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Magneto-transport in Weyl metals. 



 quasiclassical  magnetoconductance  is  always negative 
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in the relaxation time approximation the longitudinal magnetoconductance 
is absent.  Beyond this approximation it is negative and  it saturates at  
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a generalization of the quasi-classical equations of motion  
for non centrosymmetric or not time reversal  conductors.  
(Luttinger; Sundaram and Niu)    
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Berry curvature is divergence-free except at isolated  
points in the P-space, which are associated with band  
degeneracies. 
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at low magnetic field interactional corrections to  
the quasiclassical equations are small 
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Quasiclassic description of electron transport in  
conventional metals and semiconductors 
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a generalization of the kinetic equation  
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conservation law of number of particles  
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Chiral anomaly related term 
Adler Bell Jackiw 

Quasiclassical kinetic equation captures effects of chiral 
anomaly 



There are equilibrium valley currents in Weyl’s metals 
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Nielsen and Ninomiya theorem 

Vilenkin 
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Number of Weyl (massless Dirac) points should be even. 
(Nielsen and Ninomiya theorem) 



Anomaly-related contribution to the conductivity 
corresponds to positive magnetoconductance 

( )

( ) ( )

( )

timerelaxationintervaleytheis

,0
4 2

22

2

2

τ

σ

µτ
µπ

σ

τδµ

zji

TveB
c
v
c

eN

an
ij

D
an
zz

i

≠=

>=

⋅∝

!

BE

The current flows only in z-direction parallel to the magnetic  
 field. 
 It responds only to z-component of the electric field. 
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Anomaly related contribution dominates 
magnetoresistance if the ratio between the inter- 
and intra-valley relaxation times is sufficiently large! 
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Electron spectrum in ultra-quantum limit 
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   Electron spectrum of Dirac equation in magnetic field 
      Akhiezer, Berestetzkii, “Quantum electrodynamics” 
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At m=0 there are two non-degenerate chiral levels. 
Red and blue lines correspond to branches of spectrum with different 
helicities. 

Anomalous metals and failed superconductors

A. Kapitulnik

Palo Alto

Steven Kivelson

Somewhere on Earth

B. Spivak

Who knows where

E2
n = p2z +m2 + |e|B(2n+ 1)|e|B� (1)
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Einstein’s relation between conductivity and diffusion 
coefficient 
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Why the parameter  τ/τintra is so    
big in this experiments? 
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Conceptual and practical difficulties in ultra-quantum 
limit 
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Only chiral levels are shown 

Temperature gradient does not pump either 
electrons or energy between valleys with different 
chiralities! So the magnetetic field  dependence of 
the thermoelectric effect has nothing to do with any 
anomaly!

x 

Gravitational anomaly 
or a part of introductory  
course in CM theory  !?
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Thermal conductivity 
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All effects which have been observed in Weyl metals 
are allowed by symmetry. So it is only a question of 
finding a proper relation between parameters which will 
lead to explanation of observables. 
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semiconductors with sufficiently small gaps and                
sufficiently large chemical potential  should have 
magnetic field dependence of kinetic coefficients which 
are similar to those in Weyl and Dirac metals 

Spectrum of Dirac equation at finite mass  



NEGATIVE LONGITUDINAL MAGNETORESISTANCE ASSOCIATED WITH SCATTERING 
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FIG. 3. Experimental dependences of the magnetoresistance 
.6-P!I I p on f3 at different temperatures. Initial segments of some curves, 
representing amplified measurements, are shown in the upper left-hand 
corner. 

(.6-PuiP)/(.6-pl/P) f'::l 0.05 at 77°K. Figure 3 shows the 
dependence of .6.p 11 jp on {3 for this sample at different 
temperatures. In the investigated temperature region 
this sample is nondegenerate; we thus have for the 
screening length: 

(25) 

We obtained the following values of the reduced chemical 
potential JJ. * and of 7J for the sample: 
T, "K: 1,6 2.6 3.0 3.8 4,2 14.45 20.4 
1'*: +0.1 -0,8 -1 -1,5 -1.7 <-4 
IF 1.4 3.8 5 8.00 9,8 116 230 

(26) 
For the calculation of m* cyclotron masses from (UJ 

were used, and the calculation of the dielectric constant 
K was based on data obtained from U2J. The calculated 
curves shown in Fig. 1 correspond to the temperatures, 
1.6, 3, 4.2, and 20.4°K. 

It should be noted that at 4° K and lower temperatures 
in tellurium having the concentration 1015/cm3 resis-
tance results mainly from scattering from ionized im-
purities; scattering by acoustic phonons begins to play 
a significant part at hydrogen temperatures (14-20°K). 
It therefore follows from 110J that the ratio between the 
lattice and ion-dependent components of the mobility is 

60 at 4 o K, while at 20° K the ratio is 0. 5. Therefore 
both scattering mechanisms should be taken into account 
at hydrogen temperatures. 

Figures 1 and 3 show large discrepancies between 
the calculated and experimental values of .6-p/p; how-
ever, the theory provides a good qualitative description 
of the behavior of .6-p/p for f3 > 1. As predicted by the 
theory, a minimum of the longitudinal magnetoresistance 
is observed on several experimental curves for {3 4-6. 
The minimum becomes deeper as kR increases, i.e., as 
predicted by the theory, the magnitude of the negative 
effect is associated with the anisotropy of Coulomb scat-
tering. 

It has been pointed out in the introduction that a sig-

nificant negative effect is possible in the region where 
2 /2R2 = 12/ f37J < 1, i.e., we may expect that for larger 

values of 7J (higher T) the transition to the negative reg-
ion occurs for smaller values of {3. Figure 3 shows this 
effect for temperatures at which only scattering from 
ionized impurities is important. In the mixed scattering 
region (at hydrogen temperatures) for 12/qf3 < 1 scatter-
ing from ions decreases drastically because of the tem-
perature increase. The inclusion of this scattering 
mechanism can lead to greatly negative magnetoresis-
tance in this case also. However, since for {3 > 2 the 
magnetoresistance that is associated with scattering by 
phonons increases linearly with {3, 11 J the transition to 
negative magnetoresistance in the presence of both scat-
tering mechanisms occurs for larger values of {3 than 
would have been the case for pure scattering from ions 
at the same value of 7J. The value of {3 increases with 
the temperature, i.e., with the relative role of lattice 
scattering. 

Almost all the experimental curves reveal weak nega-
tive magnetoresistance for {3 « 1. Although we have 
performed no calculation for {3 < 1 and have not con-
sidered the asymptotic behavior of .6.p 11 jp for {3- 0 in 
the case of scattering from ionized impurities, we shall 
attempt to elucidate qualitatively the behavior of .6.p 11 /p 
for very small values of {3. When {3 « 1/1} the magnetic 
field is so weak that there is Jractically no cutting off 
of small-angle scattering: emin < and scattering 
is determined mainly by 7J (kR), as in the absence of a 
field. The effect of quantization is then manifested 
mainly through the behavior of the state density, as in 
the case of the isotropic scattering mechanism. It has 
been shown in 11 J that for this case we have 

(27) 

i.e., when {3 is very small we have negative .6.p 11 /p, fol-
lowed by a transition to the positive region or a mini-
mum [if the terms O(f 12) begin to play an important 
role]. We may possibly have observed this effect, upon 
which a weak dependence on kR (i.e., on temperature) is 
superimposed in the case of scattering from ions. How-
ever, we cannot exclude the possibility that negative 
magnetoresistance in the initial segment of a curve is 
associated with the so-called Toyozawa effect. 113 J 

A comparison of the calculated and experimental 
curves has thus shown that by taking quantization into 
effect within the framework of the kinetic equation we 
are enabled to describe the behavior of longitudinal 
magnetoresistance qualitatively. What causes the pro-
nounced discrepancies between the experimental and 
theoretical values of .6.p 11 /p in the region {3 > 3? One 
source of the discrepancies lies in the fact that the 
curves in Fig. 1 were calculated without taking account 
of the finite time between collisions. Through the dis-
cussion in the preceding section and Fig. 2 we have be-
come aware that the inclusion of this effect changes 
.6-p 11 I p considerably, without essentially altering the de-
pendence on {3. It is interesting to estimate the order of 
magnitude of R/2lz that is required for this effect under 
experimental conditions. The mean free path lz = VzT 
is determined by the total lifetime of all possible scat-
tering processes. We evaluate T from the experimental 
mobility for our sample at 4.2° K. By doing this we ex-
aggerate T, because the mobility depends on the trans-

what about other mechanisms of negative parallel 
magnetoresistance? 



                  conclusion 


