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The	spin	Hall	effect:		
an	external	electric	field	induces	a	transverse	spin	current	

An	extrinsic	effect,	due	to	impuri8es	in	the	presence	of	spin-orbit	coupling	(SOC).	
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SHE	due	to	the	band	structure	of	the	material	
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Spin	Hall	Effect	and	other	topological	states	
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Weyl	Semimetals	

H	=	±	σ⋅p	

E	

v v 

B	

Fermi	arcs	 Chiral	anomaly	

•  Bulk,	3D	analogue	of	graphene	
•  Surface,	Fermi	arcs	



Reality	in	materials:	bulk	
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Figure 2 Crystal structure, magnetoresistance and mobility. a, Orientation of the mea-

sured single crystal NbP with the respective X-ray diffraction patterns. b, Crystal structure

of NbP in a body-centered-tetragonal lattice. c, Temperature dependence of the resistiv-

ity measured at different transverse magnetic fields displayed next to the corresponding

curve. The inset of c shows the temperature dependence of resistance measured up to

0.1 K in zero field. d, Transverse magnetoresistance measured at different temperatures

with field up to 9 T. The inset shows the magnetoresistance at higher temperatures. e,

Temperature dependencies of the mobility (left ordinate) and carrier density (right ordi-

nate). The inset shows the evolution of the Hall coefficient with temperature. The tem-

perature regimes where electrons and holes act as main charge carriers are marked with
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Weng,	H.	et	al.									Phys.	Rev.	X	5,	011029	(2015).	
Huang,	S.-M.	et	al.	Nature	Commun.	6,	7373	(2015).	
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Figure 3. A) Angular dependence of the quantum oscillation frequencies F of TaAs for magnetic fields applied within the (100),
(110) and (001)-plane. Green and black dots as well as blue stars represent frequencies determined from electrical transport,
magnetic torque and magnetization respectively. The solid lines show the theoretical angular dependence according to the ab-
initio band structure at a Fermi energy of +6 eV. B and C) First Brillouin zone and Fermi surface topology of TaAs according
to the angular dependence in graph A). The dashed rings show the nodal lines as explained in the text.

shown in Fig. 2A. As can be seen, TaAs shows a diamag-
netic magnetization along the [100] and [110]-axis, and
paramagnetic magnetization along the [001]-axis. Strong
QOs are visible in all three directions. This is in contrast
to NbP and TaP where the magnetization is diamagnetic
for all field directions and quantum oscillations are weak
for magnetic fields applied in the (001)-plane [11, 12].
The inset of Fig. 2A shows the background subtracted
dHvA oscillations plotted against F/B. The observed
low frequencies are indicative of very small FS pockets
as are typical for semimetals with low charge carrier den-
sities. The frequency of 7.0T for B∥[001] agrees well with
previous reports by other groups [13, 14, 24]. In addition,
we find a step-like magnetization feature along the [100]
and [110]-direction starting at F/B = 1 or equivalently
1.4 and 1.9T which is attributed to the quantum limit
of the lowest frequency. At this step the dominant fre-
quency vanishes and a second larger frequency of another
FS pocket becomes visible.

The detailed angular dependence of the QO frequencies
was determined by combined electrical transport (see e.g.
Fig. 2B) and magnetic torque measurements. Fourier
transforms of multiple field windows and measurement
techniques were correlated to produce the angular de-
pendence shown in Fig. 3A. Table I contains a summary
of all QO frequencies along the major axes.

By tuning EF to +6meV in our MBJ band structure
(Fig. 1), we can fit our measured QO frequencies with
the predicted angular dependence of the extremal orbit
size (Fig. 3A). This energy is well within the energy win-
dow for observing chiral FS pockets (see Fig. 1) and the
FS is described by three Weyl pocket pairs, one W1 and
two W2 pairs. These coexist with two trivial hole pock-
ets, H1, aligned along the nodal ring (see Fig. 3B and C).
Crucially, a unique solution of the FS topology was only
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Figure 4. Temperature dependences of the de Haas-van
Alphen oscillation amplitude as determined from magneti-
zation measurements in the magnetic field interval of 1 to
7T along the high symmetry axes. The dashed lines are fits
to the Lifshitz-Kosevich temperature reduction term M̃ ∝
x/ sinh (x) with x = π2m∗kBT/µBB [21, 25, 26].

achieved by including all three QO frequency branches.
This way it was possible to eliminate alternative topolo-
gies deep in the hole and electron doped regime, which
give rise to a similar 1/ cos(θ) dependence of the domi-
nant 7T frequency (see Fig. S10 of the SOM [20]). The
tetragonal crystal symmetry and consequential 90◦ rep-
etition of the FS pockets around the [001]-axis gives rise
to a frequency splitting when the magnetic field is tilted
away from the [001]-axis.
The banana-shaped electron W1 pockets at the zone

boundary, which are aligned parallel to the [001]-axis,
give rise to an inverse cos(θ)-like angular dependence of
the Fα branch (dark blue lines in Fig. 3A) when the mag-
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Very	bulk	conduc8ve		
•  High	mobility	
•  Large	MR	



Reality	in	materials:	Fermi	arcs	
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TaAs	
ARPES	

Calcula8on	

MoTe2	

Jiang	et	al.	2016.	arXiv:1604.00139	

•  Bulk	bands	
•  Trivial	surface	states	



Topological	states	for	catalysis	
Topological	chemistry	
•  Impact	of	topological	states	in	the	surface-related	process	e.g.	catalysis	
•  Discovery	of	topological	states	on	Au,	Pt	and	Pd.	[Nat.	Comm.	6,	10167(2015)]	
•  Design	of	new	catalysts	from	topological	insulators	and	semimetals	



Topological	states	for	catalysis	
Proof	of	the	principles:		Solar	hydrogen	evolu8on	catalyzed	by	WSMs	Figure_1	
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H2O	à		H2	

Comparable	to	MoS2	in	the	photocataly8c	HER.	Rajamathi		et	al.	submi`ed.	

•  Stable	surface	states	
•  Surface-bulk-surface	tunneling	
•  Highly	mobile	electrons	



WSMs/DSMs	for	Spintronics		

Inversion	assymmetry	+	SOC	

Monopoles	of	Berry	curvature	in	a	WSM	e.g.	TaAs,	WTe2,	MoTe2	Spin	Hall	Effect	

	
Spin	Hall	Effect	for	room	temperature	devices		
(talks	of	Hyunsoo	Yang	&	Timothy	Phung)	

Noncollinear	AFM	
Mn3X	(X=Ir,	Ge,	Sn)	



Spin	Hall	Effect	and	other	topological	states	
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Band	structure	of	TaAs-type	WSMs	

•  Full	of	band	crossing	due	to	SOC	
•  Bulk	carriers	are	not	necessarily	

nega8ve	
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Figure 3. A) Angular dependence of the quantum oscillation frequencies F of TaAs for magnetic fields applied within the (100),
(110) and (001)-plane. Green and black dots as well as blue stars represent frequencies determined from electrical transport,
magnetic torque and magnetization respectively. The solid lines show the theoretical angular dependence according to the ab-
initio band structure at a Fermi energy of +6 eV. B and C) First Brillouin zone and Fermi surface topology of TaAs according
to the angular dependence in graph A). The dashed rings show the nodal lines as explained in the text.

shown in Fig. 2A. As can be seen, TaAs shows a diamag-
netic magnetization along the [100] and [110]-axis, and
paramagnetic magnetization along the [001]-axis. Strong
QOs are visible in all three directions. This is in contrast
to NbP and TaP where the magnetization is diamagnetic
for all field directions and quantum oscillations are weak
for magnetic fields applied in the (001)-plane [11, 12].
The inset of Fig. 2A shows the background subtracted
dHvA oscillations plotted against F/B. The observed
low frequencies are indicative of very small FS pockets
as are typical for semimetals with low charge carrier den-
sities. The frequency of 7.0T for B∥[001] agrees well with
previous reports by other groups [13, 14, 24]. In addition,
we find a step-like magnetization feature along the [100]
and [110]-direction starting at F/B = 1 or equivalently
1.4 and 1.9T which is attributed to the quantum limit
of the lowest frequency. At this step the dominant fre-
quency vanishes and a second larger frequency of another
FS pocket becomes visible.

The detailed angular dependence of the QO frequencies
was determined by combined electrical transport (see e.g.
Fig. 2B) and magnetic torque measurements. Fourier
transforms of multiple field windows and measurement
techniques were correlated to produce the angular de-
pendence shown in Fig. 3A. Table I contains a summary
of all QO frequencies along the major axes.

By tuning EF to +6meV in our MBJ band structure
(Fig. 1), we can fit our measured QO frequencies with
the predicted angular dependence of the extremal orbit
size (Fig. 3A). This energy is well within the energy win-
dow for observing chiral FS pockets (see Fig. 1) and the
FS is described by three Weyl pocket pairs, one W1 and
two W2 pairs. These coexist with two trivial hole pock-
ets, H1, aligned along the nodal ring (see Fig. 3B and C).
Crucially, a unique solution of the FS topology was only
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Figure 4. Temperature dependences of the de Haas-van
Alphen oscillation amplitude as determined from magneti-
zation measurements in the magnetic field interval of 1 to
7T along the high symmetry axes. The dashed lines are fits
to the Lifshitz-Kosevich temperature reduction term M̃ ∝
x/ sinh (x) with x = π2m∗kBT/µBB [21, 25, 26].

achieved by including all three QO frequency branches.
This way it was possible to eliminate alternative topolo-
gies deep in the hole and electron doped regime, which
give rise to a similar 1/ cos(θ) dependence of the domi-
nant 7T frequency (see Fig. S10 of the SOM [20]). The
tetragonal crystal symmetry and consequential 90◦ rep-
etition of the FS pockets around the [001]-axis gives rise
to a frequency splitting when the magnetic field is tilted
away from the [001]-axis.
The banana-shaped electron W1 pockets at the zone

boundary, which are aligned parallel to the [001]-axis,
give rise to an inverse cos(θ)-like angular dependence of
the Fα branch (dark blue lines in Fig. 3A) when the mag-
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Figure 2 Crystal structure, magnetoresistance and mobility. a, Orientation of the mea-

sured single crystal NbP with the respective X-ray diffraction patterns. b, Crystal structure

of NbP in a body-centered-tetragonal lattice. c, Temperature dependence of the resistiv-

ity measured at different transverse magnetic fields displayed next to the corresponding

curve. The inset of c shows the temperature dependence of resistance measured up to

0.1 K in zero field. d, Transverse magnetoresistance measured at different temperatures

with field up to 9 T. The inset shows the magnetoresistance at higher temperatures. e,

Temperature dependencies of the mobility (left ordinate) and carrier density (right ordi-

nate). The inset shows the evolution of the Hall coefficient with temperature. The tem-

perature regimes where electrons and holes act as main charge carriers are marked with
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Anisotropic	
σzxy		~	800	(TaAs)	
	
						~	2000	(Pt)	
Spin	Hall	Angle	σSpin/σcharge		



Spin	Hall	Conduc8vity		

EF	at	zero	

Peaks	of	SHC	are	not	Weyl	points	

Y	Sun,	Y	Zhang,	C	Felser,	B	Yan	
arXiv:1604.07167	(2016)	



How	does	Weyl	play?	
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Weyl	band	structure	

Zero	Fermi	Surface	



Bulk	3D	Weyl	cones	+	Surface	Fermi	arcs	 Surface	Dirac	cones	

Bulk	conduc8ve		 Bulk	conduc8ve		---	weak	SHE	

No	chemical	poten8al	problem	 Bulk	insula8ng	---	non-conduc8ng		

Topological	SMs	vs	TIs	

Materials:	
TaAs,	WTe2,	MoTe2		ZrSiS	…..	
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