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Anomalous Hall effects beyond Berry magnetic fields in a Weyl metal phase
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Applying time-varying magnetic fields to Weyl metals, a pair of Weyl points becomes oscillating. This
oscillating monopole and antimonopole pair gives rise to ac Berry magnetic fields, responsible for the emergence
of Berry electric fields, which have not been discussed before at least in the context of Weyl metals. Introducing
this information into Boltzmann transport theory, we find anomalous Hall effects beyond Berry magnetic fields

as a fingerprint of Berry electric fields.
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I. INTRODUCTION

Recently, Weyl metals [1-3] are of interest not only in
condensed-matter physics but also in particle physics, involved
with their topologically identified nontrivial properties [4].
Their anomalous metallic properties originate from a pair of
Weyl bands, separated in momentum space, where each Weyl
band describes emergent relativistic Weyl electrons. The band
structure itself may be regarded to be a three-dimensional
version of a graphene. Interestingly, the pair of Weyl points
can be identified with a magnetic monopole and antimonopole
pair in momentum space. Accordingly, the Berry curvature,
or more accurately the Berry magnetic field, is assigned by
this monopole pair, which turns out to play an essential role in
anomalous transport phenomena of Weyl metals [5-27].

The present paper starts from an idea that the relative
position of the monopole pair can be controlled by external
magnetic fields [4]. Applying time-varying magnetic fields to
Weyl metals, we investigate the role of an oscillating monopole
pair in the transport. This oscillating monopole pair is expected
to cause ac Berry magnetic fields [28]. If such Berry magnetic
fields are governed by Berry-Maxwell equations, the Maxwell
equation in momentum space, Berry electric fields would be
generated. In this paper we investigate the role of the emergent
Berry electric field in the transport of Weyl metals beyond the
Berry magnetic field.

Based on Boltzmann transport theory with a topologically
modified Drude model, which takes into account the novel
information of the Berry electric field, we find that the
oscillating monopole pair gives rise to anomalous Hall cur-
rents. These anomalous Hall currents should be distinguished
from “conventional” anomalous Hall currents described by
Berry magnetic fields. We classify these Hall currents in
all possible situations. We reveal that these anomalous Hall
effects are involved with an extended chiral anomaly given
by a field theory, where a time-varying chiral gauge field
appears to describe an “oscillating” relative-distance vector
of the monopole pair in the anomaly equation.

II. CHIRAL GAUGE FIELD AS THE GRADIENT OF AN
AXION ANGLE OF THE TOPOLOGICAL-IN-ORIGIN
E - B TERM

The chiral anomaly [29] is an essential ingredient in anoma-
lous transport phenomena of Weyl metals [9]. Itis encoded into
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an inhomogeneous topological-in-origin 8 term [30], given by
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Here, v, is a four-component Dirac spinor with spin « and
orbital a. o4p and 7, are two-by-two Pauli matrices, acting
on spin and orbital spaces, respectively. vp is a velocity, m
is a mass parameter, and w is a chemical potential. A is an
electromagnetic vector potential, regarded to be externally
applied. E = —%BTA and B = V x A are externally applied
electric field and magnetic field, respectively. 8(r) is an axion
angle, and « is a fine structure constant.

One can represent this effective theory in terms of four-by-
four Dirac gamma matrices, given by

V=Ilyetl, y'=-ick,®1), )

Then, the partition function reads

B
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with ¥ = y¥iy0.
In order to determine the angle parameter, we recall the
chiral anomaly equation [29]

8, (Fy"y ) = 4"‘7E 'B. )

This equation states that the classically conserved chiral
current is not preserved any more in the quantum level,
described by applied electromagnetic fields. Replacing the
topological-in-origin E - B term with the chiral current based
on this anomaly equation and performing the integration by
parts, we rewrite the effective action as follows:

B
Sar = f dr f Pridy°@, — )

0

—ivpy - (8, —iA —iyde)+m)y). (3)
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Here, c is a chiral gauge field, given by
c=V.0(r), (©)

where y° =iy%'y?y? = I,5 ® 1%, is the chiral matrix.
It turns out that the band structure of this effective action
describes that of a Weyl metal phase, where the distance
between a pair of Weyl points is given by 2c¢ in the case of
m = 0 [4].

III. MAXWELL EQUATIONS IN MOMENTUM SPACE

In order to describe the dynamics of electromagnetic fields
in Weyl metals, we start from the following effective action
for electromagnetic fields [30]:
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Here, both electric and magnetic fields are given by
1
E=-Vd—--9,A, B=V xA, 8)
c

respectively, where A and @ are electromagnetic vector and
scalar potentials. The topological-in-origin E - B term breaks
time-reversal symmetry generally speaking, encoding chiral
anomaly. « is a fine structure constant, as introduced before.
Jj and p represent electrical current and charge density,
respectively. Dynamics of these matter fields are described
by Eq. (5).

Applying the variational principle to this effective action
with respect to electromagnetic vector and scalar potentials,
we obtain modified Maxwell equations to describe axion
electrodynamics [30]:

V.E=4np+3(V9.B),

1 4 .
VxB—-0,E = —J ——((V@ x E) + (8,9)B>
c

VxE—i—%&,B:O, V-B=0. ©)
If we redefine both electric and magnetic fields as E =

— 20B and B = B + S0 E, respectively, these equations
are reduced to conventional Maxwell equations to describe
Maxwell electrodynamics. In other words, the topological-in-
origin E - B term gives rise to mixing between electric and
magnetic fields.

In order to understand the axion electrodynamics, we should
find how both the electrical current and charge density are
represented in terms of electric and magnetic fields, referred
to as constituent equations. An essential point is that the
conventional Ohm’s law does not work in Weyl metals [9-27].
Novel constituent equations should be uncovered. Actually,
they can be found, based on Boltzmann transport theory for
Weyl metals:

fx _feq.

Vi fy == (10)
€

arfx +i'x 'Vrfx +pX :
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Here, f, = fy(p;r,t) is a distribution function of chiral
fermions near a chiral Fermi surface, given by the chirality
x = £, where p is a momentum, the Fourier transformed
coordinate of a relative distance between a particle-hole pair,
and r and ¢ are center-of-mass coordinates of the particle-hole
pair [31]. foq = feq(p) is an equilibrium distribution function.
Tefr 1 an effective relaxation time in terms of disorder scattering
between intra-Fermi surfaces of the same chirality and that
between inter-Fermi surfaces of the opposite chirality.

The effective velocity of 7, and the effective force of p,
are described by

Fy =0y +x¢xBy+p, x By (11)
and
b, =eE+ i, x B, (12)
C

respectively. If the second and third terms are neglected in
Eq. (11), these two equations are referred to as the Drude
model. Here, v, is the group velocity. The equation for p,
describes the Lorentz force. On the other hand, the third term
in Eq. (11) gives rise to the contribution of anomalous velocity,
where B, is Berry magnetic field [32,33]. The second term
is our main discovery, describing the Berry electric field. This
contribution will be derived in the next section.

Resorting to this topologically modified Boltzmann trans-
port theory, one can find constituent equations for charge
density and electric current as follows:

pmdens ezf(zn)* Grle

, 13)
. . Ip . .
=i =X [ GpCitite
X X
where the phase-space measure is modified as
G, =1+ B B,. (14)
¢

Werecall 3 x = 0.

It is not surprising to observe that both Berry magnetic and
Berry electric fields in the topologically modified Drude model
satisfy Maxwell equations in momentum space, described by

V, B=21) x8p+xo),
X

2
log=

Vp,x&— c C

é8(p~|—xc), (15)

1
\ xB+Ea,£=O, VvV, -£€=0.
Here, both Berry magnetic and electric fields are given by the
sum of all chiral charges:

B=Y) B, £=) &,. (16)
X X

The vector field ¢ in momentum space corresponds to the
distance between a pair of Weyl points, given by Eq. (6).
The chirality is identified with a magnetic monopole in
momentum space. The right-hand side in the second equation
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of the Berry-Maxwell equation Eq. (15) describes a monopole
current in momentum space. The third and fourth equations
may be regarded to be vector-field identities, referred to as
the Bianchi identity [34]. Here, we do not find quantities
that correspond to the electrical current and charge density
of Maxwell equations. An interesting quantity C is proposed
to play the role of the speed of light in momentum space,
i.e., the propagating speed of Berry electromagnetic waves
in momentum space. Derivation of the speed of the Berry
electromagnetic wave is in progress [35].

In order to figure out Berry-Maxwell equations, we start
from a Lorentz invariant solution for the Berry magnetic field,
given by [36]

X p+xc
B, == . 17
X 2 |P + XC|3)/2[1 _ /32 sin2 \I,X]3/2 ( )
where
cos W, = —y L PEAE (18)
¢l [p+ xel
= %1 B = < (19
Yy = g =7
This expression is reduced to
B, ~ B, +B,, 20)

taking into account B < 1. We obtain B, = %, Ifj_’;ccp in the

O(B°) order and 8B, = p2(3 sin’> ¥, — 1B, in the O(B?)
order. There do not appear to be any Berry magnetic fields in

the O(B") order.
We introduce the O(B') order as follows:

1
Ex N —GxEx By, @

identified with Berry electric field. Then, the curl of the Berry
electric field Eq. (21) in the second equation of Eq. (15) is
given by

¢

¢
Vo Byitxg VB (22

Vo x & =—x c

in the O(B") order. The time derivative of the Berry magnetic
field Eq. (17) is

1 c 5

EB,SBX =Xz V,B, +0(). (23)
As a result, we confirm that the second equation of Eq. (15)
holds up to the O(B') order.

In order to check out the third equation of Eq. (15), we
consider ¢ = 0 for simplicity and ¢ = |¢|Z without loss of
generality. The curl of the Berry magnetic field Eq. (17) is
given by

Vp, xB, =V, x B,

3 0. Prtxe: .
=SB slp +
2:3 X|P+XC|5 [(px ch)y

= (py + xeyil (24)
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The time derivative of the Berry electric field Eq. (21) is

P+ xec: ~ o
m[(l?x + xc)y — (py + xcy)X].

1 3
20,6, = —pB?
C tgx 2,3 X|

(25)

As a result, we find that the third equation of the Berry-
Maxwell equation Eq. (15) holds up to the O(B?) order.

IV. DERIVATION OF THE TOPOLOGICALLY MODIFIED
DRUDE MODEL

In order to prove the topologically modified Drude model,
in particular, the emergence of the Berry electric field, we start
from an effective Hamiltonian for a Weyl metal phase, given
by

e
H, = xo - <p + xc+ EA) + ed. (26)

X = =% is a chiral charge. o is a two-by-two Pauli matrix. p
is a momentum. c is a chiral gauge field, given by Eq. (6). A
and @ are electromagnetic vector and scalar potentials with
an electric charge e and the speed of light c. This effective
Hamiltonian gives rise to the transition amplitude:

. ry Iy
(f|€71Hx(ff*ti)|l‘) — / Drf Dp exp |:l/ dt{p r
ri I
e
— X0 - <p+)(c+ —A) —eCDH,
C

27

wherei = 1.

In order to describe low-energy dynamics of electrons near
a Fermi surface, we do not need to know the information of
high-energy electrons deep inside the Fermi surface, generally
speaking. However, we are not allowed to neglect high-
energy dynamics of electrons in a Weyl metal phase when
we deal with a pair of chiral Fermi surfaces. In particular,
the topological information involved with the pair of Weyl
points should be taken into account, integrating over such
high-energy electrons. In order to understand the low-energy
dynamics near a pair of chiral Fermi surfaces, we should
integrate over high-energy electron fields near the pair of Weyl
points.

The integration of high-energy electrons can be performed,
rewriting the effective Weyl Hamiltonian in terms of a
diagonalized basis:

i - 33
Upo - pUp = |plo”, (28)

where p=p+ xc. Uy is a two-by-two unitary matrix,
expressed by Up = (up vp), where two-component column
vectors are determined by

(0 - pup =|plup, (- pvp =—|plvp,  (29)

respectively.

In order to describe the low-energy dynamics of electrons
near a pair of chiral Fermi surfaces, we neglect off-diagonal
terms and take the 11 component for x = + and 22 component
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for x = —. In other words, we consider [13,15]

{U;, exp|:—ia . (il—l— EA)At:|UI~,}
¢ 11

Apl+ 1Pl ep+p
2

At —i- - ANt
C

~ u;up exp |:

%u;,ui,exp[—i(l—i-SB-BP+)|iJ|Ati| (30)

in the path integral representation, where p = p/|p| and
B," = 55 Here, we used the Gordon identity, given by

 2lpl”
t [ Py + Py
Pyl + 1P|

T _
Up O'Up, =

i€ndpy

- 7 Py
Pyl + 1P|

€29

up to the linear order in Ap, . We also assume the semiclassical

regime that the magnetic field is small enough for us to neglect
the Landau-level splitting. The Berry gauge field appears from

u}]JrAl-,ui, ~ exp(—i.A;f -AP)

=exp[—iA; - (Ap + Ac)l, (32)
represented by
2ot
A =iuyVup. (33)

Similarly, we find

e (20
ol

~ vl 14 < B B, )|p|m} (34)

Uy
with B,~ = _%ﬁ\‘ The Berry gauge field at x = — results
from
vl apVp = expl—iA, - (Ap — Ac)l, (35)
given by
A, =ivh Vv =iul 3V u_p. (36)

An effective action for the low-energy dynamics of chiral
fermions in a Weyl metal phase reads

Iy
S;ffZ/ dt{(,,+§A>.f_eq>—A;-(p+xé>
14

e
—(1+-B.B;)|p+xc|}, 37)
C
where
A% = iul )V gty (38)
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is the Berry gauge field, originating from the high-energy
dynamics near the Weyl point. It is trivial to check out
Bj =V, x Aj}.Here, anovel ingredient beyond the previous
study is a coupling term —x A} - ¢.

It is straightforward to read the low-energy effective
Hamiltonian for a pair of chiral Fermi surfaces from the
effective action Eq. (37) as follows:

HX=—§A.f+e<b+A;-(p+xé)

+<1+§B-B;§)|p+xc|. (39)

S . . . M
Hamiltonian equations of motion 7, = =—*%
X

3D and p, =

Eqs.X(ll) and (12) with an emergent Berry electric field,
where

r—ry,

D —> Dy (40)

have been considered. The group velocity in Eq. (11) is given
by

vxzvp{(1+§B‘B§>|P+Xc|}~ 41

This completes the derivation of the topologically modified
Drude model.

V. CURRENT CONSERVATION LAW AND CHIRAL
ANOMALY
Solutions of the topological Drude model are given by

2
e . e
G,Dy =€E+;(”x + x€ x By) x B+?(E'B)BX,

e
G,Fy =vy+ x¢ x By +eE x B, + (v, - B,)B.
¢
(42)
It is interesting to observe the symmetric structure between

these two solutions, where the correspondence is

. e

eE «~— v, + xcxB,, -B <«— B,. 43)
c

Inserting these solutions into the Boltzmann equation Eq. (10),

it is straightforward to find the current conservation equation

. d’p x e
hpy +Vr-jy=e W(ath)fx—i_m?(E.B)

e? d’p
Cal = v
+ Cx/(zﬂ)3[

where both electric charge density and current density are
defined in Eq. (13).
The first term in the right-hand side is

d*p e?
e/ SE 0G0 =1

p - {(€xBy) x B} fy],
(44)

&dp
/#fxc-vp(B~Bx).
(45)
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The third term in the right-hand side is

e? d’p
“x | GV (@ x B x BIfy)
1 2 ) 2 d3 )
— 5By ﬁfxcva(B-BX). (46)

As a result, we obtain a modified current conservation law,
given by

N L SN
—— . —_—— . c_
472 ¢ 472 ¢

Actually, this current conservation law has been known for

a long time in the context of quantum field theory. An effective
action for a Weyl metal phase is given by

8tpx+vr'j)(=

Swm = /d4x1/fij/ﬂ[8u —iA, —iysc (DY, (48)
Here, ¢ is a four-component Dirac spinor. y# is a four-by-
four Dirac gamma matrix to satisfy the Clifford algebra with
un=0,1,2,3 and x* = (¢,x,y,2). ¥5 is a chiral matrix.

Based on Fuzikawa’s path-integral method [29], one can
find modified anomaly equations in the presence of the chiral
gauge field:

_ 1
Ny ys) = —= " P(FuyFup + fuv fap)

167
1
=—E-B 49
772 (49)
and
_ 1
aﬂ (I/fJ/”W = - 167‘[26“”“5( vfatﬂ + f/w otﬂ)

where F,, = 9,A, —9,A, and f,, = 9,¢, — d,c, are field
strength tensors for electromagnetic and chiral gauge fields, re-
spectively [37,38]. Here, (Y y*ys¥) = j — j_ is the chiral
current and (Y y*y) = j, + j_ is the electromagnetic U(1)
current, where j , is given by Eq. (13). We recall that the chiral
gauge field is (0,c¢(?)), resulting in the last equation Eq. (50).
Since the electromagnetic U(1) current is not conserved, one
may suspect the validity of this result. However, this originates
from the definition of the electromagnetic current. An essential
point is that the right-hand side in this anomaly equation is
given by a total derivative term. Redefining the electromagnetic
U(1) current from (Yy#) to J, = (Yy" ) — 50¢ - B8,
we obtain the current conservation law 9,J, = 0. This
conserved current satisfies the Maxwell equation, real to be
observed in experiments [39].

VI. ROLE OF THE EMERGENT BERRY ELECTRIC FIELD
IN TRANSPORT

A. Anomalous Hall currents driven by the Berry electric field

An essential question is on the role of the Berry electric
field in anomalous transport of a Weyl metal phase. Resorting
to the framework of Boltzmann transport theory, we resolve
this issue. Solving the Boltzmann equation, we obtain the
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distribution function up to the linear order in the electric field
as follows:

3f iee)
fx@.p) = f;(p) —
o0 ; Teff o
X (/ da)e”‘”,—px(w)> “ v, (1) (51)
oo I — iwTesr
where
1
eq —
P = G oo 117 (52)
o) _ 9 (1 (53)
de e\ ePW A1/ | g (miprel

Here, f,(p) is an equilibrium distribution function, and its

derivative with respect to energy is oy =L (" ) Then, the electric

current reads

) d’p . d’p Afy (&)
Jr=¢ /(2 )3GX'qu(”)+e/(2n>3<_ o )

o ; Tef
X erx</ood(x)€l m X((,())) X(t)'

(54)
In this study we focus on the adiabatic regime, defined by

OTefr K 1. (55)

Then, the distribution function can be simplified as

8ffq(8)>_

fx(tap)%f;q(p)+feff[px(t)'v)((t)](_ Je

(56)

Accordingly, the electric current is given by

. d’p
in=e [ GO
d? 9fxe -
+€Tefff(2n1;3<_ fxai(p)>erxPx(t)ovx(t).

(57)

x’:x f;q(P)

As a result, we obtain an electrical current in a Weyl metal
phase:

J = Jaue + joMme + jime + AjBE. (58)

Here,

Jane = ¢ (2 P Z(E B (59)

describes an anomalous Hall effect, resulting from the Berry
magnetic field [23-25,32,33]:

62

JoME =

(zﬂp Z(vx BB f(p)  (60)

gives rise to the chiral magnetic effect [10-16], which can
occur when the chiral chemical potential exists. These two
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types of currents are dissipationless in nature, where even high-
energy electrons deep inside a pair of chiral Fermi surfaces are

involved:
dp (P o,
Q)3 de x X

e e?
‘{eE +-v, x B+ —(E- B)%XHIJX
c c

JIMC = eTeft

FeE x B, + (v, - &BX)B} 61)
Cc

results in the longitudinal negative magnetoresistivity, which
occurs when the electric current is driven along the direction
of the pair of Weyl points. Although this electric current is a
Fermi-surface contribution, the chiral anomaly plays a central
role in this transport coefficient, regarded to be a fingerprint of
a Weyl metal phase [5-9,17-22].

Other current contributions turn out to result from the Berry
electric field. They are classified in the following way:

Ajpe = NGy + A5 + A5, + AjS), (62)

where

o ‘32/(2 )3)(6

is a dissipationless current, given by the total electrons inside
both chiral Fermi surfaces, and

A (P
BE _ereﬁZ/ (2n)3(_ fxagl’ )levx

2
~{eE + fvx x B+ (E- B)&BX}X& X B, (64)
&

fx (p)
(;)E = efeffZ/ (271)3(_ %8 )

e
X G;l{ux +eE x B, + (v, -%X)B}

B, f9p)  (63)

—X<(éx%x)x B) vy (65)

3fy'(p)
BE‘”e“Z/ (h)*(_ 5 )

x G, xé x %X;(X(é xB,)x B)-v, (66)

and

are dissipative currents with the effective scattering time, given
by chiral fermions near the pair of chiral Fermi surfaces. We
emphasize that all these currents are proportional to ¢.

We observe symmetry properties under the variable change
of p — —p as follows:

4=p) = (). (67)

) _ e .
de T e

B,(—p)=DB_,(p), (69)
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Gy(=p) = G (p), (70)
vy (=p) = —v_y(p). (71)

Applying these symmetry properties to electric currents driven
by the Berry electric field, we ﬁnd that many terms vanish

identically. First, we obtain A j B E =0and A JS;)E = 0. Both
the second and third contributions are also simplified as

follows:
(P .
ereffZ/ (27_[)3( 38 )levx

2
-{eE + %(E . B)B, }Xc x B, 72)

and

3 (p)
BE_”e“Z/ (2n)3<_ e )

xGylvy - {(B -¢)B, — (B - %X)é}

62
?XE X %X’

(73)

respectively. In the following discussion we will consider these
transport coefficients up to the first order in 8, described by
B, and £, introduced before.

In order to figure out the direction of electrical currents
in terms of applied electric fields, magnetic fields, and the
direction of ¢, we separate each vector quantity such as E,

B,, ¢, etc., into two components as follows: Parallel and
perpendicular to B, respectively,
B =B, c=c|(. clB),
E=E,+E,, c=c¢ +cy,
XPitxen X_pi
Y Y 3
2 R, (0) 2 R,(0)
= By |(p.0) + By 1(p.0.9), (74)

where

R,(6) =|p+ xel = \/(p cosd + xe)? + p2sin6  (75)

with p = (psinf cos¢,psinfsing,pcosd). 6 and ¢ are
inclination and azimuth, respectively, in the polar coordinate,
where B is identified with Z. Accordingly, we have

) = f4(p.0).
afy! af(p.o
fx (P): fx (P )’ (76)
de de
e
We introduce a modified group velocity as follows:
U,(p) = G, (P)vy(p)
- e p+xe
=G, '|p+xel=(B-V)B, + —>—. (77
X |p XIC( p)By TR (77
We also decompose this modified group velocity into
by =0, (p,0) + 0,.(p.0,9), (78)
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where
y |PL| —2|p; + xeyl?
Uy (p.0) =G, "(p.O)x - B
2R%(p.0)
P+ xe
R, (p.0)’
3 3 .- e(py+xey) - By
,0) = —=G7! x|B)|-——————
vy 1(p,0) ( 50X (p.O)xl ”|c Ri(p.0)\B)
1
+——)p.. (79)
RX(p70)> *
As a result, both contributions for electrical currents are given
by
afy(p)\ e
JE = ”e“zf (271)*( 9 )
x {(BxlEO(ﬁanxn + Uy 1 By (€L x By)
c _ . c .
+ @ ENEL x By + — (T )€ x Byy)
e . .
+ Z(UXJ_EJ_)(CJ_ X BXJ_)} (80)
and

P eq( ) 2
AJBE = ereffZ/ (27_[)3<_ f)(aep )%X

X AWy LBy By ¢ E L x By
= @y 1By By (E) x By 1)
— @y )BBNE L x By 1)}, (81)

where we have utilized the following properties:

By (p.0,¢+7m)=—B,1(p.0.9),
Byi(p,w —0) = By (p.9),

B, (pr—60,0) =—-B_,1(p.6,9),
U, 1(p.0,¢ +7)=—0,1(p,0,9),
Vy(p,m — 0,0) = —V_y(p.0.0),
Vy1(pr—0,9)=0_,.(p,0,9),

4 p. —0) = f5(p.0),
Afy (p,m —6) _ A (p.0)
de de
Ry(p.m —0) = R_,(p.0),
Gy (1 —6) = G_,(6). (82)

It is more convenient to reexpress these currents in the
following way:

Al(z) +AJ(§)3§ =Jjee+JE, (83)

considering the B dependence. Here, j g ¢ and jg are

Af(p)
JBE_eTeffZ/(zn)g,(_ f)é:p))e?x

PHYSICAL REVIEW B 95, 054117 (2017)

X AByi E )y By + 0,1 By1)(€L x By)

+ Uy L By DBy )(EL x Byp)

— (U1 e )(B By E x By1)

— (UL )BBy(EL x By1)} (84)

afyl
JE= eTeffZ/ (2n)3<_ f)(;e(p)))(e

X {('7x|E||)(éL X By + @y L E (€ x By1)

and

+ (@ E (€L x B)(J.)}v (85)

respectively.

Based on these equations, we determine the direction of an
anomalous current associated with the Berry electric field. For
simplicity, we assume

B(t) = By + 8B(1) (86)

with | By| > |8 B(t)|. Note that ¢ o< $B(¢) since ¢ « B.
First, we consider the case of By || E || ¢. Then, we obtain

Je=je=0. 87)

Second, we consider the case of By || E L ¢. Then, we find

3FS(p)\
JBE—ereftZ/(zny(_ fgé(l’))e?x

X ABy ) E )y By + 0y 1By )€1 x Bo)
— (U LC)(BoBy )(E) x By 1)}, (88)

parallel with (¢ x E), and

0fxe
E = el’eﬁZ/ (27[)3 ( - fxaz(p)>Xe

X (O Eyes x By, (89)

parallel with (¢ x E). We emphasize that these anomalous
Hall currents are in the order of O[{8B()}"], which should
be distinguished from conventional anomalous Hall currents
in the order of O[{§ B(¢)}']. These are novel anomalous Hall
currents beyond the Berry magnetic field.

Third, we consider the case of By 1 E||c. Then, we have

Jee=Je=0. (90)

Of course, there exists a conventional anomalous Hall current,
described by Eq. (59), since the applied electric field E is
orthogonal to the applied magnetic field Bj.

Fourth, we consider the case of By L E with By||¢. Then,
we obtain

fx'(p)
]BE—eTeffZ/(zn)3( 86 )cX

X (Dy 1 By 1By ¢ )(E L x By), on
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TABLE 1. Anomalous Hall currents jr [Eq. (85)] and jp g
[Eq. (84)] driven by the Berry electric field.

Direction of jr  Direction of jp g

Bol|E Bylle
B, Lc¢ cx E cx E
By, L E ¢||E
¢||By ¢cx E ¢cx E
¢l E&c¢c.l By B, B,

parallel with (£ x ¢), and

Afsd
JE= ETettZ/ (27[)3<— fge(p))xe

X (DL EL)(€) x By ), 92)

parallel with —(E x ¢). Here, we also point out the existence
of the conventional anomalous Hall current, which does not
depend on ¢;. These anomalous Hall currents are driven by
the emergent Berry electric field. Finally, we consider the case
of By L E, E | ¢,and B L ¢. Then, we obtain

af 2
JBE—ereffZ/(zﬂp(_ f;éE(P))e?X

X =01 e )(BoBy)(E 1 x By1)}, (93)
parallel with (—By), and

Afd
JE = el'eth/ (271)3(— fge(p)))(e

X Uy E)(eyL x Bxi)}a (94)

parallel with (— B()). We recall that the conventional anomalous
Hall current is given along the direction of By x E. On the
other hand, these anomalous Hall currents are driven in parallel
with the applied magnetic field B, quite surprisingly.

All these situations are summarized in Table 1.

Here, we considered the overall magnitude of these anoma-
lous Hall currents in the “adiabatic regime” where the time
it takes the distribution to relax is small compared to the
period of the magnetic field driving the chiral Fermi surfaces.
Amplitude of the current is proportional to the relaxation time
and to the rate of change of the distance between the two

PHYSICAL REVIEW B 95, 054117 (2017)

the overall size of these effects is suppressed in the adiabatic
regime by the ratio of the relaxation time to the period of
the drive. However, there exists another aspect to enhance
the present anomalous Hall effect. As shown explicitly in
mathematical formulas, the Berry magnetic field contributes
to this anomalous Hall effect. An essential point is that
the Berry magnetic field becomes enhanced near the band
touching point. Combining this Berry-flux enhancement with
the contribution of finite density of states, there can exist
parameter regimes to overcome the suppression effect.

B. Explicit expressions for j and jz p near zero temperature
We perform momentum integrals explicitly in Eq. (85)

eq
(j ) and Eq. (84) (j 5,5)- We have (— 222 ~ 5[e, (p) — ]

near zero temperature in these equations, implying that these
anomalous Hall currents are Fermi-surface contributions. In
order to perform momentum integrals in Egs. (84) and (85),
we introduce

cos 6

G 1 B =1 A—— 95
((p) =1+ 02||3 A 95)

- —1 sin? @ — 2cos? @ R
U = | Gy (Px AT+COSO 2, (96)
Uy = < 3xG, >sin9(cos¢ﬁ+sin¢9>,
o7

X cosf X . _COSPX 4+ sin¢gy
==—-2, ByL,==sin—————, (98
(=75 e Pl 5 sm 2 (98)
€x(p) = Gy (p)p, 99)
8(e,(p) — ) = (cose w> (100)
with P+ xc— p, where p = psinfcospi +

psinfsingy + pcosfZ is taken into account. Here,
we choose By = BypZ. A= % is an externally applied
magnetic field.

Performing tedious but straightforward calculations, we

obtain
27 2
(62 2 I:(CJ_ |)F1<%)

2 2
+(é) x Equ(%) + (6L x EL)F3<%)},

Ajwowa = JE+ JBE=

chiral Fermi surfaces that goes as the frequency of the drive (1o
in the steady state. In this respect one may be concerned that where
J
Fix)=1 al + X ! ( 4H(x*+6 180)O( 4) + ! + 4( +4)(x2 -6 180), (102)
=1—-—= - — ——x— X X — X — — —(x x© —6x — ,
: 8 ' 1680 840 1680 X
Fye e 0 4 120 — 45100 — ) — 1+ F 4@ — 120 —45). (103)
X - — — ——x— X X — x—4)— — —(x x° — 12x — 45),
: 274 210 " 210 420 X
Y YE S . (= D0+ 60 — 4+ —— 1+ 2 + 4 — 6) (104)
N=-——+— — — —xx— X X — — —x(x x —6),
: 28 240 120 240 X
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{== Direction of y¢

{==Direction of current

. MONOPOLE(+)

0 ANTI-MONOPOLE(-)

FIG. 1. Direction of the anomalous Hall currents driven by the
Berry electric field for the case of By||E L ¢.

and O(x) = {(1) N 8. Aninteresting point is that the argument
x in the special functions is given by the ratio between the
external magnetic field A and the chemical potential . We
remember to set/i = 1 and vpj,c = 1 in the above derivation.

Recovering these constants in the magnetic field A, we find
W
A eBUv]?)imch

Bii_xSby at By=1T, vpire = 10° m/s, and p = 0.02 eV,
2
we obtain “72 = (%) ~ (.6.

These special functions are simplified as follows: In the
x > 1 limit we obtain

in the SI unit. For example, if we consider

5 6
F)~—1+—+— +

7
S 105
8x  5x%Z  12x3 (105)
F(x)~2 ! 3 ! (106)
)R — — — — — ——,
2 2x  5x%2 6x3
F3(x) 3 > (107)
X)) —— — — — ——
} 8x  5x2  12x3
and in the x < 1 limit we have
Fi(x) 6 +1 (108)
R ———+1,
! N
1
facx)zzar—— 7 (109)
1 X
F(x) =~ 5—\/?_. (110)
Considering the case of By||E L ¢, we find
2
AJora = J1 = an )2(C¢XE|)F1<A> (111)
Fi[x]
2 4 6 8 10 X
-05
-10
-15
-20

FIG. 2. x vs F(x).
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Direction of y¢

Direction of current

&=
==
. MONOPOLE(+)
o

ANTI-MONOPOLE(-)

FIG. 3. Direction of the anomalous Hall current driven by the
Berry electric field for the case of By L E and By|¢.

See Fig. 1 for the direction of these anomalous Hall currents.
The behavior of Fi(x) is shown in Fig. 2. In the w? > A limit
we obtain

~~e Teff 5A 6(/A)\°
J1 =~ (2 )Z(CJ_XE”) -1+ §—2+§ F s (112)

and in the u? < A limit we have

. €2Teff(é XE) 6/ A 1/2+1
J1 2n) 1 I 7\ 2 .

One may be concerned with the divergence of these anomalous
Hall currents in the 12 < A limit (Fig. 2). However, this does
not happen. We note that our Boltzmann transport theory does
not apply to the . — O limit.

Considering By L E and By||¢, we find

2 2
(2 )2((,'H X L)FQ(%)

See Fig. 3 for the direction of this anomalous Hall current. The
behavior of F>(x) is shown in Fig. 4. In the 1?2 > A limit, we
obtain

Y 1A 3/A\
J2% Gp @1 ”[2_5?7(?”’ (1)

and in the > <« A limit we have

(113)

AJoa = j2 = (114)

Tt 6/ A\ 1
j - — ——1. 116
72 % @ ”[7<u2) 2} (1o
Considering By L E, E L é,and By L ¢, we find
2
Ajow = J3 = (2 )Z(CL X EL)FS( 2 > (117)
F[x]
5
4
3
2
1
0 2 4 6 8 0 X

FIG. 4. x vs F>(x).
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== Directionof x¢
(== Direction of current
- j
7 ¥ y ‘ MONOPOLE(+)
N
g B 0 ANTI-MONOPOLE(-)
)
QN

FIG. 5. Direction of the anomalous Hall current driven by the
Berry electric field for the case of By L E, E | ¢,and By L é.

See Fig. 5 for the direction of this anomalous Hall current. The
behavior of F3(x) is shown in Fig. 6. In the u” > A limit, we
obtain

) erEff(, B 1A 374\ 11s)
~ ¢ X ———= === |
J3 Q) 1 L 82 5\ 2

and in the > <« A limit we have

Teir 11/ >\
j3 ~ ——(¢ E)|-—=-|— . 119
J3 (ZJT)Z(CJ_X J.)I:z 5<A) i| (119)
If we consider thecase of |¢| x Ey| = | x E | =]¢; x

E | |, we seerelative magnitudes of F) (%), Fz(%), and F3(“72),

shown in Fig. 7. As a result, we expect

lj2l > 1j1l > 1j3l. (120)

VII. CONCLUSION

The Berry electric field is a novel ingredient in a Weyl
metal phase. When the distance between a pair of Weyl points

F,[x]
0.6

04

02

N~ annd

FIG. 6. x vs F3(x).

PHYSICAL REVIEW B 95, 054117 (2017)

Abs[F;[x]]
30
— Abs[F]
250 Abs[By]
soll  — Abs[Es]
15 \\//—
10
O.SW
0 2 4 6 8 0 X

FIG. 7. x vs |Fi(x)]| (red), | F2(x)| (blue), and | F3(x)| (black).

changes as a function of time, the Berry electric field arises.
In this situation both the Berry magnetic field and Berry
electric field are governed by the Berry-Maxwell equation
[Eq. (15)]. This Berry electric field should be introduced
into the topologically modified Drude model Eq. (11). As a
result, we revealed the existence of anomalous Hall effects
proportional to the Berry electric field, which should be
distinguished from conventional anomalous Hall currents
given by the Berry magnetic field. Current directions of such
anomalous Hall effects are classified systematically in all
possible cases.
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