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Chiral kinetic theory of anomalous transport induced by torsion
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In Weyl semimetals subjected to torsion, there are two different kinds of chirality: (i) The (coordinate-space)
shape of the twisted crystal is chiral and (ii) the momentum space contains chiral quasiparticles. Here we
construct a general kinetic theory of anomalous transport using the phase space (coordinate and momentum
spaces combined) Berry curvature induced by torsion in Weyl systems. We describe how torsion generates the
chiral chemical potential and thus leads to the chiral magnetic effect (CME) in the presence of a background
magnetic field. We propose to measure the CME current induced by the torsion as a way to detect the anomalous
coupling between the coordinate-space and momentum-space chiralities.
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I. INTRODUCTION

The defining property of Dirac and Weyl semimetals is the
existence of gapless chiral quasiparticles. The spectral flow
induced by external parallel electric and magnetic fields leads
to the imbalance between the chemical potentials for right-
and left-handed chiral quasiparticles and thus to nonconser-
vation of chiral charge known as the chiral anomaly [1,2].
The chiral anomaly induces a number of phenomena in chiral
materials, including the chiral magnetic effect (CME) [3] that
manifests itself through the negative longitudinal magnetore-
sistance [4,5] in Dirac materials such as ZrTes [6] and NazBi
[7] and Weyl materials such as TaAs [8]. Weyl materials also
exhibit chirality-dependent optical effects [9—12], some of
which are driven by the chiral anomaly [13-15].

It is interesting to consider the effects of crystal deforma-
tion on anomalous transport, since deformations are known
to lead to strong “synthetic” gauge fields [16—18]; for ex-
ample, in graphene nanobubbles, the synthetic magnetic field
in excess of 300 T has been reported [19]. The geometrical
torsional response of Weyl fermions has been addressed in
Refs. [20-29], including its relations to the Neih-Yan anomaly
[30] and chiral torsional effect [31].

A natural question to ask is whether these synthetic gauge
fields can be used to source the chiral anomaly and thus drive
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the CME and other anomalous phenomena. At first glance,
it may appear that deformations should be irrelevant for the
CME—indeed, the CME is captured [32] by the topological
Chern-Simons term ~s [ €;xA'F/* in the effective action
(where s = pug — pp is the chiral chemical potential and
A’ and F/¥ are the gauge potential and field strength tensor,
respectively) that does not depend on the space-time metric
&uv- Therefore, if one describes the deformation as a change
in an effective metric, the chiral anomaly and thus the CME
should seemingly not be affected.

However, this conclusion is premature since a time-
dependent, inhomogeneous deformation can induce a change
in the momentum space distribution of chiral quasiparticles,
e.g., by deviating the chiral chemical potential us away from
its equilibrium value ws = 0 [33,34]. In this case, the CME
current will be induced by the deformation in the presence
of a background magnetic field [33,34]. The collective exci-
tations mixing sound and chirality have been considered in
Refs. [35-37].

Kinetic theory provides a convenient framework for de-
scribing transport phenomena. For chiral fermions, the effect
of chiral anomaly has been incorporated [38,39] in this the-
ory via the Berry curvature; see Ref. [40] for a review of
earlier work on Berry curvature effects on transport. In the
resulting chiral kinetic theory, Weyl cones are described as

©2021 American Physical Society
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FIG. 1. An illustration of how the chiral imbalance and anoma-
lous transport can be manipulated by deformations in an external
magnetic field. The semimetal is twisted and compressed by the
force F'; this generates an electric current that is measured by an
ammeter A.

momentum-space monopoles of Berry curvature. In the pres-
ence of an external magnetic field, the combined effect of
the momentum-space monopoles and magnetic field is the
modification of the density matrix in the phase space, resulting
in the anomalous Hall effect and the CME [38,39,41-48].

In this paper, our goal is to construct a chiral kinetic theory
for Weyl materials under a mechanical twist, i.e., Saint-Venant
torsion. We focus on a twisted crystal under nonuniform
strain, similar to the case studied in Ref. [60]. We will first
show that the effect of dynamical, time-dependent deforma-
tions on chiral fermions can be captured by Berry curvature
in phase space (coordinate and momentum spaces combined).
This quantity has been introduced and used before in a variety
of problems involving chirality and spatially inhomogeneous
backgrounds [49-52]. In our problem, Berry curvature in
phase space emerges because the spatially inhomogeneous,
time-dependent deformations change the distribution of the
fermions both in coordinate and momentum spaces. We then
derive the generalized chiral kinetic equations (10) describing
the effect of deformations on transport of chiral fermions, both
with and without external electromagnetic fields. The corre-
sponding anomaly equation (12) has, as a source of chirality,
an exterior derivative of the phase-space Berry curvature.
Since it measures the charge of the Berry monopole in phase
space, we call it the “monopole charge function.”

The physical meaning of the anomaly equation is as
follows: As shown in Fig. 1, the angular twist creates a
synthetic magnetic field B¢, the time-dependent strain cre-
ates a synthetic electric field E.y, and they combine to
yield a source E!;B.; for the chiral charge generation in
the nth cone. Although the anomalous current induced by
strain alone cancels out after summation over all Weyl cone
pairs, the strain does provide a total chiral imbalance ps—
therefore, in the presence of an external magnetic field, the
chiral magnetic current appears. We then use the general-
ized chiral kinetic theory to evaluate the magnitude of the
CME current induced by torsion in the presence of mag-
netic field. The current has a linear dependence both on
the chiral chemical potential and the magnetic field, similar
to the usual CME. It is observable and provides a way to
discover the generation of chiral imbalance through synthetic

gauge fields arising from the phase-space Berry curvature.
Throughout the paper, we use as an example a concrete tight-
binding Hamiltonian (1); however, all of our derivations apply
to any Hamiltonian of type H =& - p(k,x,t) + ¢(k, X, 1)
without an explicit cutoff.

Our work focuses only on elastic deformations without
the defects, e.g., screw dislocations. Screw dislocation is a
topological defect in the crystal structure and hence also
in the synthetic gauge field, which acquires a § function
analogous to the Abrikosov vortex in a type II superconduc-
tor. The elastic torsion we consider deforms the lattice, and
therefore the Hamiltonian, continuously, whereas the defects
induce singularities and thus potential sensitivity to the UV
cutoff [53].

Let us consider an angular twisted Weyl semimetal with
time-dependent compression along the axis of twist. The twist
is chiral; the compression and twist together generate chirality
and produce a chiral imbalance for the Weyl quasiparticles, as
we will demonstrate. In order to solve this problem within
the framework of chiral kinetic theory, we need to do the
following. First, we need to understand how the elastic defor-
mation in position space affects the Berry curvature, in both
position and momentum spaces. Second, we need to formulate
and solve the kinetic equation, and calculate the anomalous
current and chiral charge generation.

For the first problem, because the Hamiltonian in mo-
mentum space now depends on the spatial coordinates, it
is impossible to separate the position space and momen-
tum space components of Berry curvature. Therefore, we
will address this problem from the perspective of the phase-
space path integral; our starting point is a phase-space La-
grangian, which we will obtain from the coordinate-dependent
Hamiltonian. To solve the second problem, we start from the
definition of the Berry connection in phase space and derive
the corresponding kinetic equation.

II. HAMILTONIAN IN DEFORMED WEYL SEMIMETAL

Since much work on Hamiltonian under deformation is
derived from a tight-binding model [54-57], we will use a
simple model Hamiltonian of an anisotropic Weyl semimetal
proposed in Ref. [58] as an example. This model has a simple
tetragonal lattice with lattice constants a and b. The tight-
binding Hamiltonian of the model is given by

_ + +
H=- § :(Ci—]x/ci + ¢ Ci) 0%

i

+ 2cos(koa) E cleitioy

i

: + +

+1i E (CiprpCci— ¢ ci)hoy

i

+ Y (e oyt M

l

where a is the lattice spacing in the x direction, and ¢* and ¢
are creation and annihilation operators. The parameters ¢, ;,
and #; represent the strength of tight-binding interaction, and
ko is the location of Weyl points in momentum space. The L
denotes the directions perpendicular to the specific x axis, so
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it corresponds to the indices in y-z plane, which can be taken
as J or Z. For example, ¢;1 11,0, means ¢;y1y0, + Cit170;.
This model possesses a fourfold rotation symmetry around

the x axis, and inversion symmetry but not the time-reversal
symmetry. The deformation can be described by the following
parameter change:

(¢ i+t pennoy

- C,+ 1 Ci + C,THX/CI')(IIO'X - ﬂluxxax) + i(C,-tleri

- Ci+1X/Ci),32Mx¢GL, 2

hoy — hoy — B3uy 10, 3)

where § is the anisotropic Gruneisen parameter and u,, is
the strain tensor. We set the twist to be along the x axis,
u,1 = ye;jrj; y describes the twist angle gradient; and ¢;; is
the rank-two antisymmetric tensor in y-z plane. We also apply
a time-dependent compression A = —uy,.

With these substitutions, the strain-modified Hamiltonian
in momentum space becomes

H = — 2t[cos(k.a) — cos(koya)]oy
—2h sin(k}',b)ay — 21, sin(k.b)o,
— 2Bayysin(k.a)o, + 2B,y zsin(k.a)o,
+ 284 cos(k,a)roy + 2[cos(k;b) + cos(k.b)lts,  (4)

where the primed symbols denote the local lattice vector di-
rection. The transformation of direction from global vierbein
to the local one is given by

dx 1—A@) O 0 dx’'
dy | = 0 L =y |ldy ] S
dz 0 yx' 1 dz

we will denote the transformation matrix as M/ = j}f’, )

Expanding the effective Hamiltonian in the vicinity of the
Weyl point at momentum K;, we get a familiar form,

—K)+ W'k —K)+E
K)+ Wik —K)+E,

Her = ¢ oq (k!
eff (6)

= e, 0,(k; —

where the local Weyl points K’, dreibein ¢/, tilt vector W/, and
energy of Weyl points £ can be derived from Eq. (4). The
corresponding dreibein and Weyl points in global coordinates,
which are defined to be consistent with the untwisted lattice,
are given by K; = (M~)/K/, ¢! —e”M’ and Wi = W”M’

In the next section, we will prove that the elastic ch1ra1
anomaly is independent of ¢/, and W', so there is no need to
give an explicit form of these quantities here. All we need
is the elastic gauge field that can be read off the form of
the effective Hamiltonian. There are eight Weyl cones. In the
lowest order,

K, = sy [kox + A COt(kOXG))‘-i|’
ha

K =57 j’; s, sin(ko.a) + O(— sy) @)
2

Bayy

K. =— TS sin(koya) + O(— 57)2

4

153

where s, = sgn(sin(K.a)) and s, = sgn(cos(K, .a)),E and
the chirality x is s.s,s,. The velocity of fermions in the x
direction is v* = 2at|cos(kg,a) and in the y, z direction is
v = 21b.

II1. KINETIC EQUATIONS FOR THE HAMILTONIAN
o- p(k’x5 t) + ¢(k9x’ t)-

In the above analysis, we find that the elastic deforma-
tion affects the dreibein, tilt vector, and position of Weyl
points, but the Hamiltonian always maintains the form o -
pk,x,t) + ¢(k, x,t). This Hamiltonian can be analyzed by
chiral kinetic theory from a path integral perspective [38],
where the action is given by

tf .
1=f k-%—e(p)—ap-k—ar % —aldt; (8)
1

€ = £|p| + ¢ is the eigenvalue of energy.

After generalizing the Berry connection and curvature in
momentum space [38], the Berry connection and Berry cur-
vature in phase space can be defined as a, = i{u|3; 9 S Oplu) =

api
3[; Cll{), ot,B = aﬂaa - aaaﬁ = Qaapmaﬁplemlngna where
Q zﬁu’"z . Below, we use the Greek characters as the indices in

phase space.

For an arbitrary Hamiltonian, the kinetic equations corre-
sponding to (8) are derived in [59]; see Egs. (C3), (C8), and
(C9) in that paper. For our Hamiltonian, the Berry curvatures
satisfy the following identity:

Qup Qo + Ry g + Qo Ryp = 0. 9)

Using this identity, the kinetic equations can be brought to
the form

VGH = = Qu + (1 + Q) — Qi) € + Qg e,

(10)

VGki = Qi — (8] (1 + Q) — Q)€ — Qi Oy €,

an

where v/G = 1 + €2, describes the modification of the phase
space density.
The corresponding anomaly equation can be written as

VG N 9/ Gx! N 9/ Gk;

ot ox' ak;
= Ot + O uini O € + Ouig g, i€, 12)
where
Oupy = 028y + 052,0 + 0, Qup 13)

is the exterior derivative of the Berry curvature; we will call
this quantity the monopole charge function, as it measures the
charge of the Berry monopole in phase space.

It is easy to prove that if the Berry connections are all
continuous analytical functions, Eq. (12) becomes a classical
Liouville equation, because O, = 0. However, the Berry
curvature possesses a singularity at the point p = 0, where
two degenerate bands cross. This is the source for the chiral
anomaly.
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The chiral anomaly is linked to the topology of fields in
the system; to investigate the gravitational topology and gauge
topology, we need to understand the source of e and K;.

As we showed in the first section, to form the dreibein
efl we need the following: (1) the elastic deformation of the
lattice that changes the dispersion relation and (2) the frame
transformation matrix Mij induced by the geometric structure.
The gauge-analogy effect is affected only by the existence of
the Weyl points K;, and is independent of the dreibein ()’
and the tilt W' that describe the shape of the cones. The gravi-
tational “Nieh-yan” anomaly effect is determined by nontrival
structure (for example, dislocation) and the momentum cut-
off. The structure is absent in our continuous deformation
model. So, the final result for the anomaly is cutoff indepen-
dent. In other words, the chiral anomaly in our model just
contains the gauge-analogy anomaly which depends on the
existence of Weyl cones (K;) but not on their detailed shapes,
as we will now demonstrate.

IV. CONSISTENCY CHECK OF KINETIC EQUATIONS

Let us first check that our equations are consistent with
Ref. [38] in the absence of deformations. In this case, p; =
ki — A;; we will use the Coulomb gauge. From (13), we get
for the monopole charge function

9Pm 3pn 3p1
da 9B oy

where ®, = 278°(p) is the well-known Berry monopole in
momentum space. Therefore,

®aﬂy = Emnl ®p7 (14)

O = 21 (E - B)8(p), (15)

®ijjxi ak[e + ®xfkjki axie =0. (16)

We thus obtain from (12) the same expression for the “Liou-
ville anomaly” as in Ref. [38]:

VG  9VGxi 0/ Gk
+ — 4
ot i ak;

Let us now check the consistency of kinetic equation (10). For
the Weyl Hamiltonian H = o;k;, we get

=27 (E - B)8*(p). (17)

A

= P
Q. =—E x ——,
' 2|pP?

— Q0 Op, € + Qi die = (p- B —

Qe = (B-Q)p, (18)

B-p. (19
The kinetic equation is thus given by

-

VGi=p+E x +(p- Q)B, (20)

p
2|pl?
which is also same with the equation derived by Stephanov
and Yin [38].

V. DERIVATION OF TOPOLOGICALLY PROTECTED CME
AND CHIRAL ANOMALY FOR A GENERAL DEFORMED
WEYL SEMIMETAL

Let us now apply the kinetic equations (10)—(12) to the
Weyl semimetal under torsion. We first use the anomaly
equation (12) to identify the quantities responsible for the

topological configuration of the system. In our case, by sub-
stituting p, = e, (x)(k; —A; — K;), and ¢ = W' (x)(k; — A; —
K;) + £(x) into (12), we get

o _ e,a(A +K),3(A,+K,)
k't = Ca®p g dt

iaegT  3(A +K)
- a_‘ jeC—
ax! ot
dA+K)
dt

abczn 83 (P)
Eabc 28 (p) (21)

= 2ndet(€)< IV x A+ 1?)]>83(p>,

where T; = ei;lpj = k; — A; — K;. The second line above van-
ishes by p;8°(p) = 0.

The monopole charge functions ® only depend on p, so
(21) is tilt independent. One can further prove that the last
two terms in (12) are also the same:

®k/-xfxi 8k,- €+ ®xfk,-k, Oyi€

= 2ndet(e)(VE - [V x (A + K)DS(p). (22)
Therefore, the anomaly equation for an isolated Weyl cone is
&k (VG  3VGi 3Gk
"t = VG + f VG f
Q2n)3 ox' ok;

—ld3
/ Sgl’l(]) (®kxt + ®k ixd xi ak €+ ®xfk ki ax’e)f

(2m)3
_sen (J)d t(e) " det(e)Befs - Eoir
472

B Eor
_ X Z;Tz err’ (23)

where the effective electric and magnetic fields are
. dA+K)
Ep = ———
dt
and J = det(e) is the Jacobian; its sign corresponds to the
chirality of the Weyl cone.

It is clear from (23) that the anomaly equation is inde-
pendent of dreibein and tilt vector—it depends only on the
existence of the Weyl point, due to its topological nature.

Although the anomaly is not affected by dreibein and tilt

vector, the general expression for the current still depends
on them:

+VE, By=Vx@A+K), (24

d’k d3p .
@y Qn) VG f

= / sgn(J ' [=Qps + (851 + Qpur) — Qi ), €

ji= VGxif = f sgn(J)J !

d’p
Qi 0€lf ——.
+ Qyk; 04 G]f(zn)3
(25)

The first term €2, describes a transverse current analogous to
the anomalous Hall effect. The second term 9y, e corresponds
to the anomalous velocity induced by lattice motion. To study
the CME, we focus on the last three terms:

pepa | i Wipe
S2k x!ak6 = 8,1;,5(6 Abjed2| |4 +eéAbj2|p|3)7 (26)
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pera i Wipe
Qkxjak € = gabc(e Ahj€£2| |4 +€;Ahj2|p|3>, (27)

PcPd i 'Fjpc
Qkk aX/G = Eabc (6 elJ’Ad12| |4 + eae{)rp'3> (28)

T, = aav)‘:lzT W,aA,+

_ 0pa __ J 3A;
where A, = PR a) T — eaaxj.
]
g—g and we have defined o' , = %
x' . aj Y
Using the symmetry relation €,p.pq — €4pcPa — €adePb —
€wape = 0, one can simplify these equations, and get the

following expression for the anomalous CME current:

) d%p
i 7!
j / sen(I™ s
X [ijxjakié — Qi 3/(/6 + Qkikjaxjé]f
d3p - Thep,
— SHJJ71 l‘j j fatocn eff
[ et Shs [e‘eb‘”’”‘ 2pp )2| B
+ tape (], TIW' — €], TWF + e;eif’j)%pcp
Pe i
+28ahc8/lme ebW 20p |3Beffi|f (29)

It is easy to derive from Eq. (4) that W' =
[0, —2t3s, t: yzsin(koa), 2t3Sx, yysin(kga)] and yy, yz < 1,
so we will ignore it in our calculations and treat the cones as
untilted. In such a cone, in a equilibrium distribution, f(|p|)
can be assumed to be an even function of p,. So, most terms
in Eq. (29) should vanish except the second term. It is easy
to show that the second term is also independent of dreibein.
Therefore, the CME current is topologically protected too.
The contribution of each cone is

. d’p
Jn= f sen(/)J ' = det(e) e“zf
(27) 2|pl (30)
(M_gn)Beff
YodApr

where y,, &, are the chirality and energy of the nth Weyl point.
In this expression, as explained in Ref. [44], both u and &,
should be counted from the bottom of the filled band.

The evolution of the chiral charge can be determined in the
relaxation time approximation:

P SE-B e
OiJ + Pn = Xn——5— — ;[

_ 31
. on — (On )eq]v €2))

where (p,)eq denotes the equilibrium chiral charge density
in position space and t is the chirality relaxation time.
So the chemical potential p, associated with the chiral
charge is [3,60]

_ey2\ !
M:(M) 5,

2w 2v¥ Y vt
L (32)
1672%ab? (:os(kxoa)tltz2 Eett - Begt

T

(M - 5,,)2 4772 '

=X

where v is the chemical potential. The contribution of each
cone to the chiral magnetic current is given by

2
472
therefore, the total CME current is determined by the chiral

imbalance [3]. The general form of the anomalous CME cur-
rent in a deformed Weyl semimetal is given by (29).

Ju = Xn-—s81nB; (33)

The current in the model with torsion

Following the general results derived above, we will now
focus on the topology effect by elastic torsion—effective
gauge field induced on the Weyl points by torsion. Since
the effective electric field transforms as a 2-form under ar-
bitrary diffeomorphisms, the effective electric and magnetic
fields (24) are

E.r = sxf—l cot(koya@)AR; (34)
1a

Bur = —s:(sy + sz)’fz—l’; sin(ko,@)%. (35)
2

The chiral anomaly at each cone is

. cos(akoy )y A
Eeff . Beff - _(sy + Sz)ﬂlﬂz ( 0 )7/ . (36)
abt |ty

The total charge is conserved, as expected:

PCTE Z X 5 (Eett - Beft)n

n

cos(akoy)y A
3 (s, 4 s P22 ooy
Syye=%1 abtt

=0.
(37

The energies of the Weyl points are
& = t3(sy +52);
therefore, combining Egs. (30) and (32) we get
. . XnS1n€*Bl
Jiotal = Z(J In = Z Tm

n

4o 5 B1 Babty cos(ako, )y A
2h2

1 1 '
- B, (38
) ((M—4t3)2 (M+4t3)2)f ot (38)

This shows that the current is linear in the external magnetic
field [3], which is different from the CME induced in parallel
(weak) electric and magnetic fields, where j B? [4,5].

For a numerical estimate, let us assume a statically
twisted and dynamically compressed (along the axis of twist)
crystal with a square cross section 2 x 2 mm, and take
parameters =2eV, b =05¢eV, 13 =0.05eV, B =
1.5eV, gp=1eV, a=03nm,b=04nm, 7t =
10710, u=0.15eV, ako, = /3. Let us also assume
an external magnetic field of 10 T, with a twist parameter
of y=10m™" and compression rate A = 10s~!. The
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anomalous current density would be ~470 uA/m?, and the
total current would be about 2 nA. Note that the current has an
inverse square dependence on p — &,; it will be maximized in
materials with a Fermi surface very close to a Weyl point. For
example, for our parameters, if we take . — 4¢3 to be 0.01 eV
instead of 0.05 eV, our current will increase by a factor of 25
to approximately 50 nA.

VI. SUMMARY AND OUTLOOK

Our generalized chiral kinetic equations (10) and (11) and
the anomaly equation (23) apply to any Weyl system with
the Hamiltonian of the form o - p(k, x, 1) + ¢(k, x, t). In the
anomaly equation (23), torsion creates a synthetic magnetic
field, while the time-dependent compressive strain creates a
synthetic electric field—so no external electric field is nec-
essary to generate the chiral chemical potential. Detecting
the resulting torsion-induced chiral magnetic current would
thus allow us to establish the anomalous coupling between
the spatial and momentum-space chiralities, without a back-
ground from the Ohmic current that exists in the longitudinal
magnetoresistance measurements.

The current measured in the corresponding experiment
will also not get contributions from the piezoelectric effect
(because the material is inversion symmetric and has no piezo-
electricity) or from eddy currents (because the compression is
along the magnetic field).

It has been suggested that lattice defects can act as sources
of emergent gravity: a disclination induces a curvature and
a dislocation induces torsion [61]. It would be interesting to
extend our method to computing the anomalous currents re-
sulting from the combination of chiral and gauge-gravitational
anomalies in this case.
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APPENDIX A: THE DETAILED DERIVATION OF
EQS. (10)-(12)

From the Euler-Lagrange equation for the momenta, we get

al dol
% dt_akl =0, (A1)
and we derive
Xi = O € — Qarjkj — Qin k- (A2)
The Euler-Lagrange equation for the coordinates yields
al dol
ox  dirdx;

from which we derive

=0, (A3)

k,‘ = _8x,-6 + Qxikjkj + Qx,’xj).cj‘. (A4)

Since these two equations are coupled, the solution can be
found using a method based on differential geometry. This
work has already been done in Ref. [59]. Those results are

\/6 =1+ Qk,-xi - Qx;ijk;k/ + [(Qk,x,)z - Qk[x/ Qk/-x,]/2
_éiklejmn Qkkkl Qkixj mex,, /4‘

+€iki € jinn 203 bk 2,3, /05 (AS)

VG = (i (1 + Q) — Lki; — €kt € jrun bk, ey /4
+€ikt € jin 2, by /2) (O € — Q2u;0)
F(Quk; + €ris€ijm S, Lk, /2)(Ox,€ — Q2yyr)
(A6)

VGl = 8i;(1 + Q) — D, — €1 jmn Rk, Qe /4
+€ik1 € jimn by, Pz, /2)(— 0, € + S2)
— (R, + €xis€ijm by, ik, /2) (O, € — e )
(A7)

Here we will consider the case of a Weyl-type Hamiltonian:
H =0 - p+ ¢. Equation (9) is a key point for deriving (10),
(11), and (12).

Since

dpj dp; da,,  dp; dp; 0d,
Qup = Oyt — daaty = L OPI 0 OPj P T0p

"~ 3B da dp;  da 3B dp; (A3)
1
= Eaapmaﬁplemlngg,
we have the following relation:
dpm Op, Ap,, AP,
QaﬁQy(r =8mnl8m’n’l’LiL P leﬂf/
da 0 Jdy Odo
_(%-9pdp-3p 9p-3pdp-3p\ »
dady 0JBIc dado JIBIYy

Q-dp(Q-dpdp-dp QL-dpadp-dp
 da ( dy 0Bdc 9o aﬂay>
Q-dp(Q-dpop-dp QL-dpdp-dp

3B ( dy dado  do  dady >

(A9)

Therefore, the following cancellation takes place, as
shown in (9):

QaﬂQyU + Qay Qnﬁ + Qaagﬁy
_ <3p'3p8p-3p _ 3p~8p8p~3p)92

dady 0dBdo dxdo 0PIy
dp-dpdp-9p dp-3pdp-dp\ .,
dado Jyap dadf dody
dp-0pdp-9p _9p - 9pdp-9p\»
dadf dody dady dodf

Q-dp(Q-0paop-dp KL-dpdp-dp
 da ( dy dBds  do  3Bdy
Q-dpadp-dp KQL-dpdp-adp

do  dBdy 9B

dydo
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Q-dpadp-dp KQL-dpdp-dp

3B dydo Ay 803,3)

ap dpQL-dpQL-dp IpRL-dpR-adp
5'(8_0 3B dy  dy oo ap
oapQL-IpQL-dp JIpR-dpQ-adp

3y 9B 9o o Ip  ady
opQL-dpQ-dp 0dpQ-IpQ-JIp

0 dy 9p 9B do  dy )
=0. (A10)

Equation (9) makes the following terms vanish:

(€ikt € jmnS2k, Popxy /2 — €iki € jynn ek, L /4) = 0,

€kis€ijm 2k, Rk, /2 =0 (A1D)

= Qe — Qo )0 — Qs 220 = 0. (A12)
Finally, Egs. (A5)-(A7) can be simplified to

VG =14, (A13)

VGit = —Qu + [8;(1 + Q) — Qo 10, € + Rk, 0y, €.

(A14)

\/Ek = Qx,t - [511(1 + Qkkxk) - Qkixj]ax,f - Qx,Xjakjev

(A15)

The Liouville anomaly equation is easily derived from
above three equations:

0VG WG 0+/Gki
o1 x; ok;

= ®x,kt + O, xjxl ®Xjkjki axie'

1

(A16)

APPENDIX B: THE SUMMATION OVER CONES

The chirality and effective gauge fields depend on s,, s,
and s, as we explained in Eq. (7). To determine the total
anomalous current and the total chiral charge generation, we
should take into account the following summation rule:

> s =006 =x.y.2), (B)
Y sis; =00 # j), (B2)
Sis; = 1. (B3)

Using this summation rule, we find that the current ji,, orig-
inating from torsion alone and the total current ji resulting

from the combination of the torsional electric field and an
external magnetic field vanish after summation over all cones:

Jtor X Z 8 )2 (Eets - B
= S—x b
" (sy +Sz)t3]

[n—
=2

=0,

ef‘f)Beff
cot(kOXa))» | Begr|*

Sx (sy + sz ﬁ B2

Y2
T sonP cot(kOXa)A( ) sin? (koya)

(B4)

, 1
Jrot X ; m(Eeff : Bexl)Bexl

=2

Therefore, the only current that survives the summation over
the cones is the chiral magnetic current resulting from the
chiral chemical potential induced by strain in an external
magnetic field.

(B5)

Bi
—(s} 6P ha cot(kOXa))LB B=0.

APPENDIX C: CUTOFF INDEPENDENCE OF THE
MONOPOLE CHARGE FUNCTIONS

In this section, we show that the monopole charge function
computed from the entire tight-binding Hamiltonian (4) coin-
cides with the one computed for an effective low-energy Weyl
Hamiltonian.

From Eq. (4), we get

= —2t[cos(k.a) — cos(k,ya)] + 2B Acos(k.a), (C1)

p2 = —2sin(k;b) + 2By zsin(ka), (C2)
p3 = —2sin(k.b) — 2B,y ysin(k,a), (C3)
¢ = 2[cos(k;b) + cos(k.b)]ts, (C4)

where k! = M/k;, so the dependence of the p, on the
variables is given by pi(k., A(2)), pa(ky, ky, k;, x, 2, A(2)),
p3(k)m ky’ kz’ x5 Y )‘(t))

Let us use the above equations to compute the monopole
charge functions responsible for the chiral anomaly:

8pm 3Pn 3171
@ ,x/ mn
bt = Emnt o g OP)

_ | _ Py (2p20ps  Op2 03

N ar \ 9z dk.  dx Ok,
apy; (9ps s, Op3dp2
ar "\ dy 9k, = ox ok,

LOp2; (991 3ps _ ps I
ar \ ox ok,  Ox Ok,
_Op3. (Op1dpy  Op2dp
=i )

92 (ax ok, ax ok, ) O

= CO(p), (Cs)
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where, for simplicity, we use C to denote the part inside the
square bracket. C contains four terms separately displayed by
the four lines above. For the first term, which we denote as
C,, we have

C =

op1.{0pyd
_ﬂk<ﬁ p3

9p2 9ps
ar "\ oz ok,

ox 0k,
= —2,31cos(k;a)i(—4t2,32ysin(k)’(a)bcos(k;b)

9Ky N
+4t2,32bacos(kyb) e yycos(k.a) dk, )

= —2;31cos(k;a))'»[—4t2,82ysin(k;a)bcos(k;b)
+4t: prbacos(kb)y k.y ycos(k.a)(1 — A)].

, . dk
C; = 4B1yzcos(k.a)a

dxr

Since O, = CO(p), where O(p) = 2783(p), we are only
interested in the value of C; at the point p = 0:

Cilp=o = Cili=k = 2B1cos(Ko.a)A
x[—40 B2y sin(Koya)bs, + 4t fabay Ky y(1 — )]
= —8B1cos(Kora)Atr Bry sin(Kora)bs, + 0(y?).
The same way, one can derive the second term of C to be
281 cos(Kora)A
x[—4t Bry sin(Koca)bs, — 4t fobay K,y z(1 — X))
= —8p1cos(Ko,a)rt fry sin(Ko.a)bsy + 0(y?).

Gli=k

The third term is of higher order in deformation:

/ . dk/
“incos(kb)b— (211 — 2p11sin(ka)a(l = 1),
' X

Cilp=k = —8,81yzcos(K;Oa)aKx)'»tzbyKy(tl — Biv)sin(Ka)a(l — 1) = 0(y?).

Similarly, the last term Cy is also a higher order correction.
So, the integration of monopole charge function yields

/ d’k
—0
2

[ 4p
kix't (271)3

[J™'C2n8 (p)

1
= 73 1det) " Cllg=x;, (C6)

where J is a Jacobian. If we define ¢/, = %<, J = det(e). Since ¢!, = (e/)f;Mj.,

dk; ?

det(J) "' Cli -k, = det(e')""det(M)™'C|i.—x.. (C7)

From (C1)—(C4),

(2t) — 2B 1)sin(kLa)a

i dpa
AV —
@) K,

—2B,yysin(k.a)a

= 2By zsin(k.a)a

0 0
—2tzcos(k;b)b 0
0 —2tgcos(k;b)b

To count the lowest order, we should take the lowest order of det(e’)™!| ki=k;» det(M )1 |k=k;» and C|i,=k, separately as below:

1

det(e) ok = —————, C8
@) b=t = g K a)ab? (€8)
detM)~™' =1, (C9)
C=C+GC+C+Cy
= —8(sy + sz),31,32y)ltzabsin(KOxa)cos(Kéxa). (C10)
One can also prove that in the first order of y we get
@ijjx’.akie + @xjkjkiaxié =0. (C11)
So, finally let us multiply (C8), (C9), and (C10) to get the result for the anomaly:
EN / d3k® ! [det(J)~'C]|
= - ~ir = —=|d€ =K.
wJ b kixit 472 ki=K;
cos(Ky,a)B1Bay
= AT . Cl12
47'[2[1[2(11) (S} + SZ) ( )
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It coincides with Eq. (36) in the main text, which means that
the computation with the effective Hamiltonian does not miss
any anomaly terms in lowest order in deformation.

This means that we do not need to impose a cutoff. In
principle, we can go beyond the lowest order using the entire

Hamiltonian of Eq. (4), but the result becomes cumbersome
at higher order. We also do not need a cutoff in computing the
monopole charge function in the case of elastic continuous
deformation.
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