aps CHCRUS

physics

This is the accepted manuscript made available via CHORUS. The article has been
published as:

Nonlinear transport in Weyl semimetals induced by Berry
curvature dipole
Chuanchang Zeng, Snehasish Nandy, and Sumanta Tewari
Phys. Rev. B 103, 245119 — Published 14 june 2021
DOI: 10.1103/PhysRevB.103.245119


https://dx.doi.org/10.1103/PhysRevB.103.245119

Berry curvature dipole induced nonlinear transport in Weyl semimetals

Chuanchang Zeng,"? Snehasish Nandy,® and Sumanta Tewari'
'Department of Physics and Astronomy, Clemson University, Clemson, SC 29634, USA

2Centre for Quantum Physics, Key Laboratory of Advanced Optoelectronic Quantum Architecture and Measurement(MOE),

School of Physics, Beijing Institute of Technology, Beijing, 100081, China
3Department of Physics, University of Virginia, Charlottesville, VA 22904, USA
(Dated: June 2, 2021)

Topological Weyl semimetals (WSMs) have been predicted to be excellent candidates for detecting Berry
curvature dipole (BCD) and the related non-linear effects in electronics and optics due to the large Berry curva-
ture concentrated around the Weyl nodes. And yet, linearized models of isolated tilted Weyl cones only realize
a diagonal non-zero BCD tensor which sum to zero in the model of WSM with multiple Weyl nodes in the
presence of mirror symmetry. On the other hand, recent ab initio work has found that realistic WSMs like TaAs-
type or MoTez-type compounds, which have mirror symmetry, indeed show an off-diagonal BCD tensor with
an enhanced magnitude for its non-zero components. So far, there is a lack of theoretical work addressing this
contradiction for 3D WSMs. In this paper, we systematically study the BCD in 3D WSMs using lattice Weyl
Hamiltonians, which go beyond the linearized models. We find that the non-zero BCD and its related important
features for these WSMSs do not rely on the contribution from the Weyl nodes. Instead, they are dependent
on the part of the Fermi surface that lie between the Weyl nodes, in the region of the reciprocal space where
neighboring Weyl cones overlap. For large enough chemical potential such Fermi surfaces are present in the
lattice Weyl Hamiltonians as well as in the realistic WSMs. We also show that, a lattice Weyl Hamitonian with
a non-zero chiral chemical potential for the Weyl cones can also support dips or peaks in the off diagonal com-
ponents of the BCD tensor near the Weyl nodes themselves, consistent with recent ab initio work. In addition,
we predict specific experimental signatures of BCD induced transport such as nonlinear anomalous Hall, Nernst

and thermal Hall effects in WSMs that can be directly checked in experiments.

I. INTRODUCTION

Berry curvature dipole (BCD) in reciprocal space has re-
ceived a growing attention recently, due to the critical role it
plays in the studies of non-linear electronic and optical ef-
fects [1-8]. Prominent examples are photocurrent from the
circular photogalvanic effect and second-harmonic generation
[1, 9, 10], non-linear anomalous Hall [11-18], Nernst [19-
21], and thermal Hall effect [22], etc. Amongst them, the
most typical example should be the discovery of the non-
linear anomalous Hall effect (NLAHE) for two-dimensional
transition metal dichalcogenides with time reversal symme-
try in both theory and experiments [2, 11, 13, 23]. Since
Berry curvature tends to concentrate around regions where
more than one bands touch or nearly cross in the momentum
space, low-symmetry crystals with tilted Dirac or Weyl points
in both 2D and 3D are excellent candidates for the detection of
BCD and its related non-linear effects [2]. As a purely Fermi
surface quantity, the net value of BCD fully depends on its
density distribution on the Fermi surface. Therefore, sizable
BCD could also be found in strained graphene with a warped
Fermi surface [24], spin-orbit coupled antiferromagnets [25],
merged Dirac Fermion pairs in 2D [26], and even 2D piezo-
electric metals under uniaxial strain [27]. However, most of
the current studies on BCD focus on the 2D time reversal in-
variant systems, and only a few works have been performed
directly for 3D materials [7, 8].

Topological Weyl semimetal (WSMs) [28-30], character-
ized by pairs of non-degenerate bands linearly touching each
other at points in the reciprocal space called Weyl points, have
been experimentally found in realistic materials such as the
materials in the TaAs family [29, 31, 32] and materials in

the MoTey family [33, 34], among others. These classes of
WSMs, preserving time reversal symmetry but breaking crys-
tal inversion symmetry, can naturally produce an asymmetric
distribution of Berry curvature (hence, a non-zero Berry cur-
vature dipole) with large magnitude around the Weyl nodes in
the presence of a finite tilt. Therefore, 3D WSMs appear to be
an excellent platform to study BCD and the related non-linear
anomalous effects as mentioned above. Each Weyl node indi-
vidually behaves as a monopole of the flux of the Berry curva-
ture, which plays the role of a magnetic field in the momentum
space. The topological invariant called the Chern number or
chirality for a Weyl node is quantified as the surface integral of
the flux of the Berry curvature over the Fermi surface enclos-
ing the Weyl point. According to Nielsen-Ninomiya theorem
[35], the total chirality in a periodic system (e.g., the Hamil-
tonian defined in the Brillouin zone) must be zero, thus Weyl
nodes always come in pairs of opposite chirality. Normally,
there are many Weyl points existing in the Brillouin zone in a
realistic material. But one can identify and organize them by
their chiralities and symmetries. For example, the chirality of
a Weyl node remains the same under the operation of time re-
versal symmetry but reverses its sign under transformation by
inversion symmetry or mirror symmetries. Interestingly, the
transformation rules of the BCD tensor under various sym-
metry operations are the same as those of chirality under the
discrete symmetries in a WSM.

The form of the BCD tensor — namely, whether it is sym-
metric or anti-symmetric — is determined by the point-group
symmetry [2, 27]. Theoretically, based on the linearized mod-
els of Weyl cones, the contribution to the net BCD tensor for
a time reversal invariant system vanishes after being summed
over all of the Weyl nodes. However, it has been shown in a



recent ab initio study that TaAs and related materials, which
have mirror symmetries mapping Weyl nodes of opposite chi-
rality on each other, are expected to support a large BCD ten-
sor [7]. These first principle results are in direct contradiction
to the vanishing of BCD tensor obtained from the analysis
of linearized models of 3D WSMs. Therefore, the linearized
models of WSMs are inadequate to explain important features
of the BCD tensor and the related non-linear effects expected
from ab initio numerical studies as well as in experiments.

In this work, we conduct a systematic study of BCD in
WSMs using lattice models, which, to the best of our knowl-
edge, has not yet been performed so far. The objective of this
study is to understand the true origin of the non-zero BCD in
a WSM under time reversal and mirror symmetries, and to ex-
plain the features of BCD discovered by the ab initio study
for the experimental materials [7]. It has been mentioned in
a recent work that the non-zero contribution to BCD in the
TaAs-family of material come from the proximity of pairs of
nodes of opposite chirality, even though the study itself was
conducted on only a linearized model [8]. In this work, we
calculate the non-zero BCD components for the time rever-
sal invariant Weyl Hamiltonian on a lattice, which has a band
structure more closely related to the realistic experimental ma-
terials. We also extract a low-energy model from our lattice
Weyl Hamiltonian. This model, despite being valid at low en-
ergies, is different from the linearized models of WSMs in that
it has a high-energy cutoff as well as a non-linear second-order
term that can be switched on and off (see Eq. (9)). We calcu-
late and compare the BCD for this low-energy model with that
for the lattice model, and find that the low-energy model can-
not produce the correct dependencies of BCD on the system
parameters. Consequently, the net contribution for the BCD in
WSMs should not come from the Weyl nodes. Next, we an-
alyze the effects on the magnitude of BCD of the momentum
space separation between the Weyl nodes of opposite chiral-
ity. Note that, varying the momentum space separation of the
Weyl nodes with opposite chirality results in tuning the Fermi
surface in the overlap region between the pairs of nodes of
opposite chirality. By demonstrating a non-zero BCD which
depends strongly on the momentum space separation of Weyl
nodes of opposite chirality, we conclude that the net non-zero
contribution to BCD originates from the parts of the Fermi
surface between the pairs of Weyl cones with opposite chiral-
ity, rather than the Weyl nodes themselves. We also consider
a second lattice Weyl Hamiltonian with a chiral chemical po-
tential, describing Weyl nodes that lie at finite but unequal
energies. For this model we find that there are dips and peaks
of non-zero off-diagonal components of BCD even when the
Fermi energy lies at the Weyl nodes, consistent with analo-
gous results found from first principle calculations for the re-
alistic materials [7]. We check that the non-zero BCD from
the Weyl nodes and the associated peaks and dips exist for
both type-I and type-Il WSMs as long as there is a chemical
potential mismatch among the Weyl cones, while the magni-
tude of BCD turns back to zero when we remove the chiral
chemical potential.

The rest of the paper is organized as follows: In Sec. II, we
review some basic properties of Berry curvature dipole and the

related non-linear anomalous transport phenomena. In Sec.
III, we study the Berry curvature dipole for a 3D WSM both
using a lattice Hamiltonian and a low energy Hamiltonian. In
part A, we first study the BCD for WSMs using a single lin-
earized Weyl Hamiltonian, mainly focusing on the symmetry
analysis and finding the non-zero diagonal BCD components.
Then in part B we introduce a lattice Hamiltonian for a TR-
invariant WSM with broken inversion symmetry and perform
similar calculations as that for the linearized model in part A.
Next, in part C, we compare the BCD for the lattice model
with that for the low-energy model extracted from the same
lattice Hamiltonian. To demonstrate the origin of the non-zero
net BCD in the lattice model, we analyze the effect of varying
the separation of Weyl nodes of opposite chirality on the mag-
nitude of the BCD. Finally, in part D, we introduce a second
lattice Weyl Hamiltonian with an intrinsic chemical potential
difference (chiral chemical potential), and find non-zero BCD
even from the Weyl nodes and other features such as peak and
dips, consistent with recent numerical studies of realistic ma-
terials. Using this model Hamiltonian, we also calculate BCD
induced anomalous Hall, Nernst and thermal Hall coefficients
and predict their experimental signatures in WSMs. Finally
we end with a brief conclusion in Sec. IV.

II. BERRY CURVATURE DIPOLE AND NON-LINEAR
ANOMALOUS HALL EFFECT

The Berry curvature, a geometrical quantity defined in mo-
mentum space, has been shown to be significantly important
for the anomalous transport phenomena [36-38]. It can be
written as,
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where H|u}") = ef*|u}*) with m(n) indicating the band in-
dex and uj! is the Bloch state in momentum space.

In the presence of non-trivial Berry curvature, the elec-
tron motion acquires a transverse anomalous velocity term
eE X g, even without any external magnetic field [36],
which leads to the anomalous Hall, Nernst and thermal Hall
effects in the linear transport regime [38, 39]. On the other
hand, in the non-linear regime, it has been found that the first
moment of the Berry curvature, namely, the Berry curvature
dipole, instead of Berry curvature itself, plays the key role in
the anomalous transport phenomena [2]. In three dimension,
the Berry curvature dipole defined in reciprocal space is writ-

ten as
0
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where [dk| = d®k/(2m)3. Note that, here the Berry curvature
term 2" . can be related to the one defined in Eq. (1) by the
Levi-Civita anti-symmetric tensor as 3" . = €apeS2g -

To get a non-zero Berry curvature, the time reversal symme-
try and/or the inversion symmetry must be broken in the sys-
tem. In the presence of time reversal symmetry, 7TQ_,7T =
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FIG. 1. (Color online) The distribution of Berry curvature dipole density on the Fermi surface (E'r = 0.3vo) of a single Weyl node (Eq. (4)).
The colors on the surfaces represent the value for D;; with the solid lines in red and blue indicating the negative and positive isolines respec-
tively. (al) The Fermi surface for a non-tilted 3D Weyl cone is a 2D sphere centered at the origin. Dy, is anti-symmetrically distributed along
ks as well as k, axis, as is shown in (a2), a top view of (al). For the Weyl node turned on with a tilting along k,-axis, the Fermi surface
deforms into an ellipsoid which is also shifted along k,-axis, as is shown in panels (b) and (c). (b1), (b2) The distribution of D, is also tilted
in k.-direction and it is now only anti-symmetric along k,-axis. Different from D, D, is azimuthally symmetric along k;-axis, and both
Dyy and D, maintains symmetry in k, and k., as shown by the blue colors in (c1)-(c3). It should be obviously seen that the net contribution
to Ds;, 1 = x,y, 2 on a given Fermi surface is non-zero while for D, is zero.

—Q, which renders the Berry curvature-dependent contri-
butions to the anomalous transport being zero in the linear
regime. On the other hand, BCD is even under time reversal
symmetry i.e., 7T Dg.(—k)T = Dg.(k) leading to the fact
that the BCD-induced anomalous contributions can survive in
a TR symmetric system.

Recently, BCD-induced non-linear anomalous transport
phenomena have been intensively studied for 2D time-reversal
symmetric TMDs both theoretically and experimentally [2,
11, 13, 14]. The non-linear anomalous Hall effect coefficient
at zero temperature is directly proportional to BCD and can
be written as

637'
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where 7 is the scattering time. It is reasonable that the non-
linear conductivity depends on the scattering time, as a scat-
tering process from impurities, phonons, etc., is required to
achieve a steady state motion for the electrons (holes). In
fact, BCD can be interpreted as a non-linear Drude weight
that plays a role in non-linear Hall effect similar as the con-
ventional Drude weight in the linear conductivity [8]. It has
been shown in recent works that the other non-linear anoma-
lous transport coefficients, namely, the non-linear anomalous
Nernst and thermal Hall coefficients are also induced by the

Berry curvature dipole and satisfy relations different from the
conventional Wiedemann-Franz law and Mott formula [22].
From these relations, it is clear that if we have a non-zero
BCD for a TR invariant system, we must also have the finite
non-linear anomalous Hall, Nernst, and thermal Hall effects.
Therefore, in this work, our discussion will be centered upon
BCD mainly, which we will calculate in 3D, and at the end we
will show the behavior of the non-linear transport coefficients
induced by BCD.

III. BERRY CURVATURE DIPOLE IN WEYL
SEMIMETALS

A. BCD for a linearized Weyl node

In general, Weyl nodes always come in pairs with oppo-
site chirality. To get a clear understanding of the contribution
to BCD from each single Weyl cone, in this section, we first
focus on a single Weyl node. The linearized Hamiltonian de-
scribing a single Weyl node with chirality +1 can be simply
given as,

Ho(k) =vo Y kios +vikog 4)
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where 0g ;. are the Pauli matrices, vo is Fermi velocity and
k is the crystal momentum measured from the Weyl node. The
last term v k; 0 describes a tilt along ¢t-axis. Without any loss
of generality, here we consider the case k; = k, and vy = v,.
For |v;/vug| < 1, the above Hamiltonian describes a type-I
Weyl cone while for |v,./vg| > 1, the Weyl cone is strongly
tilted and corresponds to a type-1I Weyl node.

It is now straightforward to write down the Berry curvature
around this single node as,

k
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where F represents the Berry curvature for conduction and va-
lence bands respectively. It is important to note that the Berry
curvature of the Weyl cone does not depend on the tilt param-
eter. Different from being a pseudovector with the dimension
of length in 2D, the Berry curvature dipole defined by Eq. (2)
is a dimensionless pseudotensor in three dimension [2]. We
would like to rewrite Eq. (2) in the following form,
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where Dg. = v48, is defined as the BCD density in this
work. At zero temperature, O fg /e, = —0(eg — ) with §(z)
the Dirac delta function, and D, turns into a surface density
quantity. Note that, the way we define the BCD density in this
work is different from that in previous works [7, 24]. In the
following discussions, we will see the dipole density defined
in this way is more beneficial for the symmetry analysis in a
3D parameter space.

Since the BCD is a Fermi surface quantity, in order to get a
better picture of it in a 3D Weyl system, we show the BCD
density on a full Fermi surface, namely, a surface satisfies
e(kg, ky,k.) = p in the 3D reciprocal space. The BCD
density D;; (i,j = x,y,2) on their Fermi surfaces for both
non-tilted and tilted Weyl cones are shown in Fig. 1. It is
now clear that the presence of the tilt has turned the Fermi
surface of a Weyl cone from a sphere (see Fig. 1(a)) into an
ellipsoid (see Fig. 1(b), (c)). For the linearized Weyl Hamil-
tonian given in Eq. (4), we assume the Weyl cone is tilted
along k,-axis. As a result, the Fermi surface has shifted along
—k,-direction, which, equivalently, renders the BCD distri-
bution on the Fermi surface a shift (tilt) along +k,-direction.
It can be clearly seen from Fig. 1(a) that the net D, for a
non-tilted Weyl cone is zero due to the anti-symmetric distri-
bution (in k., ky) of D,, on the Fermi sphere. Interestingly,
the net contribution for D, vanishes even in the presence of a
finite tilt. This happens because as shown in Fig. 1(b), Dy, is
still anti-symmetric along k,-axis, though the anti-symmetry
in k,-direction has been removed by the tilt v, k,0¢. Calculat-
ing all the components of the BCD tensor individually, it turns
out the only non-zero components are D;; with ¢ = x,y, 2
when the Weyl cone is tilted, and the corresponding D;; dis-
tributions on the Fermi surface are shown in Fig. 1(c1), (c2),
(c3) respectively.

Since each component of BCD D;; is just the sum of D;;
on the Fermi surface, it is clear from Fig. 1 that only the diag-
onal components i.e., D;; with i = x, y, z are non-zero in the

case of a tilted linearized Weyl node consistent with the early
work [8]. In a TR symmetric system, the TR partner of H
shall provide us the same BCD tensor and therefore, the net
contributions to the non-zero BCD components will be sim-
ply doubled. On the other hand, when considering the mirror
reflection counterpart of the Weyl cone described by Hy, e.g.,
M} HyM,, the net contribution to each BCD component is
identically zero because the chirality and BCD will reverse
their sign under the mirror symmetry.

We would like to point out that we find the off-diagonal
components of BCD to be zero individually even for lin-
earized Weyl nodes with topological charge n > 1 (multi-
Weyl node). However, the density distributions of BCD for
Weyl nodes with topological charge n = 1, as given in this
section, can straightforwardly show that D;; ;+; = 0 inde-
pendent of the tilt. On the other hand, the off-diagonal com-
ponents of BCD are found to be large in some realistic TR
invariant WSM materials, e.g., TaAs family materials based
on the first principle calculations [7]. Following the above
point, it is now clear that an analysis based on a reduced Fermi
surface can not show us a full picture of BCD density distribu-
tion in 3D WSMs and therefore, the dependence of the BCD
off-diagonal components on the tilt strength for a single Weyl
node, as analyzed earlier on a projected Fermi plane [7], is not
correct. As a result, there is an inconsistency between the re-
sults due to the linearized model Hamiltonian and the realistic
3D WSM materials, leaving the origin of the large BCD un-
clear. In order to investigate the BCD, we would now consider
a lattice model of TRI Weyl system which is beyond the lin-
earized model and can provide us band structure more closely
related to the realistic materials.

B. BCD in a TR invariant lattice Weyl Hamiltonian

A major difference between a lattice model and a low-
energy model (normally linearized around the band touching
points) is the ultra-violet energy cutoff. This can be essen-
tial because it involves band bending in the Brillouin zone. It
has been shown that linear anomalous Nernst effect can exist
in lattice models as well as linearized models with an appro-
priate energy cutoff [40], while this effect is absent for lin-
earized models without this energy cutoff [41]. As has been
demonstrated in the previous section, a linearized model for
single Weyl cone cannot explain the existence of the non-zero
off-diagonal components of the BCD tensor that has been dis-
covered in TRI Weyl materials [7]. In this section, we will
show that the BCD in lattice model is different from that in
the linearized models.

In the context of real materials, time reversal symmetric but
inversion asymmetric WSMs like the TaAs-family of materi-
als [29, 31, 32], which have a polar axis breaking its inversion
symmetry naturally, are good candidates for studying BCD
and non-linear anomalous transport phenomena. The TaAs-
type compounds have a non-centrosymmetric body-centered
tetragonal lattice structure (belonging to space group 14;md)
and contain twelve pairs of Weyl points in the first Brillouin
zone, which can be organized by mirror symmetry M, M,
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FIG. 2. (Color online) The distribution of D, on the Fermi surfaces of a time reversal invariant Weyl system based on the lattice model
in Eq. (7). The colors on the surfaces indicate the value of BCD density D.., and the top view of each Fermi surface is also given as the
corresponding bottom panels. (a) The Fermi surface for a non-tilted lattice Weyl Hamiltonian (v = 0, Er = 0.2t) are four isolated closed
surfaces, which are respectively centered at the Weyl nodes (£ko, 0, £7/2). As is shown by the insert of (a), the distribution of D, among
the Weyl nodes can be related by mirror symmetry and time reversal symmetry. The contributions to D, from the mirror symmetric pairs
(along k., k. respectively) will be canceled and in effect, the net contribution of each of the separated closed region around the Weyl nodes
is zero. (b) Fermi surface and the distribution of D, density for a tilted lattice model (type I, v = 1.5¢, u = 1.0t). Now the Fermi surface
is a connected open surface and the contribution to D, from the surfaces around each Weyl node will still be canceled due to the remained
symmetry. Thus the net contribution mainly comes from the part of the Fermi surface that lie between the mirror symmetric Weyl pairs (the
blue color around k.-axis). (c) Similar as panel (b) but for a tilted system with four type-II Weyl nodes (y = 2.5¢, u = 0.2t). For this case,
contributions from the valence band are also present, shown as the connected Fermi surface (in blue) around the origin and the four open Fermi

surfaces (in light blue) in the k. — k,, plane in panel (c). The parameters used here are t = 1,t, = 0.5¢t,m = 2t, ko = 7/2.

[29, 30].

We first consider a time reversal symmetric and inversion
broken lattice model describing two pairs of Weyl nodes [42],
written as below,

Hy(k) = N(k)o + Ny(k)oo,

No(k) = y(cos (2k;) — coskg)(cos k., — cos ko),

N, (k) = [m(1 — cos® k, — cos k) + 2t,(cos k, — cos ko)]
Ny(k) = —2tsink,, N,(k)= —2tcosk,

(7

Here Ny is the tilting term which causes a different shift in
both bands, and o, o are Pauli matrices in terms of the degree
of freedom for orbitals. For this spinless lattice model, one
can define the time reversal and inversion symmetry operators
respectively as

T=K, P=o, (8)

where K is the anti-Hermitian complex conjugation opera-
tor. Using these operators, it can be easily checked that
TTH\(—k)T = Hy(k), PYH,(—k)P # Hy(k). In addition,
H, (k) has mirror symmetry in k., k., i.e.,

MIH, (kg by, k)M, = Hy(—ky, ky, k),

MIHy (ko ky, ko) Mz = Hi(ka, ky, —k:) ®
which are important in determining the non-zero BCD com-
ponents. The Hamiltonian H; (k) contains four gapless band
touching points localized at (+ko, 0, =7/2) with energy ¢ =
0. Now in the presence of a finite tilt (v is finite), the sys-
tem H; (k) describes four type-I Weyl nodes for |y/2t| < 1

whereas the Weyl nodes described by H; (k) become type-II
for |y/2t| > 1.

Let us take D, for H; (k) in Eq. (7) as an example. Be-
cause {2, ., and v, in Eq. (6) are even and odd with respect to
M, respectively, D,, = 0. Therefore, in the presence of M,
and M, we obtain two non-zero BCD components D, and
D, for Hamiltonian H;(k), which can be easily verified by
numerical calculations as shown in the following discussions.
The associated BCD densities (D) on the Fermi surface for
the lattice model are shown in Fig. 2. In the absence of tilt,
as shown in Fig. 2(a), there are four isolated Fermi surfaces
circling around each Weyl node located in the k, = 0 plane
and the BCD density on these four isolated Fermi surfaces
are related by TR symmetry as well as the mirror symme-
try along k,, k, axes. When the chemical potential is close
to the Weyl nodes, the D,, component for each Weyl node
vanishes because D, on each isolated Fermi surface is anti-
symmetric in k,-direction as shown in Fig. 2(a). In this limit,
the non-tilted lattice model is equivalent to a combination of
four isolated Weyl nodes related by symmetries. Now, with
increasing chemical potential, each isolated surface expands
and are connected with each other. In this limit, the net D,
remains zero in the absence of tilt because, despite the changes
of the shape of the Fermi surface, the distribution of D,,
on the Fermi surfaces around each Weyl node remains anti-
symmetric between the mirror symmetric pairs. Interestingly,
the net D,, rises to a finite value in the presence of tilt. This
is attributed to the fact that the anti-symmetry along k,-axis
(the tilt direction) is broken for the density distribution in the
presence of tilt and the D, distribution in the overlap regions
(in blue color, mainly localized around &, -axis) between Weyl
nodes, in particular between the Weyl nodes at (£ko, 0, 7/2)



or (£ko, 0, —7/2), becomes symmetric in the tilting direction
(k;-axis) as shown in Fig. 2(b), (c). Since the density dis-
tribution on the Fermi surfaces around the tilted Weyl nodes,
as shown in Fig. 2(b),(c), do not contribute to the net D, it
is therefore clear that the contributions to D, mainly come
from the overlap regions between the Weyl nodes. Addition-
ally, in the case of type-Il WSM (v > 2t), the density D, of
both valence band and conduction band can contribute to the
net BCD D, as clearly indicated in Fig. 2(c) where the Fermi
surface in light blue around the origin and the four smaller sur-
faces in the middle of edges, in effect, belong to the valence
band while the rest of the Fermi surfaces belong to the conduc-
tion band. That is why it is always advantageous to consider
type-II WSM than type-I WSM to study BCD.

In summary, the net value of D, is finite only when the tilt
is present as clearly depicted in Fig 2. We would like to point
out that, based on the symmetries, another component of BCD
tensor, D,,, will also be non-zero for Hamiltonian H; (k). The
non-zero BCD components i.e., D,, and D, , as a function of
the tilt strength ~ are shown in Fig. 3. It is important to note
that it has been predicted only the anti-symmetric components
of the BCD tensor are allowed to exist, namely, D;; = —D;
for TaAs-family materials (Cy, ). However, we show that the
non-zero BCD components D,, and D,, do not have such
relations for the TRI lattice Hamiltonian H (k) (see Fig. 3 (a)
and the insert).

It is obvious from Fig. 3(a) that the non-zero BCD com-
ponents for Hy(k) shows an asymmetry in terms of chemi-
cal potential, namely D, (u) = —D,,(—u), which renders
D,.( = 0) = 0 (see the orange solid lines in Fig. 3). How-
ever, this asymmetry is not necessary for all the lattice models,
which we will discuss in detail in the following section (see
Part D). Since BCD by its definition is a purely Fermi surface
property, only one of the two bands (the band where u lies)
will always contribute to the net BCD for the type-I1 WSMs
(v < 2t) as shown in Fig. 3(b), (c). On the other hand, both
bands actually can contribute to net BCD in type-1I Weyl sys-
tem (y > 2t). In particular, at p = —0.2¢ (Fig. 3(b)), both
the electron and hole pockets appear at the Fermi surface in
type-II WSMs and the contribution from the conduction band
(dotted lines) starts to cancel that from the valence band (dash-
dotted lines) whereas for type-I1 WSM, only the valence band
contributes. Moreover, when p lies at the charge neutral point,
as shown in Fig. 3(c), there is no contribution from each band
for type-I Weyl fermions due to the absence of Fermi surface.
On the other hand, for type-II WSMs described by H;(k),
contributions from electron and hole pockets are both equal
and opposite and therefore result in a zero net D ..

C. BCD for a pairs of linearized Weyl fermions decorated with
symmetries

Based on the results of the linearized models we have in
Section III. A, the only non-zero BCD components for each
Weyl node are D;;,7 = x,y, 2. Considering the symmetry re-
strictions, in particular, in the presence of both TR and mirror
symmetries, the net value of each diagonal BCD component
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FIG. 3. (Color online) (a) Berry curvature dipole D, as a function
of tilt parameter -y at fixed chemical potential ¢ = 0, £0.2¢ for lat-
tice Weyl Hamiltonian given in Eq. (7). D, is anti-symmetric in
terms of chemical potential p and D, (n = 0) = 0 with any tilt for
the lattice model given in Eq. (2). The insert shows the plot of D,
versus 7y, which similarly shows that D..(x = 0) = 0 and also im-
plies that D has no direct relation with D, (e.g., Dz. = —D.)
for Hi(k) in Eq. (7). At chemical potentials p = 40.2¢, a finite
tilt is indispensable for both D, D to be non-zero. Panel (b), (c)
show the contribution from each individual band to the net D., in
(a) at chemical potential ;x = —0.2¢ (solid blue) and . = 0 (solid or-
ange), respectively. The dotted lines represent the contribution from
the conductance band while the dash-dotted line represent that from
the valence band. When the chemical potential lies in the valence
band with ;x = —0.2¢, the conduction band starts to contribute only
when the Weyl node is over-tilted (v > 2t). When it lies right at the
charge neutral point, each band start to contribute oppositively at the
critical point v = 2t for tilt strength. The other parameters used here
are same as Fig. 2.

sums to zero (and all the off-diagonal components are identi-
cally zero for each Weyl node). These predictions based on
the linearized model decorated with symmetries are inconsis-
tent with what we have shown for the lattice model in Fig. 3.
Since the linearized model discussed earlier lacks the ultra-
violet energy cutoff, in this section, we will consider a TRI
linearized model with an energy cutoff to unveil the true ori-
gin and get a deeper understanding of the non-zero BCD in
3D WSMs. Here, we will analyze the effect of energy cutoff
as well as the separation of the Weyl nodes on the BCD.

Now we consider the low energy Hamiltonian with an ap-
propriate energy cutoff approximated from the lattice Weyl
Hamiltonian given in Eq. (7). This Hamiltonian can be writ-
ten as

H{inear :’Y[ F (k. F =) — cos ko} oo+

bl 3

™ .
[ —ma(k, F 5)2 F 2t, sinko(k, F ko)]omf
otkyo, + 2t (k. F g)az
(10)

The above Hamiltonian consists of four Weyl nodes located at
(Fko, 0, ig) which are tilted along k,-axis. Here, m; = m
or m; = 0 (expanded from —m cos? k, in Eq. (7)) switch
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FIG. 4. (Color online) Spectrum (F(k, = 0)) in momentum

space along path A;(—m7,0,—m) — I'(0,0,0) — As(m,0,7) for
the time reversal invariant Weyl system based on lattice Hamilto-
nian H,(k)(Eq. (7), orange circled line), linearized Hamiltonian
Hime" (k) with mq = 0 (blue dotted blue) and m;y = m (solid
green), respectively. Both the two linearized models can well de-
pict the energy dispersion around the Weyl nodes in the momentum
space, while the linear model with m; = m matches better with the
lattice model when it is away from the Weyl nodes. The tilt parame-
ters for each panel are given in the title and the other parameters used
here are same as Fig. 2.

on or off the second-order expansion on k, for Hamiltonian
Hlimear (k) respectively and ko represents the separation be-
tween Weyl node pairs. By replacing the + sign along with
ky, k. in Eq. (10) with —sign(k;) and —sign(k,) respec-
tively, we naturally add an appropriate energy cutoff for each
Weyl node. In this way, the band structure for the linearized
model given by Eq. (10) becomes more similar to that for
its corresponding lattice model H;(k). The energy spec-
trum of H{"°%" (k) and H, (k) are depicted in Fig. 4, where
the circled orange line represents the bands for the lattice
model H;(k) and the blue dotted and solid green line rep-
resent the bands for the linearized Hamiltonian H!™¢" (k)
with m; = 0, m respectively. It is evident from Fig. 4 that
the linearized model with m; = 0 (blue dotted line), having
purely first-order expansion around the Weyl node in each di-
rection, can only give us a consistent description mainly for
the Weyl nodes with respect to its lattice Hamiltonian (orange
circled line). On the other hand, when we keep the term upto
second-order in k, by considering m; = m in Eq. (10), the
band structure of the linearized Hamiltonian H!"¢%" (k) be-
comes close (for a very limited vicinity) with that givenn by
the lattice Hamiltonian H;(k), as shown by the solid green
lines in Fig. 4.

In Fig. 5, we show the chemical potential dependencies of
the non-zero BCD components D, .., D, based on Eq. (7) and
Eq. (10). We find that, considering the term second-order in
k., (my = m), some of the features of the ; dependence on
D, become more closely related to that of the lattice model
(see the solid green lines in the top panels of Fig. 5). On the
other hand, the 1 dependence of D, , for the case m; = m
is still very different compared to the lattice model. This is
attributed to the fact that the term (k, & 7/2)2 (m; = m)
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FIG. 5. (Color online) Top panels : D, as a function of chemical
potential p with tilt parameter v/t = 0.5 (left panel) and v/t = 1.5
(right panel). The linear model H{"™**" (k) with m; = 0 (blue
dotted) lost all the features for the D,, calculated from the lat-
tice model Hi(k) except around the Weyl nodes (1 = 0), while
HY"™ea" (k) with my = m (solid green), i.e., with a second-order
term (k, £ /2)? counted into the linearized Hamiltonian in Eq. (10),
gives a more accurate description of D, () (see the solid green in
top right panel). Bottom panels : Similar as top panels but are plots
of D, as a function of chemical potential y with tilt v/t = 1.0, 2.5
in left and right panel, respectively. Different from that for D, the
linear models H1"°*" (k) fails to collect the corresponding contri-
butions for the Berry curvature dipole component D, .. The other
parameters used here are the same as that in Fig. 2.

only brings a second-order effect along the k,-direction. Note
that, the value of BCD component D, and D, calculated
based on the linearized model with m; = 0 in Eq. (10) is zero.
Hence, the results in Fig. 5 are consistent with the symmetry
analysis in the previous sections.

Following the above observations, it is now clear that the
linearized model H!™¢" (k) with an appropriate energy cut-
off and with or without considering higher order terms (i.e., k2
term) can not produce the correct behavior as well as magni-
tude of BCD compared to the lattice Hamiltonian. Therefore,
we conjecture that the Fermi surface in the overlapping region
between the mirror symmetric Weyl cones, present only in the
lattice Hamiltonian, is the origin of the non-zero BCD in the
full lattice model. We will now prove this point by investigat-
ing the effect of separation of the Weyl nodes on the magni-
tude of the non-zero BCD components in the 3D WSMs.

Let us revisit the model Hamiltonian of the TRI Weyl sys-
tem defined in Eq. (7), where the Weyl cones at (ko, 0, 7/2)
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FIG. 6. (Color online) Effects from the Weyl node separation ko
along k-axis on the Berry curvature dipole. Top panels : D2, nor-
malized BCD component D, by Dzz|k0:%, as a function of kg at
different chemical potentials with small tilting v/t = 0.1 (left panel)
and v/t = 0.3 (right). D?, is non-monotonic with respect to ko,
with one or two maximum points. D2, at all the three chemical po-
tentials shows a gradual increase when the separation ko increases
from 0 towards 7 /2, and then decreases. Bottom panels : Similar as
top panels but are plots for D2, as a function of k. Comparing with
DY, the effect from ko on DY, is more obvious, especially on D2,
with v/t = 0.3 (right panel), where a maximum DY, ~ 90 appears
around 0.257 at chemical potential ¢ = 1.6t . For D2, a separation
ko away from ko = /2 gives higher contribution. Note that, D%,
reverses its sign once while DY, reverses its sign twice, as shown in
the figure. The other parameters used here are same as Fig. 2.

and (—kg, 0, 7/2) are mapped to each other by M, and 2kg
is the separation between this Weyl node pair along &, direc-
tion. Likewise, the Weyl cones (related by mirror symmetry
M) located at (ko,0,7/2) and (ko,0,—m/2) are separated
by 7 along k., direction. To show the effect of the separation
of Weyl nodes on BCD, we study the dependence of BCD as
a function of ko within a range ko € [0, 7]. Note that, when
ko = 0,m, the Weyl nodes related by mirror symmetry M,
coincide, and the Hamiltonian describes two Dirac cones that
can be mapped to each other by TR symmetry (or M ). Since
the inversion symmetry of Hamiltonian H; (k) remains bro-
ken by term N, (k) which is independent of ko, the Berry
curvature and Berry curvature dipole density are still present.
This result in effect is consistent with a very recent study of
non-linear transport in the 2D Dirac semimetals [26].

In Fig. 6, we plot the DY, and DY, as a function of kg
in the top and bottom panels respectively. Here DY; (ko) =
D;;(ko)/D;j(ko = m/2) is the normalized value which is
beneficial to show the changes in the BCD magnitude vary-
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FIG. 7. (Color online) Energy spectrum for time reversal invariant
Weyl systems based on lattice models. The conduction and valence
band are plotted as the dashed and dotted line respectively. The col-
ors represent the associated Berry curvature, and the green dotted
lines indicate the Fermi level where the Weyl nodes locate at. Top
panel : Spectrum based on lattice Weyl Hamiltonian in Eq. (7) along
path A (7,0, 7) — I'(0,0,0) — Ag(—m,0, —7) — A3(—m,0,m) —
I'(0,0,0) — A4(m, —m) in momentum space. As shown above, the
Berry curvature is mainly concentrated around the four Weyl nodes
at u = 0. Here, the tilt parameter v = 2.5¢, and the other param-
eters used are same as Fig. 2. Bottom panel : Similar as the top
panel but is the spectrum based on the Hamiltonian in Eq. (11) along
the momentum path Bi(w,m,0) — I'(0,0,0) — Bz(—m, —7,0) —
Bs(—m,m,0) — I'(0,0,0) — Bs(m,—m,0). Here a pair of type-II
Weyl nodes are localized at = —t and another pair are localized
at © = 0.5¢t. The other parameters used here for Hamiltonian in
Eq. (11) are t1 = t,t2 = 0.5t,0 = —0.5¢, ky, = 7/4. For both the
two panels, the density distribution of negative (blue) Berry curva-
ture are more intense than the positive one (orange) (see the inserts)
around the Weyl nodes due to their tilt.

ing with the separation ky. Moreover, to suppress the tilting
effect on BCD, we have considered the smaller tilt cases, i.e.,
v = 0.1¢,v = 0.3t. It turns out that the magnitude of BCD
components are highly dependent on ko, especially DY (see
the bottom panels in Fig. 6). We find that DY, changes its sign
once while DY, changes twice when the kg increases from 0 to
m. Apart from that, BCD at different chemical potentials show
different dependencies on kg, e.g., Dgw at ;= 0.8t, 1.2t (see
top panel). Therefore, it is apparent from Fig. 6 that the be-
havior of BCD is definitely affected by ky which can tune the
area or the shape of the Fermi surface between the Weyl nodes



v T
Q i U 14 =
0 B0 0

g8

—7r “? —Tr
- 0 ki m—m 0 k., =

FIG. 8. (Color online) Left panel : Fermi surface Er = 0 in the
kz — k. plane associated with the density of Berry curvature dipole
component D, (indicated by the colors) for lattice model H; (k) in
Eq. (7). In the type-II Weyl semimetal regime, electron (solid black)
and hole (dash-dotted black) pockets form near the Weyl nodes as
well as around k& = (0,0,0), (0,0, 7). For Hamiltonian H; (k),
the contributions to BCD D, from electron and hole pockets are
canceled resulting in a zero net value. Right panel : Fermi surface
Er = —tinthe k, — k, plane associated with the density of Berry
curvature dipole component D, (indicated by the colors) for lattice
model H»(k) in Eq. (11). Different from the left panel, for Hamil-
tonian H, only the electron pocket (solid black) contributes to Dy,
at the Fermi plane Er = —t. In addition, negative BCD density
Dy (blue) dominates over the positive one (orange) at the two nodes
((£kw, £kw,0)). The results in this figure are consistent with Fig. 9.
Here, the color scale is [—0.1, 0.1] with a style similar as Fig. 2 and
the parameters used are same as Fig. 7.

in the overlap region. This proves that the source for the BCD
lies on the Fermi surface in the overlapping region between
the pairs of Weyl cones, whose appearance in the lattice Weyl
Hamiltonian can not be replicated by any simple linearized
model Hamiltonian. The conclusion here is consistent with
our early discussions.

D. BCD with time reversal invariant Weyl Hamiltonian with
chiral chemical potential

In the previous section, we demonstrated that the linearized
model can not explain the non-zero BCD in a realistic WSM
while the lattice model with natural energy cutoff as well as
irreproducible overlap regions between the Weyl nodes can
offer us a much more appropriate description for the BCD be-
havior in 3D WSMs. Interestingly, it has been predicted that
TaAs, an inversion broken TRI WSM containing Weyl nodes
at different energies, shows a strong dip in the amplitude of
BCD when the energy crosses a type-11 Weyl node. However,
the TRI lattice model Hamiltonian given in Eq. (7), exhibits
D..(u=0) = D,,(u=0) =0, which holds for arbitrary
tilt strength. It is important to note that the Hamiltonian given
in Eq. (7) contains four Weyl nodes lying at ;» = 0 (i.e., no en-
ergy difference between the Weyl nodes), while in most of the
inversion broken WSMs discovered experimentally, the Weyl
nodes are located at different energies. In this section, we con-
sider a TRI lattice Weyl Hamiltonian with weyl nodes located
at different energies and investigate the BCD in these systems.

The model Hamiltonian for a TRI lattice model different

w/t

FIG. 9. (Color online) Non-zero components of Berry curvature
dipole based on different lattice models for time reversal invariant
Weyl systems. (a) D., Dy, for Hi(k) in Eq. (7) as a function of
chemical potential with tilt parameter v = 2.0t (dash-dot line) and
v = 2.5t (solid line) for Hamiltonian H; (Eq. (2)). As is shown in
panel (a), though D, D, show different dependencies on chemi-
cal potential, both of them are identically zero at charge neutral point
u = 0, marked by the green dashed line. (b) For Hamiltonian H (k)
(Eq. (11)) which has two pairs of Weyl nodes at non-zero energy lev-
els (i.e., p = —t,0.5¢), Dyy, Dy, show extremal (peaks and dips)
non-zero values when chemical potential crosses the Weyl node’s en-
ergies (see the green dashed lines, or the black dotted lines). The dif-
ference in the behavior of the components of Berry curvature dipole
at the energies of Weyl nodes between Hamiltonian H;, H2 can be
explained by the results given in Fig. 8.

from H;(k), where two pairs of Weyl nodes are lying at dif-
ferent chemical potentials, can be written as [43],
Hy(k) =tz cos (kg + ky) + 6 cos (ko — ky)| o0+
tisink,o,+
t1[(cos ky — cosky) + 0(1 — cosk.)]o,+
th [(cos ky — cosky) + 8(1 — cos k:z)]az

Y

where t1, to are hopping amplitudes, and the tilt strength is de-
termined by ¢, and ¢ together. For this Hamiltonian, the four
Weyl nodes are located at (+-k,,, +-k,,, 0) and two of them ap-
pear at energy E, = t3|cos(2k,) + 6| while the other two
are located at energy E, = t2[1 + 6 cos(2k.)]. Therefore,
by tuning ¢, and 4, one can realize type-II (as well as type-I)
WSMs with an finite effective chemical potential difference
between the Weyl nodes.

In Fig. 7, we show the energy dispersion for Hamiltonian
H, (k) along a specific path that goes through the four Weyl
nodes in momentum space and compare this with the spec-
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FIG. 10. (Color online) (a) Nonlinear anomalous Hall coefficient a;ry as a function of chemical potential y» and parameter § based on
Hamiltonian Hs (k) in Eq. (11). The black dashed lines correspond to p = 0.5¢ and 1 = 0.5 respectively, implying for the different chiral
chemical potentials for the Weyl nodes. (b) Line cuts at §/t = —1,0, 1, 2 of panel (a) for a;zy as a function of chemical potential . Panel
(a), (b) clearly show that one of the peaks (of agxy) appears around p = 0.5t (e.g., black dashed line in (b)) for different chemical potentials
while the position of the other peak depends on the value of §/¢. Nonlinear transport coefficients U;zy, a'zmy, l;zy as a function of chemical
potential p/t and temperature kg1 with 6 = 2t are plotted in panel (c), (d), (e) respectively. The normalized values i.e., f/|f|ma= for
f= a;zy, a;zy, l/zzy with T" = 50K (line cuts of panel (c), (d), (e), respectively) are plotted in panel (f). In this panel, the relations of
a'zmy [0'e a;my and l’my [0d 30;9@ /Ou are evidently shown, consistent with the analysis in Ref. [22]. Note that, here o;my is given in units of
e*r/h?, while &, and I, are given in units of erk% /Ii? respectively. The results in this figure are calculated based on Eq. (12) numerically.
Here we have temperature 7' = 20K for panels (a), (b), and the other parameters used are the same of that in Fig. 8.

trum for Hamiltonian H; (k). In this figure, the black dashed
lines and black dotted lines represent the conduction and va-
lence band respectively, the colors attached to the bands indi-
cate the corresponding Berry curvature, and the green dashed
lines indicate the energy levels of the Weyl nodes. As shown
in Fig. 7, there are four Weyl nodes lying at u = 0 for Hy (k)
(top panel) while for Hy(k) (bottom panel), two Weyl nodes
lie at 4 = —t and other two lie at . = 0.5¢. It is worthy
to note that, the four band touching points (Weyl nodes) for
H, (k) (top panel) and Ha (k) (bottom panel) respectively lie
in the k, = 0 and k., = 0 planes. In the presence of tilt, the
Berry curvature, which mainly concentrates around the Weyl
nodes, shows different density of distribution on their tilted
bands. As shown in insets of Fig. 7, the negative Berry cur-
vature in blue color is more dense than the positive one in
orange color, which inevitably leaves a non-zero net value at
the given Fermi levels. Besides the differences on the band
structure and the Weyl nodes’ energy levels, another major
difference between H (k) and Hy (k) is the BCD density dis-
tribution on the Fermi surface with energy right at their Weyl
nodes.

In Fig. 8, we show the BCD density on the Fermi surface

in the Weyl node’s plane, namely, k, — k.-plane for H; (k)
in the left panel and k, — ky-plane in the right panel. Inter-
estingly, for H; (k) both the electron (black dash-dotted) and
hole pockets (solid black) are present at the Fermi level and
their contributions to BCD D,, are canceled by each other,
rendering the net D,, to zero value. On the other hand, only
the hole pocket (solid black) contributes to the net BCD D,
for Hamiltonian Hs (k). In addition, there is larger, negative
BCD density at the Weyl nodes at +(ko, ko, 0), effectively re-
sulting in a non-zero BCD. It is important to note that the BCD
density distribution is even in the third axis for both Hamilto-
nians as depicted in Fig. 8, i.e., D,,(—ky) = D, (k,) for
H, (k) and Dy (—Fk,) = Dyy(k.) for Ha(k). Therefore one
expects a similar density distribution of BCD on the Fermi
surface as shown in Fig. 8 even after integrating the third axis
for both H (k) and Hs(k). The different BCD density pat-
terns right at the Fermi plane crossing the Weyl node between
the lattice model H (k), Ha(k), will lead to the different be-
haviors for their BCDs at the energies of the Weyl nodes. In
Fig. 9, we plot the non-zero BCD components as a function of
chemical potential for both the lattice models given in Eq. (7)
and Eq. (11) in panel (a), (b) respectively. In Fig. 9 (a), both



D, (in blue) and D,, (in red) identically equal to zero when
the energy level crosses the Weyl nodes at ;1 = 0 (indicated
by the green dashed line) for the Hamiltonian H; (k). Dy,
(in blue) and D, (in red) for Hamiltonian Hy (k) show ap-
parent peak (or dip) at the energy levels of the Weyl nodes,
indicated by the green dashed lines for § = —2¢, and black
dotted lines for § = 2t respectively. It is not hard to conceive
that the strong dip or peak for D, and D,, originate from
the large BCD density right at the Weyl nodes, as shown by
the right panel of Fig. 8. Regarding the i dependencies of
the BCD components, we find that both D, (1) and Dy, ()
show a similar dependence with p for Hy((k)) because of
Hy(k) = Ha(ky < ky, k). However, this type of symme-
try is not present in H; (k) hence, D, and D, show totally
different p-dependence.

Following the above discussions, we now investigate the
BCD-induced nonlinear anomalous Hall, Nernst and thermal
Hall effects using the lattice model of WSMs. We consider the
nonlinear anomalous transport coefficient o7, o’ .10,
delineating a nonlinear Hall, Nernst and thermal Hall current
flowing along z-direction respectively [2, 20-22]. These co-
efficients can be written as,

3 3
;T O _e’1
Tzay = op2 [2K] Dy der  2m2 Y
etk o Ofk
Oy =~ / k| Dz, 51 (12)
, erk%T/ . Ofk
_ pt 2k
lzmy h2 [dk} Ty af‘:k

Here D, is the BCD density defined in Eq. (6) whereas
D2, = vaQpy(er — p)?/k%ET? and D, = v,y (p —
w)3/k3, T3 are the modified BCD density defined for the non-
linear anomalous Nernst and thermal Hall coefficients re-
spectively. The prime symbol indicates the response in the
nonlinear regime. As shown in Fig. 10 (a) and (b), the
nonlinear anomalous Hall coefficient U/zxy’ directly propor-
tional to BCD D,,, shows stable peak at ;1 = 0.5¢ and
u = 0.56 (indicated by the black dashed lines). Based on
Eq. (11) and Eq. (12), we also investigate the dependencies
of nonlinear anomalous transport coefficients (response func-
tions), i.e., 07, ,a%,,, 1%, on the chemical potential ;1 and
temperature 7', as shown in Fig. 10 (c-d). It is clear that
0., and o, have an identical dependencies on p and T'
(namely, o, o o, [21]), while I, shows an evident
sign change behavior when p = 0.5¢, —t, which can in effect
be conceived as the consequences of the first-order deriva-
tive of BCD with respect to the chemical potential (namely,
Uy X 00, /Ou [22]). These behaviors are more clearly
conveyed in Fig. 10(f), where all the three response functions
are normalized by their own maximum absolute values (i.e.,
f/|f|maz)- These specific experimental signatures of the non-
linear transport response functions and their fundamental re-
lations in the nonlinear regime are different from the conven-
tional Wiedemann-Franz law and Mott relations valid in the
linear response regime [22]. Here they have been obtained
using a general Lattice model and can be directly tested in

experiments in realistic WSMs.
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In summary, in this section we have considered two pairs of
type-IT Weyl nodes at different energies based on Hs (k). Us-
ing the lattice mode given in Eq. (11), we have checked that
type-I1 Weyl nodes located at different energies also generate a
finite BCD magnitude and even peaks when the Fermi energy
crosses the Weyl nodes. However, these phenomena disappear
if we remove the energy difference among the type-I Weyl
cones by setting to = 0 in Eq. (11) (e.g., 6/t = 0 in Fig. 10
(b)). Therefore, taking into account the effective chemical po-
tential difference in the lattice Weyl Hamiltonian is essential
to explain the nontrivial topological properties such as Berry
curvature and BCD induced anomalous effects (e.g., Eq. (12))
in realistic WSMs.

IV. SUMMARY AND CONCLUSION

Starting with a symmetry analysis of the Berry curvature
dipole for the single linearized Weyl fermion model (Eq. (4)),
we find that the only non-zero components are D;;,i = x,y, 2
for a 3D WSM. We also point out that analyzing the BCD dis-
tribution (and the corresponding symmetries) using a reduced
Fermi surface (or integrating out the third momentum) can-
not give us the correct description in 3D systems. By com-
paring the low energy Weyl Hamiltonian with an appropriate
high-energy cutoff derived from a lattice model with the cor-
responding lattice Hamiltonian, we find that the low-energy
model cannot generate the correct results for BCD, in com-
parison to that found by the lattice model. Our results show
that the value of the non-zero net BCD does not rely on the
contributions from the individual Weyl nodes. We further in-
vestigate the effect of the Weyl node separation on the mag-
nitude of BCD in a 3D WSM. We find that the magnitude of
BCD strongly depends on the separation of the Weyl nodes
for a given WSM lattice model. It follows, therefore, that the
net non-zero contributions to BCD in WSMs originates from
the reciprocal space overlap regions between the Weyl nodes,
rather than from the Weyl nodes themselves. Considering the
fact that in realistic materials Weyl points are often located at
unequal energy levels in the Brillouin zone, we apply a sec-
ond lattice Hamiltonian with intrinsic chemical potential mis-
match, or chiral chemical potential, in the Weyl cones. Based
on this Hamiltonian we find several interesting features of
BCD, namely, peaks in the non-zero off-diagonal components
at the Weyl nodes themselves, consistent with recent ab ini-
tio studies for realistic WSMs [7]. Moreover, the behavior of
Berry curvature dipole in an inhomogeneous WSM or integer-
spin Weyl systems are another interesting avenues, which we
will explore in future [44, 45].

In conclusion, we have systematically studied the Berry
curvature dipole in lattice models of TR-invariant but inver-
sion broken topological WSMs. We find that using the lattice
Hamiltonians one can not only explain the origin of the net
non-zero BCD for the WSMs in 3D which are not captured by
the linearized models of WSMs but are present in numerical
ab initio calculations, but also reproduce and explain some of
the important features that might appear in the experiments
for BCD and the related non-linear transport phenomena in
topological WSMs.
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