BROOKHFAEN

NATIONAL LABORATORY

BNL-222157-2021-JAAM

Chiral kinetic theory of anomalous transport induced by torsion

. Gao, D. Kharzeev

To be published in "Physical Review B"

August 2021

Physics Department
Brookhaven National Laboratory

U.S. Department of Energy
USDOE Office of Science (SC), Nuclear Physics (NP) (SC-26)

Notice: This manuscript has been authored by employees of Brookhaven Science Associates, LLC under
Contract No. DE-SC0012704 with the U.S. Department of Energy. The publisher by accepting the
manuscript for publication acknowledges that the United States Government retains a non-exclusive, paid-
up, irrevocable, world-wide license to publish or reproduce the published form of this manuscript, or allow
others to do so, for United States Government purposes.



DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the
United States Government. Neither the United States Government nor any
agency thereof, nor any of their employees, nor any of their contractors,
subcontractors, or their employees, makes any warranty, express or implied, or
assumes any legal liability or responsibility for the accuracy, completeness, or any
third party’s use or the results of such use of any information, apparatus, product,
or process disclosed, or represents that its use would not infringe privately owned
rights. Reference herein to any specific commercial product, process, or service
by trade name, trademark, manufacturer, or otherwise, does not necessarily
constitute or imply its endorsement, recommendation, or favoring by the United
States Government or any agency thereof or its contractors or subcontractors.
The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof.



2010.07123v3 [cond-mat.mes-hall] 19 Aug 2021

arxXiv

Chiral kinetic theory of anomalous transport induced by torsion

Lan-Lan Gao
Physics Department and Center for Particle Physics and Field Theory, Fudan University, Shanghai 200438, China and
Department of Physics and Astronomy, Stony Brook University, Stony Brook, New York 11794-3800, USA

Sahal Kaushik
Department of Physics and Astronomy, Stony Brook University, Stony Brook, New York 11794-3800, USA

Dmitri E. Kharzeev
Center for Nuclear Theory, Department of Physics and Astronomy,
Stony Brook University, Stony Brook, New York 11794-3800, USA
Department of Physics, Brookhaven National Laboratory, Upton, New York 11973-5000, USA and
RIKEN-BNL Research Center, Brookhaven National Laboratory, Upton, New York 11973-5000, USA

Evan John Philip
Computational Science Initiative, Brookhaven National Laboratory, Upton, New York 11973-5000, USA and
Department of Physics and Astronomy, Stony Brook University, Stony Brook, New York 11794-3800, USA
(Dated: August 20, 2021)

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 quasi-particles. 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.

I. INTRODUCTION

The defining property of Dirac and Weyl semimetals is
the existence of gapless chiral quasiparticles. The spec-
tral flow induced by external parallel electric and mag-
netic fields leads to the imbalance between the chemical
potentials for right- and left-handed chiral quasiparticles,
and thus to non-conservation of chiral charge known as
the chiral anomaly [I} 2]. The chiral anomaly induces a
number of novel phenomena in chiral materials, including
the Chiral Magnetic Effect (CME) [3] that manifests it-
self through the negative longitudinal magnetoresistance
[4, B] in Dirac materials such as ZrTes[6] and NasBi [7]
and Weyl materials such as TaAs [8]. Weyl materials also
exhibit chirality-dependent optical effects [9HI2] some of
which are driven by the chiral anomaly [I3HI5].

It is interesting to consider the effects of crystal de-
formation on anomalous transport, since deformations
are known to lead to strong ”synthetic” gauge fields [16l-
[I8];for example, 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 [20H29], including its relation to 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 the CME and other anomalous phenomena. At
first glance, it may appear that deformations should be ir-
relevant for the CME — indeed, the CME is captured [32]

by the topological Chern-Simons term ~ yu5 [ €;;5 A FI*
in the effective action (where us = ur — py, is the chiral
chemical potential, and A® and F7F are the gauge po-
tential and field strength tensor, respectively) that does
not depend on the space-time metric g,,. 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 po-
tential ps away from its equilibrium value ps = 0 [33]34].
In this case, the CME current will be induced by the de-
formation in the presence of a background magnetic field
[33,[34]. The collective excitations mixing sound and chi-
rality have been considered in [35H37].

Kinetic theory provides a convenient framework for de-
scribing transport phenomena. For chiral fermions, the
effect of chiral anomaly has been incorporated [38] 9] in
this theory via the Berry curvature; see [40] for a review
of earlier work on Berry curvature effects on transport.
In the resulting chiral kinetic theory, Weyl cones are de-
scribed as momentum-space monopoles of Berry curva-
ture. In the presence 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, 41H48].



In this paper, our goal is to construct a chiral ki-
netic theory for Weyl materials under a mechanical twist,
i.e. Saint-Venant torsion. We focus on a twisted crys-
tal under non-uniform strain, similar to the case studied
in [49]. We will first show that the effect of dynami-
cal, time-dependent deformations on chiral fermions can
be captured by Berry curvature in phase space (coor-
dinate and momentum spaces combined). This quan-
tity has been introduced and used before in a variety
of problems involving chirality and spatially inhomoge-
neous backgrounds [50H53]. In our problem, Berry cur-
vature in phase space emerges because the spatially in-
homogeneous, time-dependent deformations change the
distribution of the fermions both in coordinate and mo-
mentum spaces. We then derive the generalized chiral
kinetic equations describing the effect of deforma-
tions on transport of chiral fermions, both with and with-
out external electromagnetic fields. The corresponding
anomaly equation 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: the angular twist creates a synthetic magnetic
field Beyy, the time-dependent strain creates a synthetic
electric field E.;y, and they combine to yield a source
E! f fBé for the chiral charge generation in the ng, 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 us — there-
fore, in the presence of an external magnetic field, the
chiral magnetic current appears. We then use the gen-
eralized chiral kinetic theory to evaluate the magnitude
of the CME current induced by torsion in the presence
of magnetic field. The current has a linear dependence
both on the chiral chemical potential and the magnetic
field, similarly to the "usual” CME. It is observable, and
provides a way to discover the generation of chiral im-
balance through synthetic gauge fields arising from the
phase space Berry curvature. Throughout the paper, we
use as an example a concrete tight-binding Hamiltonian
; however all of our derivations apply to any Hamil-
tonian of type H = & - p(k,x,t) + ¢(k,x,t) without an
explicit cut off.

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 delta-
function analogous to the Abrikosov vortex in a type II
superconductor. The elastic torsion we consider deforms
the lattice, and therefore the Hamiltonian, continuously,
whereas the defects induce singularities, and thus poten-
tial sensitivity to the UV cutoff [54].

Let us consider a angular twisted Weyl semimetal with
time-dependent compression along the axis of twist. The
twist is chiral; the compression and twist together gen-
erate 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 ki-
netic theory, we need to do the following. First, we need
to understand how the elastic deformation 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 mo-
mentum space components of Berry curvature. There-
fore, we will address this problem from the perspective
of the phase space path integral; our starting point is a
phase space Lagrangian, which we will obtain from the
coordinate-dependent Hamiltonian. To solve the second
problem, we start from the definition of the Berry connec-
tion in phase space and derive the corresponding kinetic
equation.

II. HAMILTONIAN IN DEFORMED WEYL
SEMIMETAL

Since many work on Hamiltonian under deformation is
derived from tight-binding model[55][56] [57] [58].We will
use a simple model Hamiltonian of an anisotropic Weyl
semimetal proposed in [59] 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=- E (i 1pCi+ 1) t10s

i
+ 2cos(koa) - Z cjci ti0y
' (1)
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where a is the lattice spacing in x-direction, and ¢ and ¢
are creation and annihilation operators. The parameters
t1, t2 and t3 represent the strength of tight-binding inter-
action, and kg is the location of Weyl points in momen-
tum space. The L denotes the directions perpendicular
to the specific x-axis, so it corresponds to the indices in
y — z plane, which can be taken as y or Z. For example
Cit+11/0] MEANS Cit1y Oy + Ci412/05.

This model possesses a fourfold rotation symmetry
around the z-axis, and inversion symmetry, but not the
time-reversal symmetry. The deformation can be de-
scribed by the following parameter change:

(C?__wCi + c;-:_m/ci)tlaz —
(C?_—lz’ci + C;:-lx/ci)(tlaz — Brugz04)+

i(cj'_lm/ci — C;:_lzlci)ﬂQUzL 01, (2)



too —te0l — fsull -0, (3)

where (3 is the anisotropic Gruneisen parameter and uy, is
the strain tensor. We set the twist to be along the z-axis,
Ug | = YE€i;7; ; v describes the twist angle gradient, and
€45 is the rank two antisymmetric tensor in y — z plane.
We also apply a time-dependent compression A = —u,.

With these substitutions, the strain-modified Hamilto-
nian in momentum space becomes:

H = — 2ty (cos(kl,a) — cos(koza))o,
— 2ty sin(k,b)oy, — 2ta sin(kb)o.
— 2Byyysin(kla)o, + 2B2vzsin(kla)o,
+ 261 cos(kja) Ao, + 2[cos(ky b) 4 cos(kLb)]ts,

(4)

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

dz 1—=A(t) 0 0 dx’
dy | = 0 1 —yx' |- | dy |; (5)
dz 0 ~vyz' 1 dz'

we will denote the transformation matrix as MZJ = j;,]

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

Hepp = eyou(k] — Kj)+W" (k] — K]) + &

A _ 6

:ezaa(ki 7K1)+W’L(kz 7K1)+€, ( )
where the local Weyl points K’, dreibein e’ ,tilt vector W’
and energy of Weyl points £ can be derived from equa-
tion . The corresponding dreibein and Weyl points
in global coordinates, which are defined to be consistent
with the untwisted lattice, are given by K; = (M ~1)! K,
e, = LM} and W' = W" M},

In the next section, we will prove that the elastic chiral
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, = s;lkox + S cot(koza) A
tla

!/
K, = syﬁ?lsz sin(koza) + @(—sy)z (7)
tab b
/
K, =—s, By Sz sin(koza) + @(—sz))E
tob b

where s, = sgn(sin(K,a)) and s, . = sgn(cos(Ky,.a)),
the chirality x is s;sys.. The velocity of fermions in the
x direction is v* = 2at;cos(kogza) and in the y, z direction
is v¥% = 2t9b.

II1. KINETIC EQUATIONS FOR THE
HAMILTONIAN o - p(k,z,t) + ¢(k, z,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-p(k,z,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

Iz/tf(k‘-a's—e(p)—ak-k—aw-a's—at)dt; (8)

k3

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

Generalizing the Berry connection and curvature
in momentum space [38], the Berry connection and
Berry curvature in phase space can be defined as:
o = i<u|%8p\u) = %’Zaf, QNop = O0pag — Ouap =

(0%

%(%pmagplemlnﬂﬁ, where Q”JTTL\? Below, we use the

Greek characters as the indices in phase space.

For an arbitrary Hamiltonian, the kinetic equations
corresponding to (8) are derived in [60]; see equations
(C3,C8,C9) in that paper. For our Hamiltonian, the
Berry curvatures satisfy the following identity:

Qs Qo + Qar Qo + Qo = 0. (9)

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

VGi' = =+ (05(1+ Q) — 09 ) i €
+ Qk}ikj arjev (10)

\/ak7 =Qpi; — (53(1 + lewk) - Qkiij)axje
- Qmimjakje. (11)

where VG =1+ Q..+ describes the modification of the
phase space density.
The corresponding anomaly equation can be written

as:
NG  Git  OVGk;
ot * oxt + Ok; 7@kim1't+®kj:v1x"akie
+@Ijk;jkiaa;i€. (12)
where

eaﬁv = 0afdpy + 85970 + 0182 (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, the equation (12) be-
comes a classical Liouville equation, because ©,3, = 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.

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
el and K;.

As we showed in the first section, to form the dreibein
el we need the following: 1) the elastic deformation of
the lattice that changes the dispersion relation; and 2)
the frame transformation matrix M; induced by the ge-
ometric structure. The gauge-analogy effect is affected
only by the existence of the Weyl points K;, and is inde-
pendent of the dreibein (e)’, and the tilt W* that describe
the shape of the cones. The gravitational ”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 cut-off-independent.
In other words, the chiral anomaly in our model just con-
tains 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
[38] in the absence of deformations. In this case, p; =
k; — A;; we will use the Coulomb gauge. From , we
get for the monopole charge function

0P Opn Opy

a =&mnl™3_ a5 a. ) 14
@ By € laa 6/8 a’_y p ( )

where ©,, = 2763(p) is the well known Berry monopole
in momentum space. Therefore,

Okiaie = 2n(E - B)3*(p), (15)

@kﬂjxié)kie + @xjkjkiawié =0. (16)

We thus obtain from the same expression for the
“Liouville anomaly” as in [38]:

NG . oVGi; N NGl
ot D ok,

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

Qo = —E % gk, Qe =(B-D)p, (18)
— Dpy0i Oy € + Uy, e = (p- DB — (B - D)p. (19)

The kinetic equation is thus given by

—om(E-B)S*(p).  (17)

\/Eg'czﬁJrExQ'%PJr(ﬁ-ﬁ)é, (20)
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 — to the
Weyl semimetal under torsion. We first use the anomaly
equation to identify the quantities responsible for
the topological configuration of the system. In our case,
substituting p, = e! (z)(k;—A;—K;), and ¢ = W (x)(k;—
A; — K;) + E(z). into (12), we get

. ja(Aj + KJ) ! 8(Al + Kl)

O, zit = €46}, o €, 5 sabc27r53(p)
i 0ch,  0(AL+ K 3
—e axiTjecTsabCZmS (p)
dA+ K S
= Zﬂdet(e)(w [V x (A+ K)])5*(p)

dt
(21)

where T; = ei_jlpj = k; — A; — K;. The second line above
vanishes by p;0%(p) = 0.

The monopole charge functions © only depend on p,
SO is tilt independent. One can further prove that
the last two terms in are also same:

@kﬂjﬁa]@ﬁ + @Ijkjkiawiﬁ

L (22)
= 2ndet(e)(VE - [V x (A + K)])6*(p)

Therefore, the anomaly equation for an isolated Weyl
cone is:

&k (0VG  0VGi'  OVG;
o
Oud / (27r)3< o "o on !
Jtd3
= /SQW(J)(QT)gp(@kmt + Ok, zi i Ok, €
+ @Ijk‘]‘ ki aﬁl?'ie)f
sgn(J)

= 12 det(e)fldet(e)éeff ~Eeff
7I9

_ XBerr - Eeyy

472 » (29)

where the effective electric and magnetic fields are

By = ") 9o By v (AR, @
and J = det(e) is the Jacobian; its sign corresponds to
the chirality of the Weyl cone.

It is clear from that the anomaly equation is
independent 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:
. d3k ’ _, d®p .
J /W’\/éfﬂ f—/sgn(J)J (271_)3\/51' f

= /sgn(J)Jfl[*Qkit + (05 (1 + Qpyat) = Va9 ) i€

d3p

+ ks Ol oy

(25)

The first term (,+ describes a transverse current analo-
gous to the anomalous Hall effect. The second term Oy e
corresponds to the anomalous velocity induced by lattice
motion. To study the CME, we focus on the last three
terms:

egAbjeipcp + el Abj 1pc) (26)

Qi O, € = Eabe( d2[p|* 2[p[?

. — i A, ol PePd i p
Qk,',x]akje = Eabc(eaAbjed2|p|4 +e Abg 2‘1 C)a (27)

p|?
R i,J A . PePd i ,JLipe
Qpik; Opi€ = Eape(eh et Adgj beht +e eb2|”p|3 ), (28)
_ Bpa _ . J 9A; o awd
where A, = & w,T; — el o L = S T, —
i OA; o0& e’
jOA; _
W ozt T oot and we have fieﬁned waj = 5.
Using the symmetry relation €,pcpq — €dbePa — €adePb —

€abaPc = 0 one can simplify these equations, and get the
following expression for the anomalous CME current:

3

ji= /sgn(J)J_1 (;lﬂl)jg X

[ 0i Oy € — Qi O € + Qe O €] f

3
= /sgn(J)J_l(;iﬂ_Z))3

k,J
+ eabe(equwi) T wi—

i 7 g Ta cn Bé
[eéeiwﬁm 2|€b|2 + det(e) =L

eawka W+ e, e{]F )2| 3

1 A A
+§€abc8j1m€T€éW]2f76|3 crrl £ (29)
It is easy to derive from eq) that W' =
(0, —2t359;f—227z3in(k0a), 2t35$%’yysin(koa)) and
vy,vz < 1, 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
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

. 43 B!
o= [sanna e 3 j;‘ /

- (1 — 5n)Bé ff
Xn a2
where x,,, &, are the chirality and energy of the ny, Weyl

point. In this expression, as explained in [44], both p and
&, should be counted from the bottom of the filled band.

(30)

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

€3E . _é (&
= == (pe)  BD

Dijh + Pn = Xn -

where (pn)eq denotes the equilibrium chiral charge den-
sity in position space, and 7 is the chirality relaxation
time. So the chemical potential p, associated with the
chiral charge is [3], [49)

-1
(/’L B gn)Q
O, = | =——"— dpn
a (27r2v"”vyvz r
1672 ab? cos(kgoa)t1t Eeff Beff
(1 —&n)? 4m?

(32)

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

- e?

Jn = Xnmts,uné; (33)

therefore, the total CME current is determined by the
chiral imbalance [3]. The general form of the anomalous
CME current in a deformed Weyl semimetal is given by

(29)-

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 arbitrary dif-
feomorphisms, the effective electric and magnetic fields

are:

—

Ecpf = smﬂ cot(kopa) AZ; (34)
tla

Eeff = —5z(5y + sz)@ sin(koza)Z:. (35)

tob

The chiral anomaly at each cone is

51532 cos(akOI)’y}\’ (36)
abt1t2

Eery - Beyp = —(sy +52)
The total charge is conserved, as expected:

.y Xn
D@ =) 1z Bess - Begy)n

- ¥

B152 COS(CLkOx)’Y}\

—sysz(sy + 52)
sz,y,z:il abt1t2

=0.
(37)

The energies of the Weyl points are

En =t3(sy + 52);



FIG. 1. An illustration of how the chiral imbalance and
anomalous transport can be manipulated by deformations in
an external magnetic field. The semimetal is twisted and com-
pressed by the force F; this generates an electric current that
is measured by an ammeter A.

therefore, combining equation and we get

y p Xnlpine? B!
J;atal = Z(]Z)n = Z b Z/]Tz Lote!
n n

_ o B1B2bta cos(akoy )y
= —4e —572 «

1 1 ,
— B ,,. (38
(o=~ G ) e @
This shows that the current is linear in the external mag-
netic field [3], which is different from the CME induced in
parallel (weak) electric and magnetic fields, where j oc 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 mm x 2
mm, and take parameters t; = 2eV,t; = 0.5eV,t3 =
0.05eV, By = 1.5V, By = 1eV,a = 0.3nm,b = 0.4dnm, T =
1070, 4 = 0.15eV, ako, = 7/3. Let us also assume an
external magnetic field of 10 T, with a twist parameter
of v = 10m~! and compression rate A = 10s~!. The
anomalous current density would be ~ 470 uA/m?, and
the total current about 2 nA. Note that the current has
an inverse square dependence on p — &,; it will be max-
imized in materials with a Fermi surface very close to a
Weyl point. For example, for our parameters, if we take
1 —4ts 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 , and
the anomaly equation apply to any Weyl system with

the Hamiltonian of the form o-p(k, z,t)+¢(k, z,t). In the
anomaly equation , torsion creates a synthetic mag-
netic field, while the time-dependent compressive strain
creates a synthetic electric field — so no external electric
field is necessary to generate the chiral chemical poten-
tial. Detecting the resulting torsion-induced chiral mag-
netic current would thus allow to establish the anomalous
coupling between the spatial and momentum-space chi-
ralities, without a background from the Ohmic current
that exists in the longitudinal magnetoresistance mea-
surements.

The current measured in the corresponding experiment
will also not get contributions from the piezoelectric ef-
fect (because the material is inversion symmetric and has
no piezoelectricity), 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 cur-
vature, and a dislocation induces torsion[61]. It would
be interesting to extend our method to computing the
anomalous currents resulting from the combination of
chiral and gauge-gravitational anomalies in this case.
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Appendix A: The detailed derivation of eq-

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

ol dol
Ok;  dtok; (A1)
we derive
‘fi = akiG - Qkimjg'cj - Q]ﬂ‘kjiﬂj. (A?)
The Euler-Lagrange equation for the coordinates yields
oI dol
- = = A
from which we derive

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 [60] by T. Hayata
and Y. Hidaka. Their results are:

\/5 =14 Qpa, — Q»CMJ Qkikj + ((qulz)2 - Qkinijl’i)/Q
—€ik1€jrmn i ky Qi Q4

€kt €jmn ;0 L ki Ly, /6 (A5)
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Qkimj - 6'LklEjankmk:71 szml/4

ijt)

H(ik; + €rts€ijmQpzm Pk, /2) (O € — Q1)

\/éki = 51']'(1 + Qkkﬂck) —

(A6)

Dby — €iki€jmn ey by Ly, /4

+€ikl€jmn9kma:k ana:l/2)<_a$j€ + Qa?jt)

—(Qesz; + €r1s€ijm Qo Uik, /2) Ok, € —

Q)
(A7)

Here we will consider the case of a Weyl-type Hamil-
tonian: H = 0 p + ¢. The equatlon @ is a key point

for deriving (10| ., and (12

Since
Qag = 3},&01 - 8aa5

1

= 78apm,aﬁpl Gmlngfm

2

dp; Op; Oa,,
0f Oa Op;

dp; Op; Oa;,

Oa 0B Op;

we have the following relation:

Qs Qo

I Opm Opy Opy, Oy,
—<mnlem/n’l’ 8 86 8’7 a
Op-0p0dp-Op B

=(

Qray

dp-0pdp-Op

_Q'ap

dady 0BIc
Q-9p0op-9Ip

2
dado 0B )
Q-9pdp-9Ip

oo (
Q'ap(

oy 0Bdc  do
Q-9p0op-9p

8687)

Q-9pdp-9Ip

op

oy dadoc Do

dadvy )

Therefore the following cancellation takes place, as

shown in @:

Qaﬁgw + QMQHﬁ + QO&UQﬁ’Y

_ Op-0p0Op-9p

dp-0pdp - Op

= ( dady 0B

Op-0pdp-0p
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+ (5005 000y
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Q'apﬁp-ap_
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dady 0odp
0By
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Q-9p0op-9Ip
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o8 0yds
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The @D makes the following terms vanish:

(eiklejankmszk‘nz;,/2 - 6iklEjankmkn Qazkx,/4) =0

€kts€ijmhyz,, Yk, /2 =10 (Al1)
_(Qkkzk - Qk}im’j)Qk‘jt - Qk},;k)j QZL’jt = 0 (A]~2)
Finally the equations (A5)-(A7) can be simplified to

VG =1+ Q0 (A13)
\/@:'c = _Qkit + ((52](1 + Qkkmk) — Qkﬂj)akje + Qkikjamje
(A14)

\/@k‘ = Q it (6”(1 + Qkkxk) - Qkiz]-)aa;je - Q:L’iazjakje

(A15)

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

avii%fayﬂiii+fay&§ki
ot 81), 81@1

= eIik,t + @kajziak,;e

—@xjkjkiaxie (A16)

Appendix B: The summation over cones

The chirality and effective gauge fields depend on s, sy
and s, as we explained below eq(7). To determine the
total anomalous current and the total chiral charge gen-
eration, we should take into account the following sum-
mation rule:

Yonsi=00=u1y,2) (B1)
> sisj = 0(i # j) (B2)
S;S; = 1 (BS)

Using this summation rule, we find that the current jio,
originating from torsion alone and the total current jio:
resulting from the combination of the torsional electric
field and an external magnetic field vanish after summa-
tion over all cones:

. 1
Jtor X Z m(E

eff Begr)Besys
_ Z B
(e — (sy —|— $2)t3)? tia

cot(koza)A|Beygl|?

2(sy+5.)2 B

—EZAL CRET thu%ﬂWM%Z)mnw%)
=0.
(B4)
1
jtot X Z m(Eeff : Bext)Bezt
(B5)

=20

t(kowa)ABy B =0.
sy+sz)t3)2 tia -q ct(kos0)



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.

Appendix C: Cutoff independence of the monopole
charge functions

In this section we show that the monopole charge func-
tion computed from the entire tight-binding Hamiltonian
coincides with the one computed for an effective low
energy Weyl Hamiltonian.

From eq we get:

p1 = —2t1(cos(kla) — cos(kLya)) + 201 Acos(kLafC1)
p2 = —2tasin(k;b) + 2Byyzsin(k,a) (C2)

p3 = —2tasin(kLb) — 2B2yysin(kla) (C3)

¢ = 2[cos(kyb) + cos(k.b)]t3 (C4)

where k] = M;k;, so the dependence of the p, on the
variables is given by:

Y41 (k:m )\(t))7

p2(kz, ky, k2, x, 2, (1)),

P3(ka, by, ko, y, A(t))

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

Gkia:"'t = €mnl88p% ZZZ % (p)
_ apl /\(5172 Ips3 % 511)3)
oX " 0z Ok, Ox Ok,

Ip1 /\(8173 Op2 | Ops 3172)
oX "0y Ok, Oz Ok,
@/\(%3173 _ %3171)
oX " Ox Ok, 0x Oky
3173 Op1 Op2 Op2 Op1
B\ > o o ok, 0w ok, )OW)

= CO(p) (Ch)

where, for simplicity, we use C to denote the part inside
the square bracket. C' contains four terms separately
displayed by the four line above. For the first term, which
we denote as C7 we have

Ips (8;02 dps | Op2 8}93)
ON"V 0z Ok, Ox Ok,

:—261C08(l€/ ) ( 4t2527‘9@n(k

/ /

dk;, , Ak,
+4taBabacos (ki b) —~ T Yyycos(kla )dk‘ )

= —201cos(k’.a)A(—4t2 Byysin(k,a)bcos(k.b)
+4tzBabacos(k,b)vk.yycos(kya)(1 — X))

Cy=-

a)bcos(kLb)

Since O, = CO(p), where O(p) = 2763(p), we are

only interested in the value of C at the point p = 0:
Cilp=0 = Cilh=K = QﬁlcOS(Kowa);\
X (—4tafoysin(Koza)bs, + 4taBabay K vy(1 — X))
= —801cos(Kopa) Mo Baysin(Koza)bs, + 0(7?)

The same way, one can derive the second term of C to
be:

Caolk=x = Qﬁlcas(KogEa)}\
X (—4tafoysin(Koga)bs, — 4tafobayK, yz(1 — A))
= —851COS(KQ;CG)/'\tzﬂz’}/sin(Koxa)bSy +0(7?)

The third term is of higher order in deformation:

dk, dk,
_ / x / z
Cs = 4p1yzcos(kya)a Y Atgcos(kLb)b T

{2ty — 21\ )sin(kla)a(l — )
Cslp=r = —8B1yzc0s(K.pa)aK Ataby K,
(t; — B\ )sin(KLa)a(l — \) = 0(v?)

Similarly, the last term Cj is also a higher order correc-
tion.

So, the integration of monopole charge function yields

Bk dp
[horese |

'C] - 276 (p)

1 ~1
= 2 ldet(J) T Cllki=x; (C6)
where J is a Jacobian. If we define e} = Z’Zj , J = det(e).
Since e}, = (¢/), M},
det(J) "' Cly,—x, = det(e') " det(M) ™" Clg,—x, (CT)
From (C1))-(C4) :
dp
e __ a
(e )a - dk’;
(2t1 — 21\ )sin(kla)a 0 0
= 2B9vzsin(kla)a —2tycos(kyb)b 0
—2B9yysin(kla)a 0 —2tycos(k,b)b

To count the lowest order, we should take the low-
est order of det(e’) ™!k, —k,,det(M) |, —k, and C,—k,
separately as below:

1
8t1t2sin(K.a)ab?

det(e') M ox, =

det(M)™' =1
C=C14+Cy+C3+Cy
= —8(sy + 5.)B1 B2y Atzabsin(Koza)cos(K{,afC10)

(C8)
(C9)

One can also prove that in the first order of v we get

@kjmjziakie + @Ijkjkié)mie =0 (Cll)



So, finally let us multiply (C8)), (C9)), and (C10]) to get

the result for the anomaly:

, d3k 1 4
aujﬂz/ﬁgkmt = m[ddu) ]

B cos(K()za)BlBgﬂy).\
o 47r2t1t2ab (Sy + SZ)

ki=K;

(C12)

It coincides with eq in our manuscript, which means
that the computation with the effective Hamiltonian does

not miss any anomaly terms in lowest order in deforma-
tion.

This means that we do not need to impose a cut-off.
In principle, we can go beyond the lowest order using
the entire Hamiltonian of eq, but the result becomes
cumbersome at higher order. We also do not need a cut-
off in computing the monopole charge function in the case
of elastic continuous deformation.
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