemical composition of our catalysts 
(Figure S9, Supporting Information) after several HER cycles. 
We show the activity and turnover frequency (TOF: the number 
of moles of H2 evolved per mole of catalyst used) as histograms 
for all four compounds in Figure 3d. In general, phosphides 
are better HER catalysts than arsenides. We note that all 4 com-
pounds are WSMs with well-defined and distinct Weyl points 
and each has very high mobilities from the linearly dispersed 
bands at the Weyl points, which accounts for their high catalytic 
activities. We therefore expect that the catalytic HER properties 
within this series will be determined by the chemical bonding 
of hydrogen at the surface, which is reflected in the value of 
∆GH*. Indeed, we find that their HER activity is correlated with 
the ∆GH* values for these compounds. NbP has the lowest 
∆GH* among all these compounds followed by TaP, TaAs, and 
NbAs, and TOF also follows a similar trend.

Having investigated the thermodynamic aspects of the 
catalysts we now focus on the role of kinetics. As we know 
that the reduction of water occurs at the surface of the cata-
lyst, increasing the surface area of the catalyst should result 
in increased activity of the catalyst. For this we have selected 
NbP as an example and compared the activity in single crystals 
crushed into powder (few µm in size, Figure S9, Supporting 
Information) and polycrystalline material (150–300 nm in 
size) obtained by solid state reaction. We encounter a twofold 
increase in the activity of polycrystals as compared to the single 
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Figure 3. Electronic band structure of topological Weyl semimetals and 
their HER activity. a) Schematic band structure of the transition metal 
monopnictide TWS family, revealing semimetallic character. Weyl nodes 
of opposite chiralities are marked with blue and red dots. b) Comparison 
of hydrogen evolution activity of various TWSs (NbP, TaP, NbAs, and 
TaAs) powdered single crystals with an intermediate dye addition. c) His-
togram of hydrogen evolution rate and TOF, shown on left and right axes, 
respectively, for all four compounds.



Z.	K.	Liu	et	al.,	Nature	Mat.	15	(2016)	27
Yang,	et	al.	Nature	Phys.	11	(2015)	728

NbP, TaP, TaAs

TaPNbAs

Increasing	spin	orbit	coupling	increases	–
heavier	elements	
Distance	between	the	Weyl	points	increases



Weyl semimetals in non-centro NbP

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

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

NbP is a	topological Weyl semimetal
• with massless relativistic electrons
• extremely large	magnetoresistance	of 850,000% at	1.85	K,	9T		(250%	at	room temperature)	
• an	ultrahigh carrier mobility of 5*106 cm2	/	V	s	



NbP and the Fermi surface

Klotz	et	al.	Physical		Review	B		93	(2016)	121105(R)



Chiral Anomaly 

Anna	Corinna	Niemann,	Johannes	Gooth et	al.	Scientific	Reports	7	(2017)	43394	doi:10.1038/srep4339	preprint	arXiv:1610.01413	

Ga-doping	relocate	the	Fermi	energy	in	NbP close	to	
the	W2	Weyl	points
Therefore	we	observe	a	negative	MR	as	a	signature	
of	the	chiral	anomaly	the,	NMR	survives	up
to	room	temperature
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Longitudinal magneto-transport – E||B

[Shekhar,	C.	et	al.	Nat.	Phys.	11,	3372	(2015)]

The	PMC	is	locked	to	E||B,	as	expected	for	Chiral	anomaly.
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Experimental signatures for the mixed axial-gravitational 
anomaly in Weyl semimetals E

• In solid state physics, mixed axial-gravitational
anomaly can be identified by a positive
magneto-thermoelectric conductance (PMTG)
for DT ll B.

B

• DT ll B dictates sensitivity on alignement of B and DT.
GT

B

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

• Low fields: quadratic

• High fields: deminishes

Chiral Anomaly 



Gravitational Anomaly 

Johannes	Gooth et	al.	Experimental	signatures	of	the	gravitational	anomaly	in	the	Weyl	semimetal	NbP,	Nature	(2017)	arXiv:1703.10682

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.

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

• Jensen,	et	al.	Thermodynamics,	gravitational	
anomalies	and	cones.	Journal	of	High	Energy	
Physics	2013,	88	(2013).	

• Lucas,	A.,	Davison,	R.	A.	&	Sachdev,	S.	
Hydrodynamic	theory	of	thermoelectric	transport	
and	negative	magnetoresistance	in	weyl
semimetals.	PNAS	113,	9463–9468	(2016).



Longitudinal magneto-transport – E||B

[Shekhar,	C.	et	al. Nat.	Phys. 11, 3372	(2015)]

The	PMTC	is	locked	to	DT||B,	as	expected	for	mixed-axial-gravitational		anomaly.
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Axial-gravitational anomaly

Mixed-axial-gravitational	anomaly	in	AdS/CFT

Neutron	stars
(astronomy)

Positive	MTG	in	Weyl	semimetals	
(solid	state	physics)

Baryogenesis in	early	universe	
(cosmology)

g

g
Pion	decay
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Holographic correspondence

Anti-de-Sitter	space/
conformal	field	theory	

(AdS/CFT)
correspondence

Neutron	stars
(astronomy)

Quark-gluon	plasma
(colliders)

Baryogenesis
(cosmology)

Condensed	matter



Hydrodynamics

Experimental evidence that the resistance of restricted channels of the ultra-pure 
two-dimensional metal PdCoO2 has a large viscous contribution



High mobility wires 



Hydrodynamics

• 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



Weyl Semimetals
WP2



WP2 protected Weyl

Prediction:	G.	Autès,	et	al.;	Phys.	Rev.	Lett.	117	(2016) 066402



WP2 protected Weyl

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



WP2 protected Weyl

Extremely	high	magnetoresistance	and	conductivity	in	the	type-II	Weyl	semimetal	WP2,	Nitesh,	et	al.;	arXiv:1703.04527
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MoP2 and WP2
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Extremely	high	magnetoresistance	and	conductivity	in	the	type-II	Weyl	semimetal	WP2,	Nitesh,	et	al.;	arXiv:1703.04527



WP2 protected Weyl

Extremely	high	magnetoresistance	and	conductivity	in	the	type-II	Weyl	semimetal	WP2,	Nitesh,	et	al.;	arXiv:1703.04527
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ARPES and the band structure

Photoemission,	Nan	Xu,	Ming	Shi,	Paul	Scherrer Institute,	Swiss	Light	Source,	CH-5232	Villigen PSI,	Switzerland.
Extremely	high	magnetoresistance	and	conductivity	in	the	type-II	Weyl	semimetal	WP2,	Nitesh,	et	al.;	arXiv:1703.04527



WP2 protected Weyl
Magnetotransport in	a	novel	Weyl	WP2

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



Macroscopic mean free path

Chandra	Shekhar et	al.	arXiv:1703.03736
Nitesh,	et	al.;	arXiv:1703.04527

Compound r (Wcm) l	(µm) µ (cm2V-1s-1) n	(cm-3)

MoP 6	´10-9 11 2.4´104 2.9´1022

WP2 3	´10-9 530 4´106 5´1020

WC 0.35´10-6 ~1´104 4´1020

PtCoO2 40	´10-9 5 0.7´104 2.2´1022

PdCoO2 9	´10-9 20 2.8x104 2.4´1022

WC	J.	B.	He	et	al.	arXiv:1703.03211
Pallavi Kushwaha,	et	al.	Sci.	Adv.1	(2015)	e150069
P.	Moll Science	351,	(2016)	1061



Hydrodynamics

Hydrodynamic	effects	become	dominant
• electron-electron	scattering	ler <<	w <<	lmr,	
• with	electron-electron	scattering	length		ler =	vF𝜏$%
• w the	sample	width,	
• lmr =	vF𝜏&% the	mean	free	path	and	vF the	Fermi	velocity

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).

In the Navier-Stokes flow limit: r = m*/(e2n)·12hw-2

In the ballistic regime (w << ler, lmr):  r ~ w-1



Water, Gas or Electrons 



Hydrodynamic flow

J.	Gooth et	al.	preprint,	arXiv:1706.05925



Hydrodynamic flow
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J.	Gooth et	al.	submitted,	arXiv:1706.05925
P.	J.	W.	Moll	et	al.,	Science	10.1126/science.aac8385	(2016).



Hydrodynamic flow
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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	

• But	independent	of	the	thermal	
conductivity

• a	strong	violation	of	the	
Wiedemann-Franz	law

J.	Gooth et	al.	submitted,	arXiv:1706.05925

r = m*/(e2n)·12hw-2



Viscosity of the electron fluid in WP2

The	dynamic	viscosity	is	hD = 1×10-4 kgm-1s-1 at	4	K.	



Magnetohydrodynamics, Planckian bound of dissipation

J.	Gooth et	al.	submitted,	arXiv:1706.05925

Momentum	relaxation	
times	tmr

Thermal	energy	relaxation	
times	ter,	

Dashed	line	marks	the	
Planckian bound	on	the	
dissipation	time	𝜏ℏ =
	ℏ/(𝑘-𝑇).

Both	times	saturate	the	
bound	posed	by	the	
uncertainty	principle	at	all	
temperatures	

Grey	dots:	the	magneto-
hydrodynamic	model	in	the	Navier-
Stokes	flow	limit	
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Topological	Metals	



MoP better than Copper
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3D-Hydrodynamics	?
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22 32.7 10 cm-´

21 31.12 10 cm-´

20 32.57 10 cm-´

Fermi surfaces

Charge	carriers	are	mainly	from	

the	open	Fermi	surface

Experimental	measurement	is	around								

at	2K	22 33.2 10 cm-´
Experiment	and	calculation	have	the	
same	order	of	magnitude

Chandra	Shekhar et	al.	arXiv:1703.03736



Quantum Oscillations

Chandra	Shekhar et	al.	arXiv:1703.03736



Hydrodynamic  
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• A strong	violation	of	the	
Wiedemann-Franz	law

• The	Lorentz	



Summary

arXiv:1511.07672v1

Fermi	arcs	and	and	a	chiral	anomaly	in	magneto-transport	are	signatures	
of	Weyl	semimetals	

We	found	new	magneto	thermal	transport	properties	in	Weyl	semimetals	
and	topological	metals		which	can	be	explained	by	hydrodynamic	flow	of	
the	electrons	

These	phenomena	are	also	found	in	magnetic	compounds	

… much more to do!		
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