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A series of recent papers have claimed that intranode scattering, alone, can contribute to positive
longitudinal magnetoconductance (LMC) due to chiral anomaly (CA) in Weyl semimetals (WSMs)
in the quasiclassical limit. We revisit the problem of CA induced LMC in WSMs in the quasiclassical
limit, and show that intranode scattering, by itself, does not result in enhancement of LMC. In the
limit of zero internode scattering, chiral charge must remain conserved, which is shown to actually
decrease LMC. Only in the presence of a finite non-zero internode scattering, one obtains a positive
LMC due to non-conservation of chiral charge. Even weak internode scattering suffices in generating
positive LMC, since it redistributes charges across both the nodes, although on a time scale larger
than that of the intranode scattering. Our work is fundamental to correctly interpret the recent
experiments on magnetoconductance in Weyl semimetals that claim to have observed chiral anomaly.
Furthermore, our calculations reveal that, in contrast to recent works, in inhomogeneous WSMs
strain induced axial magnetic field Bs, by itself, leads to negative longitudinal magnetoconductance

and a negative planar Hall conductance.

Introduction: Chiral anomaly (CA) finds its genesis in
high-energy physics [1, 2], whereby the left /right-handed
Weyl fermions are not conserved in the presence of non-
orthogonal electric and magnetic fields. The anomaly has
resurged in Weyl semimetals (WSMs), and has been of
great interest in the condensed-matter community over
the last decade [3-30]. Since Weyl semimetals host Weyl
fermions as quasiparticle excitations, chiral anomaly is
expected to occur in these materials in the presence of ex-
ternal electromagnetic fields. Positive longitudinal mag-
netoconductance (LMC) [10], and the planar Hall effect
(PHE) [31] are some key signatures to identify the man-
ifestation of chiral anomaly in Weyl semimetals. Some
non-electronic probes of chiral anomaly include optical
processes as well [32-38]. Significant efforts have recently
been devoted to capture the behavior of these anomaly
induced conductivities in WSMs [9-23].

The calculation of conductivity via the linear response
formalism [39] inherently assumes a timescale 7, that
can be interpreted as arising from interactions between
the system and the external electric field that inelasti-
cally exchange energy at a rate 1/7;. The rate is assumed
to be ideally zero, or in other words, 74 is assumed to be
the largest of all relevant timescales. In the context of
weakly disordered Weyl semimetals, when Landau quan-
tization is relevant at high magnetic fields, chiral anomaly
manifests itself by a positive contribution to the longi-
tudinal magnetoconductance, i.e., j o« B(E - B), where
E and B are the applied electric and magnetic fields.
The current in this case is limited by the internode scat-
tering time (Tinter), which corresponds to a timescale at
which quasiparticles scatter across the nodes and switch
their chirality. Therefore, chiral charge is not conserved,
but the global charge remains conserved. For linear re-
sponse formalism to work, Tinte; must be much less than

Te. Unfortunately, this approach breaks down if one con-
siders intranode scattering as the only dominant scatter-
ing mechanism, since in this case the chiral charge must
remain conserved along with the global charge.

In the limit of weak magnetic field, Son and Spivak [10]
highlighted the importance of internode scattering in-
duced positive LMC in WSMs via the semiclassical Boltz-
mann approach. Despite this, a series of recent papers
suggested that intranode scattering, alone, can give rise
to positive longitudinal magnetoconductivity via a E - B
force term incorporated in the semiclassical equations
of motion [14-21]. It is therefore implied that posi-
tive LMC manifests in WSMs even in the limit when
Tinter/ Tintra — 00 (Where Tingra 1S the intravalley scatter-
ing time). Importantly, these works also make no distinc-
tion between the parameter regimes Tintra < Ty < Tinter,
and Tingra < Tinter K Tp. The distinction between the
two cases actually has drastic consequences, as chiral
charge is conserved in the former, but the latter indi-
cates global charge conservation, which happens on a
timescale larger than the intravalley timescale Titra, but
smaller than 745. The claim that intranode scattering,
alone, can positively increase LMC, inherently assumes
that Tintra < 7 < Tinter-

In this Letter, we show that the intranode scattering
alone cannot yield positive LMC in WSMs, as this is
inconsistent with chiral charge conservation. We begin
by first showing that semiclassical calculations of LMC
with a momentum-independent scattering time, as is as-
sumed in the recent works [14-20], violate chiral charge
conservation. Chiral charge conservation is shown to be
consistent only with a momentum-dependent scattering
rate, which, very importantly, yields a negative LMC.
We therefore show that internode scattering is necessary
to obtain positive LMC in Weyl semimetals, as opposed



to the recent works. Even very weak internode scatter-
ing drives the system to show positive LMC, and only
sufficiently strong intervalley scattering beyond a criti-
cal strength switches the sign to a negative LMC [21].
Chiral anomaly is therefore an internode phenomena in
WSMs, even in the weak-B limit where the semiclassi-
cal formalism is valid, consistent with the Landau-level
picture. Our results are fundamental for proper analysis
of recent experimental results that have claimed positive
LMC to be a signature of chiral anomaly in the weak-
field regime because we rule out the possibility of pure
intravalley scattering induced positive LMC, which is not
a true signature of chiral anomaly since it conserves chiral
charge. Our results also have important consequences in
the context of inhomogeneous WSMs (IWSMs), where we
show that strain, alone, leads to a negative longitudinal
magnetoconductance, and contributes a planar Hall con-
ductance which is of opposite sign to that of an external
magnetic field. These results, which can be experimen-
tally verified, are also in contrast to some other recent
papers [40, 41].

Inconsistencies of momentum-independent scattering
time: For a single isolated Weyl node Hx = xhvrk - o,
the steady-state Boltzmann equation takes the following
form [42, 43]

D} (-5 ) (v + §BOY W) - B=Tanlad (1)
where v is the semiclassical band-velocity, E and B are
external electric and magnetic fields, respectively, Qy is
the Berry curvature [44], go is the Fermi-Dirac distribu-
tion, ek is the energy, and DY = (14+eB-Q)/h)~. Within
the relaxation-time approximation, the collision integral
Icoll{gk} is Slmply
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where dgyt is the deviation from the equilibrium. Particle
conservation implies that

> gy =0 (3)
k

In the geometry when E || B || £, the equation for
particle conservation, Eq. 3, reduces to the following
form [43]:
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Here all the quantities in the integrand are evaluated on
the Fermi surface at zero temperature. A simplifying ap-
proach often employed is to assume that the scattering
time is independent of momentum k, i.e., 7X(0) = 7% [14—
20]. However, it can be easily verified from Eq. 4 that
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Figure 1. (a) LMC for an isolated Weyl node is always neg-
ative due to chiral charge conservation. (b) AX(8) between 0
and m at B = 17. (c¢) The corresponding normalized devia-
tion in the distribution function (proportional to dg; ), which
integrates to zero. Here y = 1.

when 7X(0) is independent of 6, the L.H.S. of the equa-
tion does not reduce to zero! Even if we ignore the con-
tribution due to the orbital magnetic moment, the inte-
gral above still turns out to be non-zero. For the case
with a pair of Weyl nodes with zero internode scattering,
the chiral charge remains conserved and thus, this result
still remains valid. A momentum-independent scattering
time is thus inconsistent with particle number conserva-
tion.

LMC for zero internode scattering: When internode
scattering is zero, it suffices to calculate the result for a
single isolated Weyl node, and the contribution from both
the nodes can be summed over. Since we have shown that
the momentum-independent relaxation time is not valid,
we instead choose the collision integral in Eq. 1 to be:

Zeon{gx} = Z (A — AL Wi (—0go/Oer) eE. (5)

Here the scattering rate Wy must not be taken to be
independent of momenta, and without loss of generality,
the unknown function A{ is assumed to be

A = (fie = M) (6)

where hY = DY (vX+eh BQL-vY)), 7' =
> Wi, and fi¥ is the unknown. The roles of chemical
potential and the orbital magnetic moment are incorpo-
rated by (—0go/0¢€r), and a B—dependent energy shift
in the dispersion respectively. In the first Born approx-
imation, and in the simplest case of point-like disorder,
the scattering rate is evaluated to be

2m
Wk = f‘U|25(€k — GF)X
(1+ cosfcos@ +sinfsind cos(p — ¢')), (7)

where U is the strength of the disorder in appropriate
units. We emphasize that the explicit dependence on the
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Figure 2. (a) LMC for a pair of Weyl nodes of opposite chiral-
ities becomes negative beyond a critical intervalley scattering
strength a.. Here « is increased from 0.1 to 1. (b) The nor-
malized deviation in distribution functions at both the valleys
for three different values of a.
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Figure 3. Conditions to observe positive or negative LMC.

direction of momenta, i.e., the polar and azimuthal an-
gles, which comes from the chirality of the Weyl fermion
wavefunction, survives even in the absence of momentum-
dependent disorder strength U. The Boltzmann equation
reduces to

X(0) = /FX(O/)T(G)(I + cosfcos@)(fX(0") — hX(0'))do’,
(8)

where FX(6) = k*(0)(Dy) *sinf|vi - k|7'. Again, all
the quantities in the integrand above are evaluated on
the Fermi surface. To this end, incorporating particle
conservation with the following ansatz, solves the above
Boltzmann transport equation:

AX(0) = 7(0)(a* + bX cos § — hX(0)), 9)
Finally, the current due to the deviation in equilibrium
is evaluated as:

P =—e> i¥(6g), (10)
k

and the longitudinal conductivity o,.(B) can be evalu-
ated. We define 60,,(B) = 0,,(B) — ¢2,, where ¢?, is
the zero field conductivity.

Fig. 1 (a) plots the evaluated LMC, do,.(B) for an iso-
lated Weyl node, which turns out to be always negative,
and independent of the chirality of the Weyl node. This
result is in contrast to the recent papers concluding that
intranode scattering alone can produce positive LMC in
WSMs [14-21]. Fig. 1 (b) plots AX(0), while Fig. 1 (c)
plots the normalized distribution function. The distri-
bution function directly reflects dgy, which integrates to
zero, as expected from particle number conservation. As
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Figure 4. (a) Strain induced LMC for a pair of Weyl nodes
of opposite chiralities is always negative. Here « is increased
from 0.1 to 1. (b) The normalized deviation in distribution
functions at both the valleys for three different values of «.
Bs field is chosen parallel to E.

a complementary approach, we also solve this problem
using an ansatz free, numerical solution to the Boltz-
mann equation, and reproduce the same findings [43].
We also approach this problem in the weak-B limit of
Landau level formalism. In the presence of an external
magnetic field (assumed to be parallel to the z—axis), the
energy levels are quantized and the energy dispersion is
given by €, k. = vr sign(n)\/2h|nleB + (hk,)?2, where
n = +1,£2.... (in addition to the chiral zeroth Landau
level). The intraband conductivity is evaluated to be [43]

U:%(BHC—B),

(11)
where the prefactor C is a constant that depends on ma-
terial parameters [43], n. is the number of filled Landau
levels. We show that n. scales linearly with B~! [43],
and therefore the magnetoconductivity due to intraband
scattering for a single Weyl node is always negative.

LMC with non-zero internode scattering: The collision
integral takes the following form

Tl i} =D (A = AL ) Wi (=00 /0er) e, (12)
k/X/

where the scattering rate Wlﬁz‘// has internode as well as
intranode scattering, which is evaluated to be

’ 2 ’
M = 2o P, — er)x
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(13)

where the disorder parameter U Xx" allows us to tune the
internode and intranode scattering strengths differently.
Hereafter, we denote the ratio |[UX#X'|2/|Ux=X|2 = q.
The solution presented before is extended for the case of
two nodes [43] with finite internode scattering. Fig. 2 (a)
plots LMC for increasing intervalley scattering strength.
We find that LMC for a pair of Weyl nodes of opposite



chiralities becomes negative beyond a critical intervalley
scattering strength ., as also observed in Ref. [21, 22].
This is attributed to orbital magnetic moment that has
opposite effect on the Fermi surfaces of both nodes [21],
and renders them dissimilar in the presence of external
magnetic field.

The striking observation here is that even for weak in-
ternode scattering, LMC is positive, as opposed to the
case of strictly zero internode scattering. The distribu-
tion function obtained here for the case of weak intern-
ode scattering is quite different from the one obtained
in Fig. 1 for the case of zero internode scattering. In
the latter case the deviation of the distribution function
must integrate out to zero at a single node, i.e., the chi-
ral charge is conserved. This condition is relaxed in the
presence of weak internode scattering, and only the global
charge needs to be conserved.

The Boltzmann transport equation gives the steady-
state solution that is wvalid in the limit ¢ >
max{Tinter, Tintra - Hence, the particles are allowed to
scatter and redistribute across both the nodes on a
timescale much less than 74. In order to highlight the
role of 74, we also incorporate it into the Boltzmann for-
malism [43]. We show that when Tinger > 74, we are in
an effective one-node regime, and obtain negative LMC
that are fully consistent with the results of a single-node
obtained in the manuscript. These observations summon
very important points: (i) intranode scattering, by itself,
does not yield positive LMC due to chiral charge conser-
vation, (ii) finite internode scattering is a fundamental
for observing positive LMC in the semiclassical low-B
limit, (iii) chiral anomaly induced positive LMC is there-
fore a pure internode phenomenon, reconciling the Boltz-
mann and the Landau-level picture, (iv) sufficiently large
internode scattering beyond a critical value «, switches
the sign of LMC from positive to negative. Correspond-
ingly, Ty > Tinter > Titer 1S NECessary to observe positive
LMC in experiments, where 7, is the critical interval-
ley scattering time below which LMC becomes negative.
Fig. 3 summarizes the conditions.

Inhomogeneous WSMs: We now show that our results
have very important consequences in the characteriza-
tion of Weyl systems with naturally occurring inhomo-
geneities. An axial magnetic field By that couples to
Weyl fermions of opposite chirality with an opposite sign,
can be realized by an inhomogeneous strain or magneti-
zation profile in IWSMs [40, 45, 46]. Interestingly, it has
been pointed out that strain alone can result in posi-
tive contribution to LMC even in the absence of external
magnetic field (B = 0) [40]. In striking contrast, again,
we discover that this result is incorrect, and strain alone
does not yield positive LMC, but rather decreases con-
ductance, as plotted in Fig. 4 (a). Detailed analysis of
strain induced LMC is presented in Ref. [43]. In the ab-
sence of strain, the switching of LMC from positive to
negative is attributed to the effect of orbital magnetic
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Figure 5. (a) Minimal model of inversion asymmetric WSM
with four nodes. Chirality of a node is indicated by x, and in-
ternode scattering from node i to j (and vice-versa) is denoted
by a%. The sign of LMC as a function of internode scattering
without strain is plotted in (b), and, with only strain in (c).
Strain, alone, does not increase LMC.

Figure 6. (a) Planar Hall conductivity as a function of mag-
netic field in the absence of strain, and, (b) as a function of
the axial magnetic field Bs in the absence of external mag-
netic field. The angle of the magnetic field in (a) and axial
field (b) were chosen to be the same.

moment, but here, even ignoring the OMM contribution
does not affect our result qualitatively. This is because,
unlike the former case, strain induced OMM affects both
the nodes equally, and thus the Fermi surfaces retain
their similarity. We extend the formalism to the case of
an inversion asymmetric WSM. We choose a prototype
model of a system with four Weyl nodes located at the
points K = (+7/2,0,+7/2) in the Brillouin zone. The
minimal model is given by

4
H=> xnhvrk-o, (14)

n=1

where X, is the chirality of each Weyl node, and specif-
ically, we choose y1 = —x2 = x3 = —x4 = —1, such
that time-reversal symmetry is respected (see Fig. 5 (a)).
We consider four possible internode scatterings as shown
in the figure, and scattering between diagonal nodes is
neglected. Furthermore, we choose a'? = o3%, and
a3? = o', The behavior of LMC without strain is plot-
ted in Fig. 5 (b). Sufficiently large internode scattering

(a'? and/or o'?*) yields negative LMC. In the presence



of only strain induced field Bs, we never get a positive
contribution to LMC as shown in Fig. 5 (c).

Planar Hall effect in IWSMs: To evaluate the pla-
nar Hall conductivity, the magnetic field is made non-
collinear with the electric field direction. We rotate the
magnetic field along the x — z plane, that breaks the az-
imuthal symmetry [43]. Focusing on the strain induced
planar Hall effect, we find that contrary to previous re-
ports [41], the strain induced contribution is not only op-
posite to that of the regular planar Hall effect, but also is
different in magnitude. In Fig. 6 we explicitly show that
for the same orientation of the B and the Bj field, the
magnitude and the sign of planar Hall conductance are
different from each other. Strain, thus has a planar Hall
conductance of opposite sign to that due to an external
magnetic field.

Final words: Reconciling with the Landau-level pic-
ture, we show that chiral anomaly induced positive LMC
is indeed an internode phenomenon, even in the weak-
B semiclassical limit. Our results have remarkable im-
plications in the context of Weyl semimetals, and are
fundamental to a proper analysis of recent experiments.
A positive LMC obtained in experiments in the weak-B
limit must imply the manifestation of true chiral anomaly
and excludes the possibility of intravalley scattering that
conserves chiral charge.
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