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Much has been learned about the topological transport in real materials. We investigate the interplay between
magnetism and topology in the magnetotransport of PrRhC,. The fourfold degeneracy reduces to twofold
followed by nondegenerate Weyl nodes when the orientation of the magnetic quantization axis is changed from
easy axis to body diagonal through face diagonal. This engenders chirality imbalance between positive and
negative chirality Weyl nodes around the Fermi energy. We observe a significant enhancement in the chiral
anomaly mediated response such as planar Hall conductivity and longitudinal magnetoconductivity, due to the
emergence of chirality imbalance upon orienting the magnetic quantization axis to body diagonal. The angular
variations of the above quantities for different magnetic quantization axes clearly refer to the typical signature of
planar Hall effect in Weyl semimetals. We further investigate the profiles of anomalous Hall conductivities as a
function of Fermi energy to explore the effects of symmetries as well as chirality imbalance on Berry curvature.

DOI: 10.1103/PhysRevB.107.L081110

Introduction. The gapless topological systems, for exam-
ple, Dirac and Weyl semimetal (WSM), have received huge
attention in recent times in the context of solid state re-
search. The fourfold degenerate Dirac points split into two
twofold degenerate Weyl nodes (WN5s) once the time reversal
symmetry and inversion symmetry are broken separately or
simultaneously [1,2]. The WNs with opposite chiralities, des-
ignated by topological charge, namely Chern number, act like
a monopole and an antimonopole of Berry flux in momentum
space. The inversion symmetry is broken in the transition-
metal monopnictides (TaAs family) and dichalcogenides
(MoTe, family) [3-7], while magnetic WSMs (Co3Sn,S,,
Heusler alloy family, rare earth carbides family) [8—11] break
time reversal symmetry. Upon increasing the tilt strength of
the conical dispersion, the pointlike Fermi surface of a type
I WSM at the WN energy can acquire a pocketlike shape
resulting in a type-IIl WSM [12-14].

The WSMs exhibit several chirality related transport un-
der the application of external magnetic and electric fields.
The nonconservation of chiral Weyl fermions at two WNs,
referred to as the chiral anomaly [15-18], results in a hall-
mark signature of negative longitudinal magnetoresistance for
WSM under parallel magnetic and electric fields [19-23]. The
coplanar arrangement of electric and magnetic fields can lead
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to planar Hall effect (PHE) [24-26] that is fundamentally dif-
ferent from the Lorentz force driven conventional Hall effect.
Importantly, chiral anomaly mediated negative longitudinal
magnetoresistance and PHE in Dirac semimetals and WSMs
have been experimentally observed [4,27-36]. A giant PHE
has been theoretically predicted in topological materials due
to chiral anomaly [37]. Interestingly, in the absence of electric
field, charge transport occurs due to chiral magnetic effect
in WSMs with nondegenerate WNs [38—44]. The anomalous
Hall effect (AHE) is, on the other hand, a key signature of
nontrivial Berry curvature of magnetic WSM in the absence
of magnetic field [45-47]. Notice that the Berry curvature in
an inversion symmetry broken family of nonmagnetic WSMs
is also instrumental to yield the nonlinear transport properties
extending the quantum topological transport beyond the realm
of linear regime [48-53].

In a very recent study, the chirality imbalance has been
engineered near the Fermi energy upon suitably tuning the
magnetic quantization axis (MQA) in a time reversal sym-
metry and inversion symmetry broken RMC, family (R =
rare earth; M = transition metal) of WSMs [11]. To this end,
considering one of the candidate materials from the above
family, namely PrRhC,, we seek an answer to the following
question: what is the consequence of chirality imbalance,
caused by the canting of MQA, in the PHE? Notice that
PHE has been extensively studied in the context of model
Hamiltonians of WSMs, while it has been unexplored so far
from the perspective of real materials. Therefore, our study
can become useful to predict experimental signatures regard-
ing the interplay between magnetism and topology in the
context of PHE.

In this paper, starting from the ferromagnetic state with
internal MQA q-100, where WNs are fourfold degenerate,
we show that the degree of degeneracy can be lowered upon
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canting the MQA towards the body diagonal (see Fig. 1). This
is caused by the reduction in the combination of spatial point
group and temporal symmetries of the material. Next, consid-
ering the setup of PHE, we investigate the interplay between
magnetism and topology in LM conductivity (LMC) and PH
conductivity (PHC) (see Fig. 2). We remarkably find that
the PH transport coefficients are maximally governed by the
chiral anomaly while the breaking of the degeneracy of WN:s,
causing chirality imbalance, plays the key role in augmenting
their amplitudes (see Fig. 3). The angular dependencies we
find for the above quantities by varying MQA are considered
to be a hallmark signature of PHE in WSMs. Finally, we
investigate AH conductivity (AHC) in the absence of any
external fields to highlight the role of the above symmetries
on Berry curvature for different MQA (see Fig. 4).

Effect of the magnetic quantization axis on the degeneracy
of Weyl nodes. We use the framework of the full-potential
local-orbital minimum basis (FPLO) [54-56], based on den-
sity functional theory (DFT). We find that PrRhC, is a
type-II WSM, where the electron and hole pockets simulta-
neously exist at WN energies [see Fig. 1(a)] [11,57]. Based
on a hypothetical nonmagnetic PrRhC,, one can expect to
have the full magnetic symmetry: G = S + S7, where S =
{E, m(x), m(y), C>(2)} is the space group of crystal symmetry
(E is the identity operator) and 7 denotes the time reversal
symmetry. Notice that the evolution of WNs in Brillouin zone
(BZ) and band structure have been studied by rotating the
MQA q [9]. The MQA represents the spin quantization axis;
this can be oriented in a different direction for the crystal
lattice when the spin-orbit coupling (SOC) is included in DFT
calculations. The rotation in MQA yields a different ground
state, associated with a tight-binding Wannier Hamiltonian,
having different crystal symmetries. Such a tuning of MQA
has already been theoretically investigated [58—60], as well as
experimentally demonstrated by applying external magnetic
field [61], temperature [62,63], hydrostatic pressure [58], and
uniaxial strain [64].

We consider PrRhC,, hosting itinerant electrons, due to
its magnetic property for a partially occupied Pr-f shell
[65,66]. The SOC tends to align the Pr-f shell with the spin
quantization axis and the crystal field aligns it according
to the crystal lattice. This results in magnetic anisotropy
and relativistic symmetry reduction; we intend to study
their effect on transport within ab initio treatment. For
q-100, q-011, and g-111, the following symmetries are re-
spected {E, Sy, Sy T}, {E, ST}, and {E}, respectively, while
{Sy,2o ST}, ASxy.2, Sy T}, and {Syy 2, Sky, .7} symmetries are
absent (see Table I). These allow the WSM to host fourfold
degenerate (twofold degenerate) WNs for q-100 (q-011) at
(Fky, ky, £k;) [(ky, ky, k;) and (ky, —k,, —k.)] in the BZ, while
for gq-111, all the WNs are nondegenerate. Interestingly, the
position of WNs in BZ changes along with their energies by
changing the orientation of MQA, while the total number of
WNs in the system remains unaltered [57] [see Figs. 1(b)
and 1(c)]. However, inside a given energy window around the
Fermi energy, the number of WNs with positive and negative
chiralities does not match due to the lifting of degeneracy. As
a result, a chirality imbalance is established within a limited
energy window. Note that there exists no chirality imbalance
in the entire energy landscape due to the presence of equal
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FIG. 1. (a) Top view of the bulk three-dimensional (3D) Fermi
surface with the WNs in the BZ for MQA [100]. (b) The bulk 3D
Fermi surface with the positions of the WNs in the BZ. The green and
red points represent the WNs for MQA [100] and [011], respectively.
Changing the MQA from [100] to [011], the WNss split in energy and
scattered in the BZ along Z — A direction. The pockets appear at the
zone boundary. (c) Energy of the WNs for MQA [100], [011], and
[111] configuration within the energy window (—0.19, 0.19) eV.

numbers of WNs with opposite chiralities. We focus below on
the effect of the degeneracy lifting on the magnetotransport in
PrRhC,; considering the PHE steup. In particular, we compute
velocity and Berry curvature from the tight-binding Wannier
Hamiltonian, corresponding to a given MQA, that we further
use for the calculation of PH transport [57]. We interchange-
ably use MQA [100], [011], and [111] for q-100, q-011, and
q-111, respectively.

Planar Hall effect for B # 0. PrRhC, constitutes alter-
native layers of Pr and RhC, along the x axis. Each layer
forms an approximate triangular lattice in the yz plane [11].

TABLE I. Magnetic symmetry group with the degeneracy of the
WNss for different MQA.

q axis Mag. Grp. Symm. Degeneracy
Nonmagnetic {E, m(x), m(y), C,(2), T,

case m(x)T, m(y)T, C2(2)T} 8
100 {E, m(x),m(y) T, Cy(z) T} 4
010 {E,mx)T,m©),C(z) T} 4
001 {(E,m(x)T,m@y) T, Cx(z)} 4
011 {E, m(x) T} 2
101 {E,m(y)T} 2
110 {E,C:()T} 2
111 {E} 1
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In order to study the PHE, we consider the electric field
E along the y axis and magnetic field B lying in the yz
plane at a finite angle y with respect to the y axis: E =
Eyand B = B cos yy + B sin yZ. Following the semiclassical
Boltzmann transport equation and relaxation time approxima-
tion, the PHC o, and LMC o,, are found to be [24-26,67]

d*k d fo eB siny
Oy = 62 mDT (—x) |:<UZ + T(ﬂk . Vk)>
eB cosy
x (U,v + T(ﬂk 'Vk)>] (1)
and
d*k 3fo eB cosy 2
Oyy ~ 62 WDT (—g) <Uy + T(Qk . Vk)) s

2

where D = D(B, @) =[1 + %(B - @)1 is the phase space
factor [68]. The Berry curvature and velocity are denoted by
QL = (24, 2y, ;) and v, = (vy, vy, v;), TEspectively.

Notice that the chiral magnetic effect can lead to finite
charge current for WSM in the absence of E. The factor
(2 - vx)B is found to be responsible for the chiral magnetic
effect. On the other hand, in the presence of E, the charge
current becomes proportional to the factor E - B, which is pri-
marily responsible for chiral anomaly. The left (right) WN is
over (under) populated and a current flows obeying the direc-
tion of E [see Fig. 2(a)]. Importantly, eB sin y and eB cosy
factors are originated from anomalous velocity (E x ) - B
and chiral anomaly E - B contributions, respectively. In the
present case, the chirality imbalance, caused by degeneracy
lifting of WNs, around the Fermi surface plays a crucial role
through the factor %—’? in PHC and LMC.

In order to work with the Boltzmann transport formula-
tion, we consider temperature T ~ 1073 eV, magnetic field
B ~ 1073 eV, and Fermi energy u ~ 1072 eV satisfying T <
VB < . We choose k grids 300 x 300 x 300 for our numer-
ical calculations, where we obtain a satisfactory convergence
within ~(3-5)% [57]. Note that D = [1 + %(B - 017! re-
mains at unity all over the BZ except at the WNs, where
Berry curvature becomes substantially large; we consider D =
1 throughout for the sake of numerical convergence. One
can carefully analyze the B dependence considering D # 1
in the future. The relaxation time 7 is of the order of a
femtosecond, predicted for the metallic systems, and is also
applicable for the present case [69]. The anisotropic nature
of the Fermi surface, as shown in Fig. 1(b), is expected to
result in anisotropy in relaxation time that we neglect for
our magnetotransport calculations for simplicity. We com-
pute the conductivities after subtracting the zero field part:
[0ij(B) — 0;;(B = 0)]/0;;(B = 0), where i, j = x, y, z.

Figure 2(b) shows the variation of PHC with temperature
for different q’s, where we find highly nonlinear growth with
T for T 2 30 K. We, therefore, restrict ourselves between
22 K < T < 26 K, where PHC acquires finite value with T?
dependence as predicted by the Sommerfeld expansion [26]
[see inset of Fig. 2(c)]. The PHCs for q-011 and -111 are
of the order of (mS2cm)~' but, for the case of q-100, it is
of the order of (©2cm)~!. This can be understood by the
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FIG. 2. (a) Left (blue) WN is overpopulated as compared to the
right (red) WN due to a chiral anomaly in the presence of coplaner
E and B field at an angle y. (b) The temperature profile of PHC
for different orientations of MQA, where light-gray, gray, and white
regions respectively exhibit substantially low, moderate, and large
values of PHC. The magnitude of PHC for q-100 is significantly less
as compared to other q’s. (c) The termwise breakdown of PHC for
q-111 suggests that the chiral anomaly term, containing (£ - vi)?
factor, contributes maximally. The gray region in (b) is depicted
as the inset where the PHC varies quadratically with temperature
between 22 K < 7 <26 K. (d) The quantity (2-v) =) [ dk,
(R - vi) ink, — k_ plane for q-111. We consider B=9T, y = /3,
and u = 10 meV.

fact that the degeneracy of the WNs is lifted upon changing
the orientation of MQA from easy axis to body diagonal. We
explicitly calculate the contributions from the individual terms
in PHC [Eq. (1)] for MQA [111], as shown in Fig. 2(c) [57].
We note that the term comprising the chiral magnetic effect
factor (R - v )? acquires maximum value as compared to the
remaining terms. This in turn refers to the fact that the term
B?siny cosy (R - vk)?, associated with the chiral anomaly,
dictates the topological Hall response in the presence of
electric and magnetic fields. We, therefore, demonstrate the
momentum resolved structure of (Q-v) =) f dk, (2 - vi)
(3 includes the filled band only) to highlight its distribution
over the (k, — k;) plane [see Fig. 2(d)] [57].

We now consider a moderate temperature 7 = 25 K to
investigate the PHE in terms of the angular and magnetic
field dependence as shown in Figs. 3(a), 3(c) and 3(b), 3(d),
respectively. The LMC has the angular dependence cos’ y,
while the PHC follows nearly siny cosy dependence. On
the other hand, B? profile is commonly observed for oy, and
0zy. The type-II WSMs can exhibit linear variation of PHC
and LMC with magnetic field [24,32,70], in addition to the
quadratic one that is found to be predominant in our case. Our
findings on the angular signature of PHE are in accordance
with the experimental observations [32,34]. Most importantly,
the LMC and PHC exhibit strongest (weakest) response when
the internal MQA aligns with the body diagonal (easy axis).
Notice that the nondegenerate (maximally degenerate) WNs
are only observed for the q-111 (q-100) case. An intermediate
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FIG. 3. Plots (a) and (c) show the angular profile of LMC oy,
cos® y and PHC o, nearly xsiny cosy at T =25K,and B=9 T
upon changing MQA. We repeat (a) and (c) as a function of B for
fixed y = 7 /3 in (b) and (d), respectively, where B> dependence is
clearly noticed. We consider 4 = 10 meV.

response is noticed for the case q-011, where WNs are twofold
degenerate.

Having discussed the numerical findings, we understand
below the chiral anomaly contributions with plausible ar-
guments. Considering the generic low-energy dispersion of
WSM € = —k + &k, = k(—1 + & cosf) (with & being the

[k} + k% +k2)
around an isolated WN of topological charge C, one can
analytically compute the quantity A = [ dk(vi - i)>3L2
associated with the dominant chiral anomaly term in the
PHC and LMC. We find A ~ C[2u™% 4 2812 + O(T?)].
We consider D = 1, % ~ 8(0 —0")/|Ek sin@| + O(T?), and
d*k = k*sin6 df d¢ dk, while deriving the above approxi-
mate form in the limit B < u? [26]. The tilt £ shrinks the
limits of k integration. In the presence of m number of
nondegenerate WNs of chiralities C,, appearing at energies
m, the quantity A can be considered in the following form:
AxY 2C,[un,” + &2 > + O(T?)]. Once the degeneracy
of the WNs is lifted, the WNs with positive and negative
chirality no longer reside at the same energy. This corresponds
to C; = —C; and p; # [, ensuring A o< (u; — pj). One can
thus find that the contributions from (vy - 2x)? terms in PHC
and LMC enhance with the degeneracy lifting as originated
from the change in the orientation of MQA. As a result, the
B?cos® y (B®siny cosy) factor, associated with A, is found
to play the governing role in the LMC (PHC). Noticeably, A
itself increases when MQA is tuned from [100] to [111]. This
reminds one of the behavior of the charge current due to the
chiral magnetic effect that is found to be J = (¢*/h)B f d’k
(vk - Q) fo & —(ez/hz)B > mCy, for the untilted WSM at
T =0K[11,38-42].

The chiral anomaly induced charge current of the order of
(u2cm)~! is observed for the PHE setup with MQA [100].
What is more interesting in the present case is that charge
current can be amplified to (mS2 cm)~! by varying MQA from

tilt parameter along the z direction and k =

high-symmetry to low-symmetry direction. The degeneracy
lifting induces the chiral chemical potential pch = 4+ — -
between WNs of topological charge C. and ., effectively
renormalizes the external electric field E — E + V. This
refers to the increment in the B - E factor. Therefore, the chiral
anomaly (on field) and chirality imbalance (off field) both
imprint their effects on PHC and LMC, while changing the
MQA appropriately.

Anomalous Hall effect for B = 0. We shall now investigate
the AHC o/} given by

o occupied

ol = _% > f ke Q" folen) ©)

n=I

as a function of chemical potential w, where i, j, k = x, y, z.
We show their behavior in Figs. 4(a), 4(b) and 4(c) for the
MQA along [100], [011], and [111], respectively. The im-
portant point to notice is that oy, becomes finite for [100]
and [111] and vanishes for [011]. Interestingly, o, and oy,
become vanishingly small for [100], while finite for [011]
and [111]. The most pronounced responses are observed for
ol ~ 94, 02 ~ 87, and o, ~ —70 [units of (Rcm)'] in
[100], [011], and [111] around u = 0.18 eV, respectively.
Another noticeable feature is that oy, and o nearly appear in
opposite sign for [011] and [111]. The AHC does not acquire
high value around the WN energies referring to the fact that
the k-space separation between WNs plays a more important
role in determining AHC than the energies of WNs. This
is in congruence with the results on AHC as obtained from
the low-energy model of WSM [20,71]. Note that we only
compute the intrinsic part of the AHC and neglect the extrinsic
parts, namely, skew scattering and side jump as caused by
impurity scattering [72]. Since we consider a clean system,
the magnitudes of the above extrinsic quantities might be
significantly less as compared to the intrinsic part.

We focus on the symmetry aspects, associated with the
substantially large components of AHC, by lifting the degen-
eracy of the WNs by changing MQA. For q-100 as shown
in Fig. 4(a), oy; (o}, and oy;) acquires (acquire) high (low)
value allowed by C>(z) T, m(x), and m(y) T symmetries. One
can find that under Cy(z), Q. (kx, ky, k;) — Q. (—ky, —ky, k;)
and  Q, ,(ky, ky, k) = = y(—=ky, =k, k;). For Cy(2)T
symmetry, Q. (ky, ky, k) — —Q(ky, ky, —k;) and
Qy y(ke, ky, k) — Q4 y(ky, ky, —k;). This results in the
vanishingly small response for oy, while summing €2, over
the BZ. Next, for m(y), Q,(ky,ky, k;) — Q,(ky, —ky, k)
and Q. (ky, ky, k;) = —Qy  (ky, —ky, k;). Under m(y)T
symmetry, Qy(ky, ky, k) = —Qy(—ky, ky, —k;) and
Qo (ky, ky, k) = Q (—ky, ky, —k;). This further leads
to a vanishingly small value of o. Last, for m(x),
Qy(ky, ky, k) = Qu(—ky, ky, k) and  Qy (ke ky, k) —
—8, . (—ky, ky, k;). This causes a substantial contribution
inoy.

For q-011, the symmetry m(x) 7T allows Q,(ky, ky, k;) —
_Qx(km _kya _kz) and Qy.z(k)m kyv kz) - Qy,z(kxa _ky’ _kz)~
Therefore, ay“z is thus constrained to vanish and the remaining
AHCs continue acquiring finite values. For q-111, there no
longer exists any symmetry in the system. As a result, all
components of the Berry curvature contribute yielding oy,
oy;, and o, to be nonzero.
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FIG. 4. AHCs as the function of Fermi energy u for MQA (a) [100], (b) [011], and (c) [111]. We consider 7 = 0 K. When the MQA is
varied from [100] to [111], the symmetry of the system is systematically reduced. As a result, only one component of AHC o, is substantially
strong in (a). Two components of AHC o,, and o, contribute for [011] in (b). For [111] in (c), all components of AHC contribute.

We further note that chirality imbalance can determine
the profile of AHC as the distribution of Berry curvature in
BZ changes with MQA. It is evident from AHCs oy, and
oy, that €2, and €2, summed over the filled bands, become
maximally negative and positive in the BZ, respectively, for
q-011 [see Fig. 4(b)]. The net sign of the band-summed Q. , .
in BZ might be related to the net chirality of the WNs below
the highest filled bands. However, notice that the chirality of
a WN is determined by all three components of the Berry
curvature not by an individual component. For o, positive
and negative regions of €2, over the BZ cancel each other,
which results in an infinitesimally small response under q-011
when summing over the filled bands. Interestingly, positive
and negative regions of 2, do not cancel each other in the
BZ for the filled bands leading to positive and negative values
of U;Z under q-100 [see Fig. 4(a)]. The imbalance in the
number of opposite chirality WNs can play a crucial role in
the anomalous transport within a given window of chemical
potential in the absence of any external magnetic and electric
fields.

Summary. The imbalance between the number of oppo-
site chirality WNs around the Fermi energy is engineered by
changing the MQA in the noncentrosymmetric WSM fam-
ily [11]. This motivates us to probe the interplay between
topology and magnetism in the transport properties for a
candidate material PrRhC, within the above family of ma-
terials. We find that the underlying degeneracy of WNs can
be systematically lifted in accordance with the symmetries
upon tuning the MQA from [100] to [111] (see Fig. 1).
This leads to a mismatch between the number of positive
and negative chirality WNs near the Fermi energy that is

referred to as the chirality imbalance. Under the application
of coplanar electric and magnetic fields in a PH setup, we
find the hallmark angular dependence in PHC and LMC sug-
gesting a chiral anomaly induced topological transport in the
material (see Figs. 2 and 3). The above finding is consistent
with experiment [32,34]; however, the associated quadratic
dependence on magnetic field is a subject for further investiga-
tion. Interestingly, the degeneracy lifting causes this transport
to become more pronounced due to the combined effect of
chirality imbalance and chiral anomaly (see Fig. 3). Last, we
find symmetry permitted coefficients of AHC under different
MQA, where the sign of the AHCs might be related to the chi-
rality imbalance within a limited energy window (see Fig. 4).
Notice that AHC is substantially large [units of (2 cm)~'] as
compared to the PHC [units of (4 cm)~! and (mQcm)~'],
suggesting the validity of our results from the experimental
perspective [30,34,73,74]. Our study can further stimulate
transport experiments, especially in the rare-earth transition
metal carbides RMC, (R = rare earth and M = transition
metal) family to probe the chirality imbalance by PHE. The
magnetotransport can be investigated in the quantum limit
using the framework of DFT in the future [75]. Motivated
by the studies on graphene [76], one can analyze the chiral
anomaly induced magnetoconductivity, thermal Hall conduc-
tivity, and Wiedemann-Franz law by considering the more
realistic momentum-dependent relaxation time in the future.
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