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Tilting dependence and
anisotropy of anomaly-related
magnetoconductance in type-Il
Weyl semimetals

Hiroaki Ishizuka'* & Naoto Nagaosa®2

We theoretically study chiral magnetic effect in type-11 Weyl semimetals based on a concise formalism
for the magnetoconductance in the semiclassical limit. Using the formula, we find that the anomaly-
related current is generally dominated by the contribution from the Weyl nodes when the Fermi level

is sufficiently close to the nodes. This is related to the fact that the current is proportional to the square
of the Berry curvature, which enhances the contribution from the electrons around the Weyl nodes.
The increase and the anisotropy of magnetoconductance induced by the tilting is also explained in a
comprehensive way.

Weyl semimetals'~ has been studied intensively for its interesting properties and fundamental questions related
to Weyl fermions®. The Weyl fermions give rise to unique features such as Fermi arcs>”#, and are reflected in the
transport property of materials such as anomalous Hall effect’~!" and magnetoconductance (MC)'>!*. Among
them, the MC is studied in relation to chiral anomaly', which results in a magnetic-field-induced current called
chiral magnetic effect's. These pioneering works considered the high-field limit in which the Landau levels form.
On the other hand, a later study pointed out that the chiral anomaly also appears in a weak field limit'®, in which
the chiral anomaly appears as a Berry phase effect. This phenomenon is also studied experimentally after the
discovery of Dirac and Weyl semimetals; many candidate materials show a negative magnetoresistance consistent
with the theory'>'*!7-2, These experiments suggests that the unique properties of Weyl electrons are reflected in
material properties.

While the Weyl semimetals are considered as a realization of the Weyl fermions, the Weyl electrons in solids is
somewhat different from the ideal Weyl Hamiltonian. They typically have tiltings and warpings, neither of which
exist in the ideal Weyl Hamiltonian; an extreme case is the type-1I Weyl semimetal?-?%, in which the conduction
and valence bands both cross the Fermi level because of a large tilting. Recent studies revealed that these features
specific to the Weyl semimetals give rise to rich physical consequences, such as in anomalous Hall effect**** and
nonlinear optical responses®*~*%. The tilting also affect chiral magnetic effect as well. Recent numerical calculation
finds a large enhancement of chiral magnetic effect by the tilting®>; they also finds that the chiral magnetic effect
is enhanced only when the magnetic field is directed perpendicular to the tilting direction. In addition, a large
part of the Fermi surface in type-II Weyl semimetal is not related to the Weyl electrons. Therefore, it is not clear
how much of the contriubtion to the transport phenomena comes from the Weyl nodes. However, the effect of the
detailed structure of electronic bands on chiral magnetic effect remains to be fully understood.

In this work, we study the general properties of the MC in the weak field limit by introducing a concise general
formula which applies to arbitrary model; it is based on Eq. (1). We discuss that this formalism provides an com-
prehensive understanding on the basic properties of the anomaly-related MC. In particular, we revisit the MC in
Weyl Hamiltonian with tilting and a metal with two type-II Weyl nodes?-%, of which the anomaly-related current
was studied by different methods?>*>*. We here show that the anomaly-related current is dominated by the con-
tribution from the Weyl nodes; this implies that the basic properties of the anomaly-related current is understood
based on the Weyl Hamiltonian. The tilting dependence of the anomaly-related current is also discussed.
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Figure 1. The Fermi surface and W, of type-IT Weyl fermion. (a) Fermi surface around type-II Weyl node
(shown in shaded surfaces). The sphere at the center is the Weyl node and the arrow indicates p. (b-d) Plot of
W, in the p,= 0 plane. The colors on the arrows reflect the length of W,,; it is red when W, is large, and blue
when small. The red dot at the center is the position of the Weyl node. (b) W,,, with B= (0, 0, 1). The solid lines

are Fermi surfaces with y1=1and v,=0 (red), 2 (green), and 4 (blue). The same plots for B=(1, 0, 0) are in (c)
vo=0and (d) vy=4.

Results

Semiclassical theory. A semiclassical theory for the anomaly-related MC'® and its extensions®’~** were
recently proposed. In this work, however, we take a slightly different approach by reformulating the formula for
the O(EB?) response®’ (See Method section for details):

I(Z) _ ) (f Y,
1
where
W, = by, X (v, X B), 2)
e <0 is the electron charge, 7 is the relaxation time, and (f ) = —8(u — €,,)Is the energy derivative of the

Fermi-Dirac distribution function at zero temperature (y is the chemical potential and ¢, is the energy of the
electron with momentum p and the band index n). In Eq. (2), v, and b, are the velocity of electrons with
momentum p and band index n, respectwely

The form of Eq. (1) implies (& - ) ~p ~4 for the electrons close to a Weyl node [See Fig. 1(a)]. (Here, we
assumed the Weyl node is at p=0). Tﬁerefore, the contribution to the MC decays rapidly with increasing |p|. To
make the argument quantitative, we consider a generahzed type-Il Weyl Hamiltonian H = R(p) + 3°,_, .z Ral p)o’
where Ry and R, are a power series of p,and 3~ _ y.z R2(p) = 0only at p=0; in the below, we call the bands with
eigenenergye,, = R, + JR? + R; + RZ as & bands. We further assume that the Fermi surface of this model is
given by (p, 0..(p, ¢), ¢) where (p, 6, ¢) is the polar coordinate, and §_.(p, ¢) is a single-valued function that deter-
mines the Fermi surface of the & bands; we assume 0, (p, @) > 0_(p, ¢). This essentially assumes the energy
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monotonically increases along p,, and the two bands has one Fermi surface which extends to p — co. Then, an inte-
gral of a function F(p) over the Fermi surface reads

3 .
[ it - x [ apas SO

@)’ Ing - v,

>

0=0.(p.¢) (3)

where n, is a unit vector along the 6 axis and A is the ifrared cutoff (it is the shortest distance from the Weyl point to
the Fermi surface). Assumingz,,. o p”and F.(p) ox p~“at p— oo, the integrand becomeocp® g (6, ¢) \9:9&,&),
where g is a function of § and ¢. Hence, the p — oo part of the integral in Eq. (3) converges when a>3 — 7; this
implies that the electrons away from the Weyl nodes does not contribute to the MC. On the other hand, the infrared
part of the integral diverges as A —0if a>3 — 1 (¢, xp”and F,(p) ocp~* when p — 0); the integral remain finite but
large, when the Fermi level is slightly away from the node () is small but not zero).

In case of the ideal type-II Weyl Hamiltonian, ,, & p and b, o p~2 for both p — 0 and p — oo. Therefore,
F(p) x p~* for Eq. (1) which satisfies the above condition 4 = a > 3—n=2. This implies that the contribution from
the electrons around the Weyl point is dominant. In contrast, a response linearly proportional to b, has a=2and
does not satisfy the above condition. Therefore, the dominant contribution from the Weyl nodes are related to the
fact that the chiral magnetic effect is a response in the second-order of the Berry curvature.

In the last, we note that the divergence at A — 0 (which corresponds to the case in which the chemical poten-
tial is at the node) is likely to be an artifact of the Boltzmann theory. The Boltzmann theory is valid when the
interband scattering is sufficiently small. This assumption holds when the energy difference of two eigenstates at
a momentum k is large. However, the interlayer scattering is important when the difference becomes small, i.e.,
for the states close to the Weyl node. Assuming the impurity scatterig as the main source of inter-band scattering,
the lower limit of A is set by vA ~ 1/7, where v is the velocity of Weyl cone. Therefore, the above argument is
expected to be valid when the distance between the Fermi surface and the Weyl node is larger than 1/(v7).
Assuming the relaxation of 1073-1072s, the lower limit for v is 107! meV. Therefore, we expect the above argu-
ment is valid for experiments because the doping is usually in the order of 10 meV.

Type-ll Weyl Hamiltonian. We first consider a type-I1I Weyl Hamiltonian
HWZ:vigcax—o—vlglay—i-vzgaz—}—vogao, (4)

where 07 (a=x, y, z) is the Pauli matrices and 0° = diag(1, 1) is the 2 x 2 unit matrix. By applying Eq. (1), the
current along the electric field reads

3
oV
Jo = O_ZOfub (/v Vi/V)E,By
I (5)
with a, b=x, y, z, where o, = g*7/(87?) is the coeflicient for the type-I Weyl node with velocity v=1'¢ and
30° — 70° 4 250" + 2550° + 60
fla ) = - 2
240 (62)
6 4 2
a —5a + 150"+ 5 ,
Q, = >
(0 ) 0 ’ (6b)
when ae< 1 and
8a% + 13 ,
a, =P,
fo (o B) e B (7a)
_ 8« 2
S, B) = Eﬁ , (7b)

when a > 1. The results for y is the same as x, due to the rotational symmetry about the z axis. The chiral magnetic
effect also produces transverse magnetoconductivity. They are given by the same form with

—2a° + 50+ 5 4

(o, B) = ————06,
Sl 12002 p (8a)

() = —20% + 11a® — 250* + 650° + 15
A 1200 ’ (8b)
for « < 1and
,84
a, f) = —,

Sl ) 15a (92)
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o’ + 7a
Sl ) =5 (9b)
for a> 1. These results shoud be valid when the band splitting between the conduction and valence bands on
the Fermi surface is larger than the typical interband scattering energy. In the rest of this section, we focus on the
longitudinal MC.

In this result, the current along x axis is larger than that for the z axis when v, = v,; this trend was discovered
in a recent numerical calculation®. In our formalism, the anisotropy is understood from the change of W,
[Fig. 1(b-d)]. In the type-II Weyl Hamiltonian, the z component of v,,, increases with increasing v,. This change
of v, increases the length of W,,, when the magnetic field is perpendicular to the z axis [Fig. 1(c,d)], because the
length is proportional to v,, X B. We note that b, does not change by changing v,. Therefore, the change of W,,,
by tilting only affects the current induced by B,.

The result also shows both currents increase with increasing v,; the current along x axis increases by ocv,?
while that for the z axis by ov,. This behavior is a consequence of two different reasons: change of the Fermi
surface and the change of W,,.. By increasing v, the Fermi surface moves close to the Weyl nodes [Fig. 1(b)].
This gives the divergent increase of the anomaly-related current at v, — oo for both x- and z-direction currents.
The difference in the power comes from the behavior of W,,,. As explained in the previous paragraph, W,,, for a
given p does not change when the magnetic field is along the z axis. On the other hand, it increases linearly with
vy when the magnetic field is along the x axis. As the current is proportional to the square of W, the power for
the x-direction current increases by two, which gives oc v,

Two Weyl node model.  We next consider a model with two type-II Weyl nodes and investigate whether the
anomaly-related current is dominated by the Weyl-node contribution. The Hamiltonian reads:

Pr-n

2 2

Hy = o™+ 0" + (¢ = p)o + ="y (10)
where p>=p.”+p,’+ p,’. The band structure of this model along p, = p, = 0 line is shown in Fig. 2(a). This model
has two Weyl nodes, each located at p = (0, 0, £p,). They are type-I when |m| > 1/2 and type-II when |m| < 1/2;in
the rest, we focus on the case 0 < m < 1/2. The band plotted in Fig. 2 is for m=1/4 and p,=1.

The anomaly-related current is calculated numerically using Eq. (1). The nonlinear conductivities for x- and
z directions (o,,, and 0., respectively) are shown in Fig. 2(c). Both o,,, and 0., shows a divergence at ;1 =0.
The conductivity for x is about an order of magnitude larger than that of z axis, consistent with the above argu-
ment on the type-II Weyl Hamiltonian. Figure 2(b) shows the fitting of o,,, (a =x, z) for ;x>0 to a function
h() =2Coy/ i, where C is a fitting constant. The results fit well with constants C=8.422 and C=1.136 for o,,,
and o, respectively; the fitting were done for data in 0 < ;1 <0.1.

These value of C are in good accordance with the analytic results for the Weyl Hamiltonian in Eq. (4). By
expanding the model in Eq. (10) around the Weyl point, we find the effective Hamiltonian is Eq. (4) with v, =1,
v,==£2p,, and vy = £p,/m. Substituting these values into Eq. (6), we obtain v(ffxx (v,/vy) =~ 8.348 and
v(ffz _(n/vy) = 1.127, in good agreement with the fitting. The results imply that the anomaly-related MC is domi-
nated by the contribution from the Weyl nodes when . is sufficiently close to the Weyl nodes (11 < 0.1in the case
of Fig. 2).

Magnetoconductivity in candidate materials. The above arguments on type-II Weyl Hamiltonian also
implies that the estimate of the longitudinal MC ratio may be possible just from the effective Weyl Hamiltonian
at the node. We note that the MC ratio is independent of 7 in the semiclassical limit because both ohmic and the
anomaly-related current are linearly proportional to the relaxation time. Therefore, the MC ratio may be esti-
mated without any information about the scattering. Using the Drude formula for the Ohmic current o = 7e*n/m"
(m" is the effective mass and 7 is the carrier density), the ratio reads

w2
o m*e”y,
ab 0 2
Xap = o i ﬁfab (Vilve v.1v9)By -

87n (11)

Here, we explicitly wrote Planck constant /2, which was assumed 2 =1 in the above sections. The effective Weyl
Hamiltonian for WTe, was recently given in ref.”2, which finds two quartets of Weyl nodes (W, and W,). To make
an order estimate, we use v,=2.8 eVA, v, =0.5eVA, and v,=0.2 eV A for W, and v,=1.4eVA, v, =0.5 ¢VA, and
v,=0.2 eV A for W,. The carrier density n~ 10" cm—2** and effective mass m" ~0.15m,*, where m, is the free
electron mass is taken from the experiment. Assuming the chemical potential ;i ~ 10 meV away from the Weyl
nodes, we find the largest contribution comes from x __ ~ 10 >B?; this is roughly consistent with recent experi-
ments, which found ~0.1% MC ratio with the magnetic field of order B~ 1 T#>46,

Regarding the y dependence, magnetic WSMs™>!%?* are a potentially useful setup. Unlike the
non-centrosymmetric WSMs, the position (and the existence) of the Weyl nodes can be controlled in a magnetic
WSM. In magnetic Weyl semimetals, the position of the Weyl nodes depends on the magnetic configuration such
as in EuTiO;%. EuTiOj; hosts four pairs of Weyl nodes when the ferromagnetic moment exists. These Weyl nodes
move away from the I" point with increasing the magnetization; the energy at which the Weyl nodes exist also
changes. Therefore, the Weyl nodes go across the Fermi level in the lightly-doped samples where the Fermi level
is close to the band bottom at I' point. This is a potential advantage for studying p dependence, which is achieved
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Figure 2. Dispersion and anomaly-related current of the two Weyl node model. (a) Dispersion of the
Hamiltonian Hp, for m =1/4 and p,=1. The two crossings at p,= =1 are the Weyl nodes. Nonlinear
conductivity for the longitudinal MC (J,?)* = 0,,,,B,2E,. (b) The fitting of the numerical results (dots) using

1/ The fitted functions are shown by solid lines. All results are for m =1/4 and p,= 1. (c) Chemical potential
1 dependence of 0,,,/20, and ¢,./20, calculated numerically.

by moving the Weyl nodes across the Fermi surface instead of controlling . Using the model used in ref.* and
o~ 10°S/ cm, we find Xy ™ 10°B%; the smaller ratio comes from smaller velocity.

Linear magnetoconductivity. Inarecent work, it was pointed out that the tilting of Weyl cone gives rise to
a longitudinal MC which is linearly proportional to the magnetic field*. Using the same procedure with Eq. (1),
we find the semiclassical formula for linear MC reads

m_ 3 dP3W E. 0oy _ 3 dp’

However, this term vanishes in time-reversal invariant systems. This is shown from the symmetry require-
ments; €, = € _pa» Bpo = —b_p,, and v, = —v_,, in the time-reversal invariant systems. This is a manifestation of
Onsager’s reciprocal theorem which states o,,(B) = o,,(—B), where J, = 0,,(B)E,; the Weyl Hamiltonian without
tilting accidentally possesses the above property of €,,,, by, and v,,,. Therefore, the current in Eq. (12) vanish if
no tilting exists. Similarly, the current in Eq. (12) cancels between different nodes in a time-reversal symmetric
WSM. Indeed, a recent semiclassical calculation considering time-reversal invariant WSM finds the leading order
in MC is proportional to B2*. Therefore, the linear MC is a consequene of time-reversal symmetry breaking.
Also, as a=2 and =1, no singular structure is expected from the Weyl nodes. We also note that the absence
of B-linear current comes from the cancellation between the contribution from p and —p. This is a contrasting
feature to Eq. (1), where such a cancellation never occurs. In this work, we focused on the O(EB?) MC because it
is the lowest order term that appears regardless of the symmetry.

B - E)by, - V) Vpulf )" 1)
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Discussion

In this work, we investigated the general properties of the anomaly-related magnetoconductance using the W,
vector formalism in Eq. (1). Focusing on metals with type-II Weyl nodes, we show that the effect of singularity
and tilting is intuitively understood by looking at W,,,=b,,,, x (v, X B). In particular, we discussed that the domi-
nant contribution to the magnetoconductance comes from the Weyl nodes; this is because the integrand in Eq. (1)
is proportional to the square of a component of W,,.. On the other hand, the enhancement and the anisotropy of
magnetoconductance induced by the tilting is understood from the tilting dependence of W,,.. We also find that
the tilting can enhance the magnetoconductance by more than an order of magnitude.

Unlike the anomaly-related contribution studied here, the normal magnetoconductance due to Lorenz force
only depends on the group velocity and the density of states?. As neither of these show singularity at the Weyl
node, no singular structure is expected for the normal contribution. On the other hand, the singular structure
appears for the anomaly-related contribution because it is related to the Berry curvature. Therefore, the observa-
tion of chemical potential dependence may provide an experimental evidence for the singular Berry curvature.

The dominant contribution from the Weyl nodes may brings another advantage for studies on materi-
als; it allows estimating the angular dependence of the anomaly-related current only from the effective Weyl
Hamiltonian. Usually, magnetoconductance from different mechanisms show different angular dependence. For
instance, in the case of the Lorenz force, a positive magnetoconductance appears in the simplest model with
symmetric Fermi surface and a perpendicular magnetic field. On the other hand, no magnetoconductivity is
seen when the electric and magnetic fields are parallel. Therefore, the different mechanisms are potentially dis-
tinguishable from the angular dependence. The dominance of Weyl node contribution is an advantage in this
prospect, because the information on the Weyl nodes is sufficient to identify the angular dependence of the mag-
netoconductance related to the chiral anomaly. Hence, the investigation on the anisotropy is potentially useful for
investigating the origin of the magnetoconductance.

Regarding the experiments, our discussion in this work is valid under weak magnetic field with a chemical
potential larger than the inverse of the quasi-particle lifetime 7/7. As the semiclassical theory is based on the
Boltzmann-type theory, the approximation generally breaks down when the Fermi level is too close to the Weyl
nodes; typically, ;1 > h/7 is required for the validity of the semiclassical approximation. Using 7 ~ 10™'*s, the
lower bound for 1 reads /7 ~ 1meV. This is well below the typical doping level ;o ~ 10meV. Therefore, our the-
ory is valid for experimentally realistic cases.

Method
Derivation of Eq. (1). Equation (1) is obtained from the semiclassical Boltzmann theory*$+:

f;m - p?n
T ' (13)

In the right hand side, we used the relaxation-time approximation for the collision integral where the relaxa-
tion time is given by 7. Here,

a,J;nJra'c-afonan-ap];n:—

B= Yy b X by (14)

p=¢eE+ ek xB. (15)
Assuming the steady state (9, f,, = 0) uniform (9, f,, = 0) solution, Eq. (13) becomes
0
fpn -/ pn
r (16)

To the linear order in 7, the solution of this equation reads

i)'al’j;m:_

_ 0
8on =Jon — S (17)
—1
= —7'(1 + eB - bpn) X (eE + ezvpn x B + ¢*(E - B)bpn) Vo (f;n)’, (18)

2
~ —7{1 —eB-b,, + (eB - bpn) } X (eE + ezvpn x B+ €X(E - B)bpn)vpn (f;)n)’,

(19)
where (f;’a ) = —&(u — g,)s is the energy derivative of the Fermi-Dirac distribution function; here, we focus on
the zero-temperature case for simplicity.

The current is obtained by substituting Eq. (19) into the current formula,
=% [ (1B,
. v (2m) b (20)
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:e%: f(ZdTpf{E X By + By, - vﬂn)B}fﬁn

[ %[Vw o €E > by, + elby, - vp)Blg,,

1)
The O(EB?) current, J,?), appears from the second integral. After some calculation, we find
@ _ _ 4 dp’ 0y
I, = —e T; f (27r)3[%"(E - W) () 22)
where
W, = by, x (v, x B). 23)

In the calculation, we used the identity a X (b x ¢) =(a-c)b—(a-b)c, where a, b and ¢ are three-dimensional
vectors. Equation (22) is the Eq. (1) in the main text.

The semiclassical formalism has several limitations. First of all, this theory is valid in the weak field limit,
where the energy splitting between the Landau levels w, are smaller than 1/7. In addition to this general condition,
the approximation in Eq. (19) gives an additional constraint; the Maclaurin expansion of 1/(1 + x) has a conver-
gence radius of 1. Therefore, x < 1 is reqiured, which corresponds to |eB- b,,| < 1 for arbitrary p on the Fermi
surface. However, both conditions have a finite window of B where the approximation is justified when the Fermi
level is away from the Weyl nodes.

Received: 7 March 2019; Accepted: 7 October 2019;
Published online: 06 November 2019

References
1. Herring, C. Accidental degeneracy in the energy bands of crystals. Phys. Rev. 52, 365-372 (1937).
2. Murakami, S. Phase transition between the quantum spin Hall and insulator phases in 3D: emergence of a topological gapless phase.
New Journal of Physics 9, 356, https://doi.org/10.1088/1367-2630/9/9/356 (2007).
3. Burkov, A. A. & Balents, L. Weyl semimetal in a topological insulator multilayer. Phys. Rev. Lett. 107, 127205-1-127205-4 (2011).
4. Xu, G., Weng, H., Wang, Z., Dai, X. & Fang, Z. Chern semimetal and the quantized anomalous Hall effect in HgCr,Se,. Phys. Rev.
Lett. 107, 186806-1-186806-5 (2011).
5. Wan, X,, Turner, A. M., Vishwanath, A. & Savrasov, S. Y. Topological semimetal and Fermi-arc surface states in the electronic
structure of pyrochlore iridates. Phys. Rev. B 83, 205101 (2011).
6. Armitage, N. P., Mele, E. J. & Vishwanath, A. Weyl and Dirac semimetals in three-dimensional solids. Rev. Mod. Phys. 90,
015001-1-015001-57 (2018).
7. Lv, B. Q. et al. Experimental discovery of Weyl semimetal TaAs. Phys. Rev. X 5, 031013, https://doi.org/10.1103/PhysRevX.5.031013
(2015).
. Xu, S.-Y. et al. Discovery of a Weyl fermion semimetal and topological Fermi arcs. Science 349, 613-617 (2015).
9. Moon, E.-G., Xu, C., Kim, Y.-B. & Balents, L. Non-Fermi-liquid and topological states with strong Spin-orbit coupling. Phys. Rev.
Lett. 111, 206401-1-206401-5 (2013).
10. Nakatsuji, S., Kiyohara, N. & Higo, T. Large anomalous Hall effect in a non-collinear antiferromagnet at room temperature. Nature
527,212-215 (2015).
11. Ueda, K. et al. Spontaneous Hall effect in the Weyl semimetal candidate of all-in all-out pyrochlore iridate. Nature Commun. 9, 3032,
https://doi.org/10.1038/s41467-018-05530-9 (2018).
12. Huang, X. et al. Observation of the chiral-anomaly-induced negative magnetoresistance in 3D Weyl semimetal TaAs. Phys. Rev. X 5,
031023, https://doi.org/10.1103/PhysRevX.5.031023 (2015).
13. Xiong, J. et al. Evidence for the chiral anomaly in the Dirac semimetal Na;Bi. Science 350, 413-416 (2015).
14. Nielsen, H. B. & Ninomiya, M. The Adler-Bell-Jachiw anomaly AND Weyl fermions in a crystal. Phys. Lett. 130B, 389-396 (1983).
15. Fukushima, K., Kharzeev, D. E. & Warringa, H. J. Chiral magnetic effect. Phys. Rev. D 96, 074033-1-074033-14 (2008).
16. Son, D. T. & Spivak, B. Z. Chiral anomaly and classical negative magnetoresistance of Weyl metals. Phys. Rev. B 88, 104412-1-104412-
4(2013).
17. Li, Q. et al. Chiral magnetic effect in ZrTe,. Nat. Phys. 12, 550-554 (2016).
18. Zhang, C.-L. et al. Signatures of the Adler-Bell-Jackiw chiral anomaly in a Weyl fermion semimetal. Nat. Commun. 7, 10735, https://
doi.org/10.1038/ncomms10735 (2016).
19. Kuroda, K. et al. Evidence for magnetic Weyl fermions in a correlated metal. Nature Mat. 16, 1090-1094 (2017).
20. Nishihaya, S. et al. Negative magnetoresistance suppressed through a topological phase transition in (Cd, _,Zn,);As, thin films. Phys.
Rev. B97, 245103-1-245103-13 (2018).
21. Sun, Y. et al. Prediction of Weyl semimetal in orthorhombic MoTe,. Phys. Rev. B 92, 161107(R)-1-161107(R)-7 (2015).
22. Soluyanov, A. A. et al. Type-1I Weyl semimetals. Nature 527, 495-498 (2015).
23. Xu, Y., Zhang, F. & Zhang, C. Structured Weyl points in spin-orbit coupled Fermionic superfluids. Phys. Rev. Lett. 115,
265304-1-265304-6 (2015).
24. Zyuzin, A. A. & Tewari, R. P. Intrinsic anomalous Hall effect in type-II Weyl semimetals. JETP Lett. 103, 717-722 (2016).
25. Takahashi, K. S. et al. Anomalous Hall effect derived from multiple Weyl nodes in high-mobility EuTiO; films. Sci. Adv. 4, eaar7880;
https://doi.org/10.1126/sciadv.aar7880 (2018).
26. Moore, J. E. & Orenstein, J. Confinement-induced Berry phase and helicity-dependent photocurrents. Phys. Rev. Lett. 105,
026805-1-026805-4 (2010).
27. Sodemann, I. & Fu, L. Quantum nonlinear Hall effect induced by Berry curvature dipole in time-reversal invariant materials. Phys.
Rev. Lett. 115, 216806-1-216806-5 (2015).
28. Ishizuka, H., Hayata, T., Ueda, M. & Nagaosa, N. Emergent electromagnetic induction and adiabatic charge pumping in
noncentrosymmetric Weyl semimetals. Phys. Rev. Lett. 117, 216601-1-216601-5 (2016).
29. Chan, C.-K,, Lindner, N. H., Rafael, G. & Lee, P. A. Photocurrents in Weyl semimetals. Phys. Rev. B 95, 041104-1-041104-5 (2017).
30. Ishizuka, H., Hayata, T., Ueda, M. & Nagaosa, N. Momentum-space electromagnetic induction in Weyl semimetals. Phys. Rev. B 95,
245211-1-245211-10 (2017).

o

SCIENTIFIC REPORTS |

(2019) 9:16149 | https://doi.org/10.1038/s41598-019-51846-x


https://doi.org/10.1038/s41598-019-51846-x
https://doi.org/10.1088/1367-2630/9/9/356
https://doi.org/10.1103/PhysRevX.5.031013
https://doi.org/10.1038/s41467-018-05530-9
https://doi.org/10.1103/PhysRevX.5.031023
https://doi.org/10.1038/ncomms10735
https://doi.org/10.1038/ncomms10735
https://doi.org/10.1126/sciadv.aar7880

www.nature.com/scientificreports/

31. Kim, K., Morimoto, T. & Nagaosa, N. Shift charge and spin photocurrents in Dirac surface states of topological insulator. Phys. Rev.
B95,035134-1-035134-6 (2017).

32. Wu, L. et al. Giant anisotropic nonlinear optical response in transition metal monopnictide Weyl semimetals. Nat. Phys. 13, 350-355
(2016).

33. Ma, Q. et al. Direct optical detection of Weyl fermion chirality in a topological semimetal. Nat. Phys. 13, 842-847 (2017).

34. Osterhoudt, G. B. et al. Colossal mid-infrared bulk photovoltaic effect in a type-I Weyl semimetal. Nature Materials 18, 471-475 (2019).

35. Sharma, G., Goswami, P. & Tewari, S. Chiral anomaly and longitudinal magnetotransport in type-II Weyl semimetals. Phys. Rev. B
96, 045112-1-045112-6 (2017).

36. Wei, Y.-W,, Li, C.-K,, Qi, J. & Feng, ]. Magnetoconductivity of type-II Weyl semimetals. Phys. Rev. B97,205131-1-05131-9 (2018).

37. Kim, K.-S., Kim, H.-J. & Sasaki, M. Boltzmann equation approach to anomalous transport in a Weyl metal. Phys. Rev. B 89,
195137-1-195137-13 (2014).

38. Lundgren, R., Laurell, P. & Fiete, G. A. Thermoelectric properties of Weyl and Dirac semimetals. Phys. Rev. B90, 165115-1-165115-
16 (2014).

39. Sharma, G., Goswami, P. & Tewari, S. Nernst and magnetothermal conductivity in a lattice model of Weyl fermions. Phys. Rev. B 93,
035116-1-035116-13 (2016).

40. Hiroaki, Ishizuka. & Naoto, Nagaosa. Robustness of anomaly-related magnetoresistance in doped Weyl semimetals. Physical Review
B99(11) (2019).

41. Zhu, Z. et al. Quantum oscillations, thermoelectric coefficients, and the Fermi surface of semimetallic WTe,. Phys. Rev. Lett. 114,
176601-1-176601-5 (2015).

42. Pan, X.-C. et al. Carrier balance and linear magnetoresistance in type-II Weyl semimetal WTe,. Front. Phys. 12, 127203-1-127203-8
(2017).

43. Gong, J. X. et al. Non-stoichiometry effects on the extreme magnetoresistance in Weyl semimetal WTe,. Chin. Phys. Lett. 35,097101,
10.10880256-307x359097101 (2017).

44. Lv, H. Y. et al. Perfect charge compensation in WTe, for the extraordinary magnetoresistance: From bulk to monolayer. Europhys.
Lett. 110, 37004-p1-37004-p5 (2015).

45. Wang, Y. et al. Nat. Commun. 7, 13142 (2016).

46. Li, P. et al. Gate-tunable negative longitudinal magnetoresistance in the predicted type-II Weyl semimetal WTe,. Nat. Commun. 8,
2150, https://doi.org/10.1038/ncomms13142 (2017).

47. Ziman, J. M., Electrons and phonons: The theory of transport phenomena in solids (Clarendon Press, 1960).

48. Xiao, D., Chang, M.-C. & Niu, Q. Berry phase effects on electronic properties. Rev. Mod. Phys. 82, 1959-2007 (2010).

49. Stephanov, M. A. & Yin, Y. Chiral kinetic theory. Phys. Rev. Lett. 109, 162001-1-162001-5 (2012).

Acknowledgements

This work was supported by JSPS KAKENHI Grant Numbers JP16H06717, JP18H03676, JP18H04222, and
JP26103006, InPACT Program of Council for Science, Technology and Innovation (Cabinet office, Government
of Japan), and CREST, JST (Grant Nos JPMJCR16F1 and JPMJCR1874).

Author contributions
H.I performed the calculations. N.N. supervised the project. All authors contributed equally to the analysis of the
results and preparing the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to H.I.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
BY

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:16149 | https://doi.org/10.1038/s41598-019-51846-x


https://doi.org/10.1038/s41598-019-51846-x
https://doi.org/10.1038/ncomms13142
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Tilting dependence and anisotropy of anomaly-related magnetoconductance in type-II Weyl semimetals

	Results

	Semiclassical theory. 
	Type-II Weyl Hamiltonian. 
	Two Weyl node model. 
	Magnetoconductivity in candidate materials. 
	Linear magnetoconductivity. 

	Discussion

	Method

	Derivation of Eq. (1). 

	Acknowledgements

	Figure 1 The Fermi surface and Wp+ of type-II Weyl fermion.
	Figure 2 Dispersion and anomaly-related current of the two Weyl node model.




