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Field-induced Berry connection and anomalous planar Hall effect in tilted Weyl semimetals
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We propose the linear and nonlinear anomalous planar Hall effect (APHE) in tilted Weyl semimetals in the
presence of an in-plane magnetic and electric field, where the field-induced Berry connection plays a key role.
The conductivity of linear APHE is ascribed to the quantum metric and is antisymmetric in nature, distinct from
the well-known chiral anomaly induced PHE arising from the Berry curvature. Using a tilting vector to describe
the model, we demonstrate the constrains on the linear and nonlinear APHE by the tilting directions. The linear
APHE is intrinsic that is determined by the topological properties of energy bands, whereas the nonlinear APHE
is extrinsic. The predicted linear and nonlinear APHE are inherently different from others and may shed light on
a deeper understanding on transport nature of the tilted Weyl semimetals.
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I. INTRODUCTION

Three-dimensional topological Weyl semimetals (WSMs),
a new state of quantum matter with gapless spectrum at bulk
nodal points and spin nondegenerate open Fermi arc states on
the surface, has attracted much recent interest [ 1-8]. The Weyl
monopoles hosted by topological semimetals, as sources or
sinks of the Berry curvature may lead to a number of non-
trivial transport effects, including the anomalous Hall effect
[1,9-12], in which a transverse charge current proportional to
the Berry curvature is generated in response to a longitudi-
nal electric field without external magnetic fields, the “chiral
anomaly” [13-16] that breaks the chiral symmetry leading
to the nonconservation of chiral charges, etc. Until now, the
negative longitudinal magnetoresistance and the planar Hall
effect (PHE) are the most remarkable phenomena induced
by the chiral anomaly [17-22]. For the PHE, a net charge
current J o (E - B)B [23-26] can be induced due to chiral
anomaly and nonconservation of density of electrons at an
individual node when the magnetic field and the electric field
are nonorthogonal (i.e., E - B # 0) [13]. Notably, the conduc-
tivity tensor for the PHE is symmetric in nature, and it does
not contribute to the genuine (dissipationless) Hall conductiv-
ity which is required to be antisymmetric with oy, = —o3;
[27,28].
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The Berry curvature can be recognized as the imaginary
part of a quantum geometric tensor [29,30], whereas the real
part of this tensor is another important geometric quantity
called quantum metric [31], which allows us to measure the
distance between quantum states. The concept of the quan-
tum metric was well applied in quantum information theory
[32-36], and it begins to attract attention in condensed-matter
physics [37-41]. Recently, the quantum metric is found to
have relationship with field-induced Berry connection (FBC)
[42,43] by invoking a generalized semiclassical theory. There-
fore, it is quite imperative to know whether a measurable
effect can exist to reflect the character of the quantum metric.

Different to the ohmic PHE from chiral anomaly, re-
cently it has been proposed that a genuine Hall effect with
antisymmetric conductivity tensor is generated via the spin-
Zeeman coupling, known as anomalous planar Hall effect
(APHE) [27], or alternatively, referred as “in-plane Hall ef-
fect” [44,45]. In this paper, we propose an intrinsic linear
and extrinsic nonlinear APHE inherent to the quantum metric
linked via FBC. This may provide a direct method unveiling
the profound connection between transport in condensed mat-
ters and the quantum metric. Since the linear effect should be
dominant in the transport when the linear and nonlinear effects
occur simultaneously, the proposed intrinsic linear APHE is
crucial. Remarkably, we find that in a two-band tilted WSM
model, the APHE is generated via the magnetic-field-induced
Berry connection (B-FBC) that results in an antisymmetric
Hall current [46], in contrast with the symmetric Hall (ohmic)
current such as transverse Drude current and the PHE induced
by chiral anomaly. The nonlinear APHE proposed here is
extrinsic that differs from others. It is found that both of
E-FBC and B-FBC contribute to the nonlinear APHE, with the
B-FBC (E-FBC) conductivity being an antisymmetric (asym-
metric) third-rank tensor. Moreover, we point out the case
in which the linear APHE disappears whereas the nonlinear
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APHE is dominant, which is also enlightening to topological
nonlinearity.

II. FIELD-INDUCED BERRY CONNECTION
AND THE CORRESPONDING CURRENT

We start from the Berry curvature of the nth band, which is
defined by

Q,(k) = Vi x A, k), ey

where A, (k) = i(tu|Vi|unx) is the intraband Berry connec-
tion with |u,;) being the periodic part of the nth Bloch state.
In the presence of electric field E and magnetic field B, the
Berry connection acquires a gauge-invariant correction be-
sides \A,,(k), which is written as

= A (E)+ A, (B). )

As aresult, the Berry curvature is extended to Q, =9, + Q)
with €/, = V x A;,. The E-FBC can be written as A}, (E) =

.E, where the double arrow indicates the second-rank
tensor, which is given by [42,47,48]

a AB
(G )“ﬂ—G"‘ﬁ—ZZM, (3)
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where A, = i{uu|Vi|unk) is the interband Berry connec-
tion, and ¢, is the unperturbed band energy where for
simplicity the modification caused by the orbital magnetic
moment is not considered. The magnetic-field counterpart is

A/(B) = F ,B [42,47] with
AL PV (g, — &) Alp + V) S| A2

nm n
£ —Im E .
En — Em

m, p#n
“)
in which v, = (1/h)de,/dk is the group velocity. Note that
the Berry connection involves a sum over all pairs of bands
with g% = Re[ A%, A? 1, which is recognized as the quantum
metric for two-band systems [49,50].
The semiclassical equations of motion read [51,52] (for

brevity the sum of the band index is implied)

D(B, @) = v + %E x @ + %(vk -Q0B|. )

~ e e 62 ~
DB, @k = | —2E = coe xB= S (E-B)%|. ()

where D(B, ) = (1 + ¢B - /1) is the phase volume factor
[51,53] revealed in the presence of nonzero Berry curvature
@ and magnetic field B, which is written as D in the follow-
ing for a shorthand notation. e is the (positive) elementary
charge. The anomalous velocity includes a magnetic-field-
dependent term, which indicates that the electrons move along
the magnetic-field direction for one Weyl cone and along the
opposite direction for the cone with the opposite chirality.
Noting that in Egs. (5) and (6), the correction of the orbital
magnetic moment (OMM) to the band energy is included,
which is written as &, = ¢, — my, - B with the OMM given by

e .
my = _lﬁ<vkuk| x (H — &) Viug). @)

In the semiclassical framework, the total current response
for a uniform system can be expressed as

J=—c / [dK1DFf (5, ®)

where [dk] is a shorthand notation for dk/(2m)?, f(&) is
the single-particle distribution function. To calculate the cur-
rent density, we use the homogeneous steady-state Boltzmann
equation within the relaxation-time approximation to solve the
distribution function:

k-Vif = ©9)

Jfo—f
—
where fy is the equilibrium Fermi-Dirac distribution, and 7
is the transport relaxation time. To obtain the general expres-
sions for the nonlinear currents, Eq. (9) is solved by expanding
the distribution function up to the second order in E as

f = fo+ fi + f2, where

2
fi = [eE vk+—(E B)(%; - vk)] fz, (10)

e afi
h= [eE vk+—(E B)(% - vk)i| o

UIH

+— [ (E-B)V x (GE)- vk)i| oo, an
D Ek

III. THE INTRINSIC LINEAR APHE DUE TO FBC

First, we focus on the in-plane (the magnetic field, electric
field, and the current coplanar) linear current scales with the
order of O(EB). Noting that OMM contributes to the cur-
rent in order of O(EB), which is given as JSKAM = éE X
f [dk]1R2, (my, - B)gﬁJ [54]. In the following, we show that

JSK,IM will not contribute to the in-plane current in WSMs
when B lies in the transport plane, so we ignore it in the study
of the in-plane current.

Substituting the first-order distribution function Eq. (10)
into Eq. (8), the linear in-plane current up to the order O(E B)
in the presence of external fields is obtained as

TV =T33 + T+ Tipe. (12)

The first term is attributed to the anomalous velocity due to
magnetic field (the meaning of index “AB”), which is given
by

JU = _er f [dk]—(vk Q)E -v)B.  (13)

This term is generally nonzero for a single cone. When the two
cones are tilted in opposite directions, the distributions in two
cones shift along the op 051te directions due to the modified
vy, resulting in a finite JAB [55].

The second term in Eq. (12) stems from the effective chiral
chemical potential [the third term in Eq. (6)] due to the chiral
anomaly (for the index “CA”), which is

3
J<1> %f[dk]g—ﬁ<E‘B)("k'”’<)”"‘ (14)

In the absence of the tilting, for the two-cone model of the
WSMs with time-reversal symmetry, the contribution of this
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term is zero [20,55]. J 5\1]; and J (Cl/)\ are all responsible for the
planar Hall effect, where the Hall current, the electric and
magnetic fields are all coplanar.

With considering the FBC effect, we find a different kind
of APHE, which is given as

2
Te = =5 [1akifstoe 1v < (G BB

<>
+E[V x (F B)]}. (15)

Here the first term is the E-FBC component and the sec-
ond term is the B-FBC component. The corresponding linear
anomalous planar Hall conductivity (APHC) is given by the
af  __ _af op
SUM Oppe = Of ppc + Op Fpc- o
We first investigate the E-FBC component, which is given
by

2
ol e = _% > f [dk]fyvl e’ 9" G B, (16)

where the sum over the repeated Greek indices is implicit.
When f attains a superscript of n, it means the equilibrium
Fermi-Dirac distribution for the nth band. From Eq. (16), it
is straightforward to see that the conductivity tensor of the
E-FBC contribution is asymmetric by exchanging the indices
a and B. According to Ref. [46], it can be separated into a
symmetric (ohmic) component and an antisymmetric (genuine
Hall) component.
The B-FBC contribution can be obtained by

o e
O-B—iBC = _E Z/ [dk]fézeﬂyaééwaé‘l;;ann' (17)

Noting that o _’?:BC = —af’f_oléBC, it manifests as a genuine Hall
current. A few general remarks on the FBC-induced linear
APHE are in order. First, oggc is allowed by time-reversal
symmetry. For linear APHE, the whole set of the external
field EB, as well as the current, is odd for both of 7 and P
symmetry, so nonzero response is allowed in either WSMs
with 7 symmetry or P symmetry. The 7 (P) symmetry leads
to Anm(k) = Amn(_k) [Anm(k) = Amn(_k)], and it can be
verified that Ggﬂ k) = GZ’S(—k) and Fn“ﬂ k) = —Fn“’s(—k)
for either 7 or P symmetry. Thus, Gglfc is even for either
T or P symmetry. However, considering that both of Jap
and Jca are proportional to TEB that is T even, it results in
vanishing of Jag and Jca in 7-symmetric systems leaving
the Jppc as the dominant contribution irrespective of the tilt-
ing direction. Second, J}(:IB)C is independent of the relaxation
time 7, manifesting it as an intrinsic effect determined solely
by the band structure of the materials. Third, for o3’z the
longitudinal component is forbidden, leaving it as a pure Hall
current. While for UE“_’f;BC both of the longitudinal and Hall
components are allowed.

IV. FBC-INDUCED LINEAR APHE IN WSMS

With the help of the general expressions of the APHE
arising from FBC in Egs. (16) and (17), we are now in the
position to investigate the APHE with FBC in WSMs. The
low-energy effective Hamiltonian describing the WSMs can

be written as [8]

H = vp(sk - 0 + R, - koy), (18)

where s = £1 specify the chiralities of the Weyl nodes, oy
is the 2 x 2 identity matrix, ¢ = (6%, 6”7, 0%) are the Pauli
matrices, v is the Fermi velocity and Ry = (R7, R}, R%) is the
tilting vector of the Weyl cone. The WSM Hamiltonian (with-
out tilting) can be realized by either breaking time-reversal
symmetry 7 or inversion symmetry 7. Note that the tilting
term breaks 7 symmetry by itself.! For a specific tilting when
the pair of Weyl cones are tilted in same direction, it also
breaks the P symmetry. As a consequence, the Weyl nodes
of Hamiltonian Eq. (18) can be obtained by breaking either
T or P symmetry. With the Hamiltonian Eq. (18), the energy
dispersion for a Weyl cone of chirality s is derived as

&5+ = r(R; -k £ k), 19)

where the + (—) sign corresponds to the conduction (va-
lence) band and k = |k|. The group velocity is vy = UF(I;(—X +
R 4R E 4R

Before proceeding further, we introduce the quantum met-
ric which is closely related to the FBC in WSMs. The proper
distance between quantum states can be defined as dr?> =
Q*Pk“kP, where Q°F = (3*y|9%y) — (3“y 1Y) (W |97y) is
the quantum geometric tensor [31,49,56-58]. Its imaginary
part, Im[Q*F] = ¢*PY Q7 is the antisymmetric tensor Berry
curvature, and its real part is the Fubini-Study quantum metric
g*?, Re[Q*F] = g*#, which is the symmetric tensor. Specially,
for the two band Hamiltonian, the products of Berry connec-
tions can be rewritten by the quantum metric. For example,
the quantum metric tensor for the Weyl cone with chirality s
of the valence band is written as g*# = Re[ A% +Af +_], and
we obtain

Ge? =2g0 /(6o — ). (20)
One observes that the quantum metric is directly related to
the FBC. The Berry curvature and the OMM are given by
@ = —s(Lk/|k]?), my = —sevp (k/|k|?). It is seen that the
Berry curvature and OMM are in parallel. As they are in the
z direction, J SK/IM is zero for when B is in the transport plane.
When they are also lying in the plane as B, J SKAM
contribute to in-plane current.

To get analytical results, we restrict our discussion within
the type-1 WSMs, where we can only consider the conduction
band when the chemical potential lies above the Weyl nodes,
and we drop the band indices in the following.

Let us consider the situation that a pair of Weyl cones are
tilted in the same direction, in which Jxl; and Jg /i vanish,
and J (FIB)C is dominated in the linear PHE. We suppose that
the electric field is directed along the x axis, E = EX, and the
magnetic field lies in the x — y plane with an angle from the
x axis is 0, i.e., B = Bcos0x + Bsin 67y. For the same tilting
direction, R; = R, and the APHC induced by the E-FBC is

will not

'When we refer to the 7-breaking tilted WSM, we mean that it is
T breaking even at zero tilt.
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FIG. 1. (a) The integrand I'* for o} e (b) The equilibrium
state distribution fp. (¢) The integrand F*® for o} wpc. For panels
(a)—(c) the momentum plane is k&* = 1. (d) o3'pe Versus chemical
potential p for different values of R, R* is set to zero and R® is set
to 0.5. In the calculation, we take kz7T = 20 meV. (e) Diagrammatic
sketch for the tilting vector R. (f) o3 g as a function of tilting angle
o for different values of the magnitude of R.

obtained as (see Appendix A)
N e . ,
Oh prC = 7 / [dk]foI*vpBsin 6, 1)

where I'’? = %(Rzky — R"k%). One may observe that there is
an antisymmetry mirror line with the slope k”/k* = R¥/R*
for T'* in the k¥ — k* plane, as shown in Fig. 1(a), with
the tilting parameters R = 0.25 and R® = 0.5. However, the
equilibrium distribution function f; is symmetric with respect
to the mirror line, which is depicted in Fig. 1(b). Combining
fo and %, it renders the cancellation of the integration in
momentum space, leaving o}z vanishes and thus we have
Ot = Op Fre-

Now we investigate the linear APHE induced by the B-
FBC. According to Eq. (15) and making use of the two-band
nature of the WSMs Hamiltonian, the complex expression of
the B-FBC equation (4) reduces to a simple form
eeﬂyav.Z—A?—+Af+— _ e’ g(ff

F¥ =R

§—

(22)

Es— — &5t Es— — &5t

When both Weyl cones are tilted in the same direction, the
linear APHE induced by B-FBC reads (see Appendix A)

2
Ohrmc = 7 f (k) fo(F™ sin @ + F** cos 0)ueB,  (23)

where F&%7 = 99 FPY — 98 F*” and we have

KK KR L KQK + kR

yXy = =
4 2k6 ' 2k®

(24)
A particular case is that R* is zero. We thus notice that F7*
and F** are odd with respect to k*; whereas fj is even, it
leads to a vanishing oy .. In this case, the APHCs induced
by E-FBC and B-FBC are both zero. Therefore a finite R*
is required for a nonvanishing op'pc, namely, a perpendic-
ular component of the tilting vector is required. Furthermore,
0y ppe Vanishes if R = R* = 0. This is because F>® (F>*)
is odd with respect to k7 (k*), as shown in Fig. 1(c) (where
the contour plot of 7> in the k¥’ — k% plane is shown). R”
(R*) breaks the reflection symmetry about the k¥ (k*) axis for
fo. leading to a finite o} 1. In Fig. 1(d) we plot o s as a
function of the chemical potential u for different values of
R (R* is set to zero). One observes that the magnitude of
0y pe decreases for smaller R”, as expected from symmetry
analysis. It is worth noting that the dependence on the tilting
directions for the APHE induced by FBC is very different
from the chiral anomaly counterpart [on the order O(EB)],
which vanishes when the nodes tilt along the same direction
[55]. As a consequence, when the tilting of the two nodes
is noncollinear, the two APHEs coexist (for more details see
Appendix B). Noting that the APHE induced by FBC is an-
tisymmetric with oz = —0pgc, While the PHE induced by
chiral anomaly is symmetric with o3, = 0. It serves as a
character to distinguish these two PHEs in experiments.

To conclude, when both Weyl cones are tilted in the same
direction, the APHE arising from FBC is finite if the angle « is
not zero, nor 7 /2, as schematically illustrated in Fig. 1(e), and
the dependence of the tilting angle « for o is shown in
Fig. 1(f). It differs significantly from the linear PHE induced
by the chiral anomaly where the Weyl nodes tilt along oppo-
site directions. Recently, an unconventional planar Hall effect
was reported in the Weyl semimetal material ZrTes [59] for
which a remarkable discovery is the nonzero Hall conductivity
when the in-plane magnetic field is parallel or perpendicular to
the current, which is not included in previous theoretical and
experimental studies (where such a conductivity disappears
for the parallel case) but consistent with the planar Hall effect
we propose here. We anticipate that this different kind of
linear APHE can be observed in type-I WSMs such as TaAs
[2,60] with strain-controlled tilting.

V. FBC-INDUCED NONLINEAR APHE IN WSMS

We already know that when the tilting vector lies along the
normal to the transport plane, the linear FBC-induced APHE
vanishes and the second-order response dominates. The non-
linear Hall effect in WSMs induced by the chiral anomaly as
well as the Berry curvature dipole has been investigated in
Refs. [61-65]. Here we show that the FBC can also induce
a nonlinear APHE. Recently, an intrinsic nonlinear APHE
has been proposed [66], where the effect of magnetic field
plays a role via a magnetic-field-induced correction to the
electric-field-induced correction of the Berry connection. For
a comparison, we treat the effects of electric field and mag-
netic field on the same footing so that the proposed linear
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TABLE 1. List of constraints on the linear and second-order APHCs by the tilting directions of the Weyl nodes. The allowed (forbidden)

APHC s are indicated by v* (x).

RR=R =R=0 R*=0,R*orR” #0 RR#0,R" =R =0 R*#0,R orR” #0
1st order X X X v
2nd order X X v v
and nonlinear APHE are completely different from that in
Ref. [66]. yxx d %_ ky 2kz kRZ By

Combining Egs. (10), (11), and (5), the second-order elec- “BFBC = Z f ]8 2k6 (26" + )
tric current induced by FBC is obtained as
+ k*(2k* + kR)B"]. (29)

3
=" /[dk]{[v « (GE) x (B x vp)(E - vp)

<~
+(E -B)v[Vx (G E)]- v

+E x [V x (FB)E - vk}ﬁ (25)

where the first two terms are contributed from the E-FBC,
with a defined second-order APHC ag_%cz

a 631' af() v
UE,IS:}];C =T Zf [dk]a—skéﬂ gn

B s

x GV (e%“e" v vP B + v v BP). (26)
It is seen that o ’?];C is a asymmetric three-rank tensor, and
it can be separated into a symmetric and an antisymmetric

component. The third term is the B-FBC contribution o ’?éc'

a 63‘[ afO
o= — —> / [dk]aeﬂ‘sae“”aB‘: v IHE

27)
One observes that og’%c is antisymmetric by exchanging
first two indices, and it can be recognized as a genuine Hall
current. The total second-order FBC-induced APHC is then

yXX yxx

O’FBC = Opppe T+ GBXFBC For the nonlinear APHE, the factor
TE’B is even for both 7 and P symmetry, requiring the
WSM Hamiltonian to break both 7 and P symmetry, which
is ensured by Eq. (18). Considering the nonlinear APHE
is extrinsic, the dependencies on the intranodes and intern-
odes scattering affect the APHE in different ways [67]. It is
seen that the nonlinear APHE is mainly dominated by the
anisotropy of the distribution function within each valley,
which is characterized by the intranode scattering 7. It has
been proposed that the chiral anomaly induces nonlinear PHE
[61,68,69], in which the current is limited by the internode
scattering Tiner, Where the quasiparticles scatter across the
nodes and switch their chirality. It is therefore implied that
the nonlinear APHE manifests in WSMs in the limit when
T 3> Tiner, Where the short-range interaction or short-range
scattering dominates over the long-range one [68].

We then solve the second-order APHC tensors induced by
E-FBC and B-FBC, which are given by (see Appendix C)

et afo 1
yox ¢ b a1 20
TEFBC T T Z/[ e 20,15

— v KRB + v B, (28)

[vrk’Riv)B

We consider that a pair of Weyl cones are tilted in the same
direction with R, = R. One observes that a finite value of
the first term in o}z requires a nonzero R¢. For the second
term in o}, ppc, it is proportional to k*(k” /k + RY) that takes a
finite value if the tilting vector has both nonzero components
along the y and z axes. Similarly, the third term in o} ppc
takes a finite value if the x, y, and z components of the tilt-
ing are nonzero simultaneously. Similar deduction applies to
GEX;BC Recall that a nonvanishing linear FBC-induced APHE
requires that the angle (o) between the tilt and the normal
of transport plane is not zero, nor /2. Thus, when R® is
finite and R* = R = 0, the linear APHE vanishes and the
second-order APHE dominates, with a second-order APHC

(see Appendix C)

et 3 fo (k)
Ofrpc =~ UF f [dk]ﬁ o KB G0

x\2
OhpBC = ——vF/ [dk] afz ) pepr, (31)

The constraints on the linear and second-order APHCs from
the tilting directions are summarized in Table 1.

After some algebra, the analytical expressions of Eqs. (30)
and (31) are found as (for more details see Appendix D)

e%v%rr [5 + (R%)*IR?
30nu* /1 — (Re)?

yxx yxx

9%k rec = 9B-FBC = B*. (32)

As seen in Eq. (32) the nonlinear APHC scales with w2,
which indicates that the nonlinear APHC increases rapidly
when the Fermi level approaches the Weyl nodes. This char-
acteristic is due to the singularity of the quantum metric at
the nodes. The FBC-induced nonlinear APHE predicted here
vanishes (survives) when the tiling vector lies in (perpendic-
ular to) the transport plane, while the chiral-anomaly induced
nonlinear PHE survives (vanishes) [61,65].

VI. CONCLUSIONS AND DISCUSSIONS

In this work we propose a type of APHE originating from
the field-induced Berry connection in tilted WSMs, which is
closely associated with the quantum metric. As a transport
phenomenon, it is distinct from the most remarkable trans-
port phenomena for the WSMs, e.g., the negative longitudinal
magnetoresistance and the extrinsic planar Hall effect, which
are induced by the chiral anomaly. Due to the intrinsic nature,
the APHE proposed here reflects the microscopic geomet-
ric properties of Bloch electrons, which could be useful for
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band-structure engineering to the observation of the quantum
metric by ab initio calculations. The FBC-induced nonlinear
APHE is also studied. The conditions for the existence of the
linear and nonlinear APHE are discussed, revealing that it is
possible to distinguish them in experiments.

Note added. Recently, we came across an independent
work [70] with a very similar calculation that predicts pla-
nar Hall effect related to the field-induced Berry connection.
However, their expressions of the planar Hall conductivities
are different from ours given in Eqgs. (16) and (17). Despite
that, it is also found in Ref. [70] that a nonzero requires the
tilting is not parallel or perpendicular to the transport plane,
as a distinguishable feature of the intrinsic planar Hall effect.
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APPENDIX A: DERIVATION OF EQS. (21) AND (23)

We can employ spherical coordinates and parametrize the
vector k = k(sin @ cos ¢, sin 0 sin ¢, cos6). With the nota-

tion s = 1 and 5 = —1, the eigenstates are
__(sin ©/2)e”® __[cos (6/2)e™®
ls—) = < —cos (6/2) ) ls+) = < sin@/2) ) AD

Making use of the identity v, = —igy, A%, the intraband
Berry connection becomes A%, = i(n|d0“H|m)/(e, — &,). By
inserting the Hamilton (18) into Egs. (A2) and (A3), the oft-
diagonal elements of the quantum metric tensors for the Weyl
node with chirality s of the valence band are obtained as
& =R6[A§,+A§+,] _ Re[(s — |oy|s+) (s +2|ay|s—)]n
(&5— — &5t)

sin’ 0/2) cos® (0 /2) sin (2¢) kyky

2% Tt
And for the conduction band it follows the analogous calcu-
lation. It is easy to verity that g*¥ = ¢”*, which testifies the

s—

symmetric nature of the quantum metric tensor. The diagonal
parts are given by

g
= RG[A§7+A;C+7] _ Re[(s—|oy|s+) (s+|oc|s—)]n

(A2)

(&5- — €s+)2
sin* (6/2) 4 cos* (8/2) — sin? (6/2) cos® (6/2) cos (2¢)
4k2
kG +E A3
4k*

With the substitution k — —k, we found that g = g .
Therefore, one observes that the two cones preserve the same
quantum metric, which is distinct from the Berry curvature,
since the Berry curvature is opposite for the two cones. Ac-
cording to Eq. (3) in the main text, the E-FBC are given in
form of the quantum metric as

G = 2

. (Ad)
Es— — Es+

Making use of the identity &,_ — e,y = —2uvrk, it is found
that the E-FBC is independent of the chirality and we drop
the chiral indices for the E-FBCs in the following. Combining
Egs. (A2), (A3), and (3), the E-FBCs are found as

af k(xkﬂ aa__kz_(ka)z
F=— = (AS)
41)st 4ka5
For convenience, we introduce the definition
G*Pr = 9°GPY — 3FG*. (A6)

By use of Eq. (A6), 03 gpc is found as

) ez . ! ’
Ofrpc = — W Z /[dk](vfg” + UGT + IGP)
N

x foBsiné. (A7)
By placing Eq. (A4) into Eq. (A6), one observes that
g_vzx — aZG_\'x _ aszx — 0’
X kz XyX ky
G =25 GM =25 (A8)

By the use of Eqgs. (AS) and (A7), the APHC induced by the
E-FBC is obtained as
2

% rpc = _% / [dk] feqT**Bsin 6.

The B-FBC-induced APHC can be obtained similarly. Par-
allel to Eq. (A6), we introduce the definition

Fobr = g°FFr — 9P FY (A10)

Plugging Egs. (A5) and (A10) into Eq. (15), when the pair of
Weyl cones are tilted in the same direction the linear APHC
induced by the B-FBC is obtained as

2
Op rpc = %[[dk]fo(]'—”y sind + F™** cos6)B, (All)

(A9)

with
kY (2k* + kR?) s _ k*(2k* + kR®)

Y — ,
2k 2k®

(A12)

APPENDIX B: COMPARISON WITH PLANAR HALL
EFFECT INDUCED BY CHIRAL ANOMALY

The chiral-anomaly-induced planar Hall conductivity on
the order of O(EB) is given as

3
oty = —% / [dk]B (v, cos & + vy sin0) (v - ). (B1)

As demonstrated in the main text, o, vanishes when the
nodes tilt along the opposite directions, while ongBC is finite if
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FIG. 2. Planar Hall conductivities induced by the chiral anomaly
and the FBC as a function of the chemical potential. The parameters
R:=R:=025R =—R. =025v =2eVA,B=05T,kT =
10 meV, 7 =107 s,

the nodes tilt along the same direction. As a consequence, the
PHE induced by the chiral anomaly and the APHE induced by
the FBC coexist with a noncollinear tilting. In Fig. 2 we show
the comparison between the PHE induced by chiral anomaly
and the APHE induced by FBC as a function of the chemical
potential, where the tilting of the two nodes is noncollinear.
Assuming the relaxation time T = 10-13 s [61], it can be seen
that oy p is on the same order of magnitude of o(.,, along
with a different peak position versus the chemical potential.

APPENDIX C: DERIVATION OF THE EXPRESSIONS
OF THE FBC-INDUCED NONLINEAR APHC
IN WEYL SEMIMETALS

From Eq. (25), the second-order APHC tensors induced by
E-FBC and B-FBC are obtained as

3
Uéx;BC hr /[dk][(anyx — 3xny)(Bva — Bzvy)ux

— (aZGyX _ ayGZX)(vay _ Byvx)vx

+ (aszx _ 8ZGXX)U§BX + (8}'Gxx _ axny)vyszx
ol

+ (0°G™ — ByG”)vyv"Bx]ﬁ, (C1)
88k

- et
Oprpc = — 7 /[dk] oo [0 (F™B* + FPB" W
— 9'(FB* + FYB)'] €2

J

k space. Making use of the coordinates transformations:

RZ
K=k R =R, K =1 (RZ)Z(kZ + ——)

Making use of Egs. (A6) and (A10), they can be rewritten as

yxx e3t XX Z 2.,y X
Oitpe = f [dKI[G™ (B'v — Bv )

— G (B — BN 4+ G ()’ BY + G0 v BT
ad
gZ\X Y xBX] f (C3)
dex’

e = = / [k 2L (B 4 Prpe
Fl a8k
— Y (F¥™B* + F»B")v*]. (C4)
Combining with Egs. (A6) and (A10), we obtain

et afo 1
yxx - __ " dk1=
TE-FBC h Z/[ ]Bsk 2upk’

x [vrk’Riv'B* —

vrk*R\v'B* + KvivB], (C5)
et dfo v*
yaxo
Tine =52 [ 1amgl

x [k (2k* + KRB’ + k*(2k* + kRY)B*].  (C6)

When the pair of Weyl cones are tilted in the same direction,
we set R® finite and R* and R’ to zero, and the second-order
APHC contributed by the E-FBC can be simplified as

. N Ifp (K

Oiree =~ / [dk] : Z . ; 6) RB". (€7
In Eq. (C6) the terms proportional to k¥ are nonzero when the
tilting vector has both nonzero components along the y and
the z axes. The terms proportional to k* are nonzero when the
tilting vector has both nonzero components along the x and
the z axes. When R? is finite and both of R* and R are zero,
O ppe 1S Written as

x\2
OprBC = _eT / [dk]a—f‘)vp (k ) RB". (C8)

APPENDIX D: DERIVATION OF THE ANALYTICAL FORM
OF SECOND-ORDER APHC

To obtain the analytic formulas of the nonlinear APHC ten-
sors, one needs to deal with the integrals in Egs. (30) and (31)
in the main text. According to Eq. (30), the E-FBC-induced
second-order magnetoconductivity is written as

w €T Af° (k)

Of pRC = s / [dk] b5 2K6 R*B*.
Let us suppose that the Fermi energy lies above the Weyl
points, namely, i > 0, so that only the conduction band is
considered. To derive an analytical expression, we consider
the zero-temperature limit, so that the partial derivative of the
Fermi-Dirac distribution is a § function, d fy/de = 5(e — ).
Owing to the tilting, the equi-energy surfaces are ellipsoid in

(D1

o 1= (R b2
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where k' = [(k")? + (k”)* + (k¥)*]'/?, and the integral element is changed as [1dk] — [1dK'][1 — (R%)*17'/2. The partial

derivative becomes 3 f /e = 8(u — vpk'[1 — (R%)?1'/2):

k")’

o —év /[dk/] K
FrBe Bt V1= R 2[V1 = (R)K — R (—=k¥ — £ )]

8(1 — vrk'y/1 — (R)?)B*

v 1= (R7)?

A 1—(R?)?

= — —UF

h — (R?)?
etvin [5 + (R)?IR
30nu? /1 — (Re)?

where the integral is calculated in spherical coordinates with

k, = k' sin6 cos ¢,

6
et m T K? V1= (R)?\ k*sinb3 cos p?
do do
0 0 1

In a similar manner, the B-FBC contribution to the nonlinear APHE is obtained as
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