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Anomalous –Hall effect
Intrinisic Hall
• Berry	curvature
• Magnetisation?

Extrinsic	Hall
• Skew	scattering	
• Side	jumps	



Diamond ZnS Heusler XYZ C1b
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Cd Se
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3	+ 10 + 5 = 18
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Heusler compounds



ScNiSb

LaPtBiLaPtBi

Predicting new compounds

S.	Chadov	et	al.,	Nat.	Mater.	9,	541	(2010).
H.	Lin	et	al.,	Nat.	Mater.	9,	546	(2010).



REPtBi …multifunctional topologic insulators

REPt

10 + 3	(+fn) + 5 = 18

Bi

Multifunctional	properties
• RE:	Y,	La,	Lu,	Er,	…	superconductivity	

RE:	Gd,	Tb,	Sm	Magnetism	and	TI
• Antiferromagnetism with	GdPtBi

• RE:	Ce
• complex	behaviour of	the	Fermi	

surface
• RE:	Yb Kondo	insulator	and	TI

• YbPtBi is	a	super	heavy	fermion	with	
the	highest	g value

S.	Chadov	et	al.,	Nat.	Mater.	9,	541	(2010).
H.	Lin	et	al.,	Nat.	Mater.	9,	546	(2010).

YPtBi

LuPtBiGdPtBi

YPdBi



ARPES of LnPtBi

Z.	K.	Liu	et	al.	Nature	Com.		7	(2016)	12924
Shekhar	et	al.	Phys.	Rev.	B	86	(2012)		155314
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Kerr effect and unconventional SC

Kapitulnik,	Shekhar,	…	Felser		et	al.	unpublished



Weyl Semimetals
Breaking symmtery - TaAs



Weyl semimetals
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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

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

1. Intrinsic anomalous Hall	effect

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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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

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.	Phys.	Rev.	Lett.	 2016



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



Gravitational Anomaly 

Johannes	Gooth et	al.	Experimental	signatures	of	the	gravitational	anomaly	in	the	Weyl	semimetal	NbP,	preprint	arXiv:1703.10682

A	positive	longitudinal	magnetothermoelectric 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).



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



WP2 protected Weyl

Prediction:	G.	Autès,	et	al.;	Phys.	Rev.	Lett.	117	(2016) 066402	Extremely	high	magnetoresistance	and	conductivity	in	the	type-II	Weyl	
semimetal	WP2,	Nitesh,	et	al.;	arXiv:1703.04527



WP2 protected Weyl

Prediction:	G.	Autès,	et	al.;	Phys.	Rev.	Lett.	117	(2016) 066402	Extremely	high	magnetoresistance	and	conductivity	in	the	type-II	Weyl	
semimetal	WP2,	Nitesh,	et	al.;	arXiv:1703.04527



WP2 protected Weyl

Prediction:	G.	Autès,	et	al.;	Phys.	Rev.	Lett.	117	(2016) 066402	Extremely	high	magnetoresistance	and	conductivity	in	the	type-II	Weyl	
semimetal	WP2,	Nitesh,	et	al.;	arXiv:1703.04527
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Magnetotransport in	a	novel	Weyl	WP2



Weyl Semimetals
Magnetically	induced	



REPtBi …multifunctional topologic insulators

REPt

10 + 3	(+fn) + 5 = 18

Bi

Multifunctional	properties
• RE:	Gd,	Tb,	Sm	Magnetism	and	TI

• Antiferromagnetism with	GdPtBi
• RE:	Ce

• complex	behaviour of	the	Fermi	
surface

• RE:	Yb Kondo	insulator	and	TI
• YbPtBi is	a	super	heavy	fermion	with	

the	highest	g value

S.	Chadov	et	al.,	Nat.	Mater.	9,	541	(2010).
H.	Lin	et	al.,	Nat.	Mater.	9,	546	(2010).

YPtBi

LuPtBiGdPtBi

YPdBi



Weyl GdPtBi in a magnetic field

C.	Shekhar	et	al.,	arXiv:1604.01641,	(2016).
M.	Hirschberger et	al.,.	Nature	Mat.	Online	arXiv:1602.07219,	(2016).
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Figure 7
Crystal and band structures of Heusler Weyl semimetals. (a) Cubic unit cell of LnPtBi (Ln = Y, Gd, or Nd). (b) View of the structure
showing Ln-Pt-Bi–type layers stacked along the [111] axis. The magnetic moments of the Ln atoms are shown as arrows corresponding
to the fully saturated FM state. (c) Schematic comparison of the band structures of YPtBi and GdPtBi. The exchange field from the Gd
moments lifts the spin degeneracy of the !8 and !6 bands and induces Weyl points that are slightly below the Fermi energy: The green
and red hourglasses represent Weyl cones with opposite chirality. (d ) The distribution of Weyl points in the first Brillouin zone when
the Gd magnetic moments are fully saturated along [111] (as shown in panel b). Green and red spheres represent − and + chirality,
respectively, where the arrows are the Berry curvature vectors. (e) The calculated band structure of GdPtBi (corresponding to panel c).
Adapted from Reference 125 with permission.

it is speculated that all magnetic rare-earth Heusler compounds such as LnPtBi and LnAuSn
(Ln = Ce-Sm, Gd-Tm) will show related properties.

The magnetic field, its direction and strength, allows for the tuning of the position and the
number of Weyl points in the magnetic Heusler compound. As another proof of the tunability
of the band structure, the Seebeck effect is observed to depend strongly on the magnetic field
in GdPtBi (129). The Seebeck effect is a voltage generated by a gradient of temperature and
intimately determined by the band structure. Therefore, a magnetic field that tailors the band
structure sensitively alters the Seebeck effect.

Many other magnetic and nonmagnetic Heusler compounds have recently been reported to
be WSM candidates, such as the Co-based Heusler materials X Co2 Z (X = V, Zr, Nb, Ti, Hf,
Z = Si, Ge, Sn) (130) and strained Heulser TI materials (131). Weak TIs (132) and nonsymmor-
phic symmetry-protected topological states (133) have been reported in the KHgSb honeycomb
Heulser materials. Nonsymmorphic symmetry-protected DSMs have also been reported in the
AFM Heusler material CuMnAs (134). The chiral AFM Heusler compounds Mn3 X (X = Sn,
Ge) that exhibit a strong AHE at room temperature (135, 136) were also predicted to be AFM
WSMs (137). Additionally, several other Heusler-like ternary compounds such as ZrSiS (138) and
LaAlGe (139) were also found to be topological semimetals. Thus, we expect that more WSMs

11.14 Yan · Felser

Changes may still occur before final publication online and in print

A
nn

u.
 R

ev
. C

on
de

ns
. M

at
te

r P
hy

s. 
20

17
.8

. D
ow

nl
oa

de
d 

fr
om

 a
nn

ua
lre

vi
ew

s.o
rg

 A
cc

es
s p

ro
vi

de
d 

by
 W

IB
60

97
 - 

Jo
ha

nn
es

 G
ut

en
be

rg
 U

ni
ve

rs
ity

 o
f M

ai
nz

 o
n 

03
/2

9/
17

. F
or

 p
er

so
na

l u
se

 o
nl

y.



Chiral Anomaly – neg. quadratic MR

C.	Shekhar	et	al.,	arXiv:1604.01641,	(2016).
M.	Hirschberger et	al.	Nature	Mat.	online,	arXiv:1602.07219,	(2016).Claudia	Felser	and Binghai	Yan,	Nature	Materials	15	(2016)	1149

2K



GdPtBi – Anomalous Hall Effect

Shekhar	et	al.,	arXiv:1604.01641,	(2016).
T.	Suzuki,…	&	J.	G.	Checkelsky,	Nature	Physics	(2016)	doi:10.1038/nphys3831

In	Ferromagnets an	AHE	scales	with	the	magnetic	moment
Antiferromagnets show	no	AHE	
A	Hall	angle	of	0.2	is	exceptional	high



Chiral Anomaly – neg. quadratic MR

C.	Shekhar	et	al.,	arXiv:1604.01641,	(2016).
M.	Hirschberger et	al.	Nature	Mat.	online,	arXiv:1602.07219,	(2016).Claudia	Felser	and Binghai	Yan,	Nature	Materials	15	(2016)	1149



Magnetic	Weyl Semimetals



Materials: … to half metallic ferromagnets

Kübler	et	al.,	PRB	28,	1745	(1983)
de	Groot	RA,	et	al.	PRL	50	2024	(1983)
Galanakis et	al.,	PRB	66,	012406	(2002)

Example: Co2MnSi
§ magic valence electron number:  24
§ valence electrons = 24 + magnetic moments
Co2MnSi: 2´9 + 7 + 4 = 29  Ms = 5µB

X2YZ



Weyl semimetals in Heusler compounds

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
Vidal	et	al	Appl.Phys.Lett.	99	(2011)	132509	
Kübler,	Felser,	EPL	114	(2016)	47005.	

The	AHE	depends	
only	on	the	Berry	
curvature	in	Heusler	
compounds	and	not	
on	the	magnetic	
moment



AHE in half metallic ferromagnets with Weyl

meas.  S/cm 2000

calc.  S/cm 1800 

»

=

xy

xy

s

s

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



Spin gapless semiconductor Mn2CoAl

Wang	PRL	100,	156404	(2008)
Ouardi	et	al.,	PRL	110	(2013)	100401

2*7	+	9	+3	=	26.	m	=	2	µB
TC =	800	K
Charge	carrier ~ 1017cm−3



Co2MnAl
L21 space	group	225	(Fm3"m)

Mn2CoAl
X			space	group	216		(F4"3m)

Magnetic Heusler compounds with and without inversion



From Gap to Weyl



Weyl or Spingapless
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From Gap to Weyl



More semiconductors

26	
Mn2CoAl
CoMn2Al
CoFeCrAl
CoMnCrSi
CoFeVSi
FeMnCrSb

21
FeVTiSi
CoVScSi
FeCrScSi
FeVTiSi
FeMnScAl

18
V3Al

28
CoFeMnSi



MnP and CuMnAs



P63/mmc (D019)I4/mmm (D022)

tetragonal cubic hexagonal

Structural distortion

Out	of plane	M	
Compensated ferrimagnets
Permament magnets
Non-collinear magnetism
Topological Hall	effect
Skyrmions		 Phase	transitions

• Magn.		shape memory
• Magnetocalorics – CDW
• Multiferroics

Out	of plane	M	
STT-RAM	
Permanent	magnets
Antiferromagnets:	Mn3Ge	
Ferromagnets:	Fe3Sn
Anomalous Hall	effect
Spin	reorientation transition?

Half	metallic	ferro/i
Spin	gapless
mag.	semiconductors
compensated ferrim.	…	

Fm3m  (L21)



Hexagonal Antiferromagnet

Chen,	Niu,	and	MacDonald,	Phys.	Rev.	Lett.,	112	(2014)	017205
Kübler	and	Felser	EPL	108	(2014)	67001



Non-collinear AFM in metallic Mn3Ge 

Kübler	and	Felser	EPL	108	(2014)	67001
Nayak	et	al.	preprint:	arXiv:1511.03128,	Science	Advances	2	(2016)	e1501870

The anomalous Hall conductivities are 
normally assumed to be proportional to
magnetization



Non-collinear AFM Mn3Ge/Mn3Sn 

Nayak	et	al.	preprint:	arXiv:1511.03128,	Science	Advances	2	(2016)	e1501870	
Kiyohara,	Nakatsuji,	preprint:	arXiv:1511.04619,	 Nakatsuji,	Kiyohara,	&	Higo,	Nature,	doi:10.1038/nature15723



Fermiarcs in the Weyl AFM

Hao Yang,	et	al.	,	preprint:	arXiv:1608.03404



Mn3Ir – no AHE 
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Application Spin Hall Effect

Yan	Sun	et	al.,	Physical	Review	Letter	117		(2016)	146401



Anomalous Hall effect



Topological	Metals	



Rewriting the text book: Au

Binghai	Yan	at	al.,	Nature	Communication	6	(2015)	10167



Rewriting the text book: Au

Binghai	Yan	at	al.,	Nature	Communication	6	(2015)	10167	

Cs+Au-



MoP better than Copper
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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



Skyrmions
Real	space	Berry	curvature	



Mn-Pt-Sn – non collinear

Nayak,	et	al.	preprint	arXiv:1703.01017



Real space topology - Skyrmions

(A) Bloch skyrmion (B) antiskyrmion (C) Neel skyrmion

Bogdanov et	al	PRB	66,	214410	(2002)



T=300 K, H= 0 .23 T

Mn1.4Pt0.9Pt0.1Sn: Anti-Skyrmions

µ 0
H
(T
)

T (K)

Bogdanov et	al	PRB	66,	214410	(2002)Nayak,	et	al.	preprint	arXiv:1703.01017



• Tuning	the band	gap
• Tuning	spin orbit coupling

– Trivial	and topological Heusler	
• Adding spins

– half	metals,magnetic semiconductors
– Weyl semimetals

• Localized and delocalized spins
• Tuning	the magnetic sublattices	

– ferro to ferri:	Compensated ferrimagnets
– Centro and non-centro symmetric Weyl
– Adding anisotropy
– lattice distortion via	van	Hove and Jahn	Teller	

• In	and out	of plane	magnetization
• Non	collinear spin structures and frustration

– Dzyaloshinskii-Moriya
– Berry	phase in	antiferromagnets
– Skyrmions

Tunability of Heusler compounds 



Summary
Is	there	a	relation	between	reciprocal	and	real	space	Berry	curvature	

Many	materials	proposed,	only	a	few	made
• More	Weyl	and	Dirac	semimetals	
• More	new	Fermions
• High	quality	single	crystals,	defect	free	– or with defects
• Topological insulators in	oxides,	correlated systems
• Generalization	of	the	concept	

Magnetic	Fermions	
Thin	films
Superconductors	– Majorana	
Chemical	reactions		
Phase	transitions

New	properties
• Thermal	(magneto)	transport
• (Magneto)	optical properties …
• Devices	

Applications
• Electronics
• Chemistry	(Catalysis)	…

arXiv:1511.07672v1



Single Crystals available
MoSe2-xTex
MoTe2-xSex
MoTe2	(T´/2H)

YPtBi
NdPtBi
GdPtBi
YbPtBi
ScPdBi
YPdBi
ErPdBi
GdAuPb
TmAuPb
AuSmPb
AuPrPb
AuNdPb
AuScSn
AuLuSn
AuYSn
ErAuSn
EuAuBi

CaAgAs

KMgSb
KMgBi
KHgSb
KHgBi
LiZnAs
LiZnSb

AlPt
GdAs
CoSi

MoP
WP

TaP
NbP
NbAs
TaAs
NbP-Mo
NbP-Cr
TaP-Mo
TaAsP

CrNb3S6
V3S4
Cd3As2

MnP
MnAs

YbMnBi2
Ni2Mn1.4In0.6
YFe4Ge2

Mn1.4PtSn

CuMnSb
CuMnAs

Co2Ti0.5V0.5Sn
Co2VAl0.5Si0.5
Co2Ti0.5V0.5Si
Mn2CoGa
Co2MnGa
Co2Al9
Co2MnAl
Co2VGa0.5Si0.5
Co2TiSn
Co2VGa
Co2V0.8Mn0.2Ga
CoFeMnSi

Bi2Te2Se
Bi2Te3
Bi2Se3
BiSbTe2S
BiTeI
BiTeBr
BiTeCl

LaBi,	LaSb
GdBi,	GdSb

HfSiS

Bi4I4

BaSn2

BaCr2As2
BaCrFeAs2

CaPd3O4
SrPd3O4
BaBiO3

PtTe2
PtSe2
PdTe2
PdSe2
OsTe2
RhTe2
TaTe2
NbTe2
WSe2
HfTe5
MoTe2
TaS2
PdSb2
CuxWTe2
FexWTe2
WTe2
Co0,4TaS2
Fe0,4TaS2

Ag2Se
IrO2
OsO2
ReO2
WP2
MoP2

VAl3
Mn3Ge
Mn3Ir
Mn3Rh
Mn3Pt
DyIn3


