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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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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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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.
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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.
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Weyl semimetals in non-centro NbP
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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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Experimental	signatures	for	the	mixed	axial-gravitational	
anomaly	in	Weyl	semimetals

• In solid state physics, mixed axial-gravitational
anomaly can be identified by a positive
magneto-thermoelectric conductance (PMTG)
for DT ll 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 
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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.
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semimetals.	PNAS	113,	9463–9468	(2016).



Gravitational Anomaly 

Johannes	Gooth et	al.	Experimental	signatures	of	the	gravitational	anomaly	in	the	Weyl	semimetal	NbP,	Nature	accepted	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).



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



High mobility wires 
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WP2 protected Weyl

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



WP2 protected Weyl

Nitesh,	et	al.,	Nature	Com.	accepted	arXiv:1703.04527
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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



Hydrodynamic flow

J.	Gooth et	al.	Science	submitted,	arXiv:1706.05925



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	

• a	strong	violation	of	the	
Wiedemann-Franz	law

J.	Gooth et	al.	submitted,	arXiv:1706.05925

r = m*/(e2n)·12hw-2



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).

Grey	dots:	
the	magnetohydrodynamic
model	in	the	Navier-Stokes	
flow	limit	



Viscosity of the electron fluid in WP2

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



MoP better than Copper
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MoP – low T transport
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Violation of the Wiedemann-Franz law

0 100 200 300
0
2
4
6
8

10

0 10 20 30 40
0

20

40

0 100 200 300

101

102

103

104

0 100 200 3000.0

0.5

1.0

1.5
 

r x
x (

µW
 c

m
)

T (K)

S3
a

52 cTbTa ++

 

r x
x (

nW
 c

m
)

T (K)

]0001[ẑ
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Giant Nernst – Topology - Hydrodynamic

Sarah	J.	Watzman,	et	al.	preprint	arXiv:1704.02241	

NbP PdCoO2

Ramzy Daou,	Raymond	Frésard,	Sylvie	Hébert,	and	Antoine	Maignan,	Phys.	
Rev.	B	92,	245115	(2015)



Magnetic Weyl Semimetals

Paul	Klee



Regular-Heusler,	F𝑚31𝑚 (no.	225) Inverse-Heusler,	F413𝑚 (no.	216)

Half-Heusler,	F413𝑚 (no.	
216)

Tuning the symmetry 
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Weyl semimetals with 26 VEC

Zhijun Wang,	et	al.,	arXiv:1603.00479
Guoqing Chang	et	al.,	arXiv:1603.01255 Barth	et	al.	PRB	81,	064404	2010



AHE in half metallic ferromagnets

Kübler,	Felser,	PRB	85	(2012)	012405



AHE in half metallic ferromagnets
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Kübler,	Felser,	PRB	85	(2012)	012405
Vidal	et	al.	APL.	99	(2011)	132509	
Kübler,	Felser,	EPL	114	(2016)	47005.	

Weyl points are the origin for a	large	
Berry	phase and a	Giant	AHE

Giant	AHE		in	Co2MnAl



Weyl Fermion in Regular Heusler

Without	SOC	

q nodal	line	is	formed	in	the	plane	when	bands	of	opposite	
mirror	eigenvalues	cross.

q Mirror	planes	are	related	to	each	other	by	the	rotations

Co2YZ	(Y =	IVB	or	VB;	Z =	IVA	or	IIIA)

L21 space	group	225	(Fm31m)

Co

Co
Y

Z

Y

4a

8c

4b

Co
Y

Z

Symmetry	and	electronic	
structures	depend	on	the	
magnetization	direction

With	SOC

M

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



Berry and Heusler –and ARPES 



How much Topology Influences the Anomalous Hall Effect?
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Large Anomalous Hall angle effect

Q345 = ∆𝜎893 𝜎88⁄

We	are	looking	for	a	large	Berry	curvature
And	a	small	charge	carrier	concentration	

Goal:	thin	films	for	QAHE
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And	a	small	charge	carrier	concentration	

Goal:	thin	films	for	QAHE



More semiconductors

26	
Mn2CoAl
CoMn2Al
CoFeCrAl
CoMnCrSi
CoFeVSi
FeMnCrSb

21
FeVTiSi
CoVScSi
FeCrScSi
FeVTiSi
FeMnScAl

18
V3Al

28
CoFeMnSi



Co2MnAl
L21 space	group	225	(Fm31m)

Mn2CoAl
X			space	group	216		(F413m)

Magnetic Heusler compounds with and without inversion



Weyl or Spingapless
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Weyl or Spingapless

-10 -8 -6 -4 -2 0 2 4 6 8 10
-3000

-2500

-2000

-1500

-1000

-500

0

500

1000

1500

2000

2500

3000

s x
y(o

hm
-1

 cm
-1

)

H (T)

 2 K
 50 K
 100 K
 150 K
 200 K

H ? [001]

-8 -6 -4 -2 0 2 4 6 8

-3000

-2000

-1000

0

1000

2000

3000

s x
y(o

hm
-1

 cm
-1

)

H (T)

 2 K
 50 K
 100 K
 200 K
 300 K

H÷ê[100]



… more spin gapless



MnP and CuMnAs



(a) (b)

(c) (d)

(e) (f)

(g)

Artificial Antiferromagnets



Topology – Chemistry

LaBii

Chemistry			 Physics
Real	space	- local Recipro.	space	- delocalized
Crystals	 Brillouin	zone

Crystal	structure	 Symmetry Electronic	structure

Position	of	the	atoms	 Local	symmetry Band	connectivity
Orbitals	

Inert	pair	effect Relativistic	effects						 Darwin	term

B. Bradlyn, L. Elcoro, J. Cano, M. G. Vergniory, Z. Wang, C. Felser, M. I. Aroyo, B. Andrei Bernevig, Nature in press arXiv:1703.02050 



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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