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Weyl semimetals are novel topological conductors that host Weyl fermions as emergent quasipar-
ticles. In this paper, we propose a new type of Weyl semimetal state that breaks both time-reversal
symmetry and inversion-symmetry in the RAlGe (R=Rare earth) family. Compared to previous pre-
dictions of magnetic Weyl semimetal candidates, the prediction of Weyl nodes in RAlGe are more
robust and less dependent on the details of the magnetism, because the Weyl nodes are already
generated by the inversion breaking and the ferromagnetism acts as a simple Zeeman coupling that
shifts the Weyl nodes in k space. Moreover, RAlGe offers remarkable tunability, which covers all va-
rieties of Weyl semimetals including type-I, type-II, inversion-breaking and time-reversal breaking,
depending on a suitable choice of the rare earth elements. Further, the unique noncentrosymmetric
and ferromagnetic Weyl semimetal state in RAlGe enables the generation of spin-currents.

Finding new quantum materials with useful proper-
ties is one of the frontiers of modern condensed matter
physics and material science [1–6]. The recent realiza-
tion of nonmagnetic Weyl semimetal state in the TaAs
class of materials [7–25], has attracted significant at-
tention. Further transport measurements have revealed
unconventional magnetic and optical responses of TaAs
family [26–29]. Despite recent advances of topological
semimetals in both theory[30–43] and experiment [26–
29, 44–51] , the ferromagnetic Weyl semimetal [8, 9, 52–
57] has not been realised in experiments. A key issue is
that first-principles band structure calculations on these
magnetic materials (e.g. iridates [8] and HgCr2Se4 [52])
are quite challenging. For example, the all-in (all-out)
magnetic structure in iridates appeared to be compli-
cated to verify in experiments [53] and model in first-
principles calculations [8, 54]. Also, for many magnetic
materials such as HgCr2Se4 the magnetic band structure
may be very sensitive to the details of the magnetism.
As a result, the first-principles prediction of Weyl nodes

in magnetic compounds is not as robust as that of in
nonmagnetic compounds such as TaAs [10, 11]. Here,
we propose a new strategy to search for magnetic Weyl
semimetals. Taking advantage of the Weyl nodes gen-
erated by inversion-symmetry breaking in the nonmag-
netic compound LaAlGe [44, 58], we present a new type
of magnetic Weyl semimetal in its iso-structural sister
compounds CeAlGe and PrAlGe [59, 60] that are ferro-
magnetic [61–63]. We show that the ferromagnetism in
RAlGe can be more reliably modeled in first-principles
calculation as it is found to not completely change the
band structure. Rather, it acts as a Zeeman coupling
and splits the spin-up and spin-down bands, which shifts
the Weyl nodes in k space to break time-reversal sym-
metry. For these reasons, the prediction of Weyl nodes
in RAlGe are less dependent on the details of the mag-
netism. Moreover, we show that the RAlGe family of-
fers remarkable tunability, where type-I, type-II [30],
inversion breaking, and time-reversal breaking types of
Weyl semimetal states are all available. Further, as re-
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FIG. 1. Lattice structure, Brillouin zone and density of state
(DOS) of RAlGe (R=La, Ce, and Pr). (a) Body-centered
tetragonal structure of RAlGe, with space group I 41md (109).
The structure consists of stacks of rare earth element (RE),
Al, and Ge layers and along the (001) direction each layer
consists of only one type of elements. (b) The schematic of
RE atomic layer showing the skew axis along the c axis. (c)
The bulk and (001) surface Brillouin zone (BZ). (d-f) First-
principles DOS of LaAlGe (d), CeAlGe (e) and PrAlGe (f).
The partial DOS for spin-up and spin-down states are plotted
in red and violet colors, respectively. The DOS from localized
f orbitals are drawn in green color.

cently predicted in theory [64], the time-reversal and in-
version breaking Weyl semimetals can uniquely induce
a quantum spin current without a concomitant charge
current. In addition, while a noncentrosymmetric (mag-
netic) Weyl semimetal is an intermediate phase between
a trivial insulator and a 3D topological insulator (3D
stacked Chern insulator) state [65], here, with both sym-
metries broken, the phase diagram may be even richer.
This rich phase diagram may be potentially explored via
doping or chemical substitution.

RAlGe crystallizes in a body-centered tetragonal Bra-
vais lattice with a I-breaking space group I41md (109)
[58–60] (Figures. 1(a,b)). Our results show that LaAlGe
is nonmagnetic, whereas CeAlGe and PrAlGe are ferro-
magnetic with their magnetization easy axse along the a
and c directions, representively. For CeAlGe, the calcu-
lated magnetic moment is 1 µB per Ce atom and the ex-
perimental measured value is 0.94 µB [61]. For PrAlGe,
the calculated magnetic moment is 2 µB per Pr atom

whereas the experimental value has not been reported
in literature. Figs. 1(d,e,f) show the calculated density
of states (DOS) without spin-orbit coupling (SOC) for
RAlGe. The DOS of the majority and minority spin
states are colored in red and blue. It can be seen clearly
that in LaAlGe the DOS of the two spins are equal, con-
sistent with its nonmagnetic nature. In contrast, an im-
balance between the DOS of the majority and minority
spin states is seen in CeAlGe and PrAlGe, suggesting a
ferromagnetic ground state in agreement with the exper-
imental finding [62, 63]. The green shaded areas are the
DOS of felectrons. The electronic configuration of La
atom is [Xe]6s25d14f0, meaning that all f orbitals are
empty. Indeed, Fig. 1(d) shows that the all f electrons
are in the conduction bands. On the other hand, a Ce
(or Pr) atom should have 1 (or 2) electrons occupying
the f orbitals. As a result, we see some f bands below
the Fermi level in Figs. 1(e,f). Moreover, our calculations
(Figs. 1(e,f)) show that the occupied f electron states in
CeAlGe and PrAlGe are clearly spin-polarized. These
results suggest that the ferromagnetic coupling between
the f electrons’ local moments lead to ferromagnetism in
CeAlGe and PrAlGe, which, in turn, makes the conduc-
tion electrons (s, p, d orbitals) near the Fermi level also
spin-polarized. Furthermore, our band structure calcu-
lations without SOC (Figs. 2(c,e)) clearly show a spin
splitting in the electronic states. These results confirm
our conceptual picture: The ferromagnetism arises from
the ordering of the f electrons’ local moments. These lo-
cal moments serve as an effective Zeeman field and make
the conduction (s, p, d orbital) bands spin polarized. We
highlight the fact that the ferromagnetism can be treated
as a Zeeman coupling and does not completely change the
band structure at low-energy. In the presence of SOC,
the spin-up and spin-down states are further mixed by
Rashba/Dresselhaus interactions due to the lack of inver-
sion symmetry, making spin not a good quantum number.
Thus, we do not color code the bands in Figs. 2(d,f).

In order to explain the Weyl nodes in CeAlGe and
PrAlGe, we start from the nonmagnetic compound
LaAlGe. In the absence of spin-orbit coupling, the cross-
ing between conduction and valence bands yields four
nodal lines, on the kx = 0 and ky = 0 mirror planes and
also 4 pairs of (spinless) Weyl nodes on the kz = 0 plane,
which we denoted as W3 [44]. Upon the inclusion of the
spin-orbit coupling, the nodal lines are gapped out and
24 Weyl nodes emerge in the vicinity. We refer to the 8
Weyl nodes located on the kz = 0 plane as W1 and the
remaining 16 Weyl nodes away from this plane as W2
[44]. Moreover, each W3 (spinless) Weyl node splits into
two (spinful) Weyl nodes of the same chirality, which we
call W3’ and W3” [44]. Hence, in total there are 40 Weyl
nodes for LaAlGe [44].

We now turn to the Weyl semimetal states in CeAlGe
and PrAlGe. We conceptually consider a temperature
dependent evolution. Starting at a higher temperature
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FIG. 2. First-principles band structure of RAlGe (R=La,
Ce, and Pr). (a,b) Calculated bulk band structure of LaAlGe
without and with the inclusion of spin-orbit coupling. (c,d)
Bulk band structure of CeAlGe without and with the inclusion
of spin-orbit coupling. In c the bands of spin-up and spin-
down states are plotted in red and violet colors, respectively.
(e,f) same as (c,d) but for PrAlGe.

above the Curie transition, we expect the Ce(Pr)AlGe
sample to already become a Weyl semimetal because of
the broken space-inversion symmetry with 40 Weyl nodes
as in LaAlGe. Now we lower the temperature below the
Curie temperature, the effect of the ferromagnetism in
CeAlGe and PrAlGe can be understood qualitatively as
a Zeeman coupling to the conduction electron states. To
the lowest order, we expect that this will shift the Weyl
nodes in a way that their momentum space configura-
tion reflects the time-reversal symmetry breaking. We
use this picture to understand the calculated results of
the Weyl nodes configuration of these two compounds. In
CeAlGe, indeed, we found that the Weyl nodes are still
the W1, W2, and W3 as in LaAlGe (Fig. 3(a, b)). The
difference is that they are shifted away from the original
location due to magnetism. In LaAlGe all W1 nodes can
be related by symmetry operations. However, in CeAlGe,
the inclusion of a magnetization along a direction gives
rise to 4 inequivalent W1 Weyl nodes. They have differ-
ent momentum space locations and energies. Similarly,
there are now 4 inequivalent W2 and 8 inequivalent W3
Weyl nodes in CeAlGe because of the reduction of sym-
metries by the inclusion of the magnetization. In PrAlGe,

FIG. 3. Weyl fermions in LaAlGe, CeAlGe, and PrAlGe. (a),
(c) Weyl nodes (denoted by W3) in the first BZ of CeAlGe and
PrAlGe with SOC. The arrows indicate the magnetization ori-
entation. The red and blue dots denote the new Weyl nodes
(W4) generated by the magnetization of f orbitals of Pr. (b)
Projection of the Weyl nodes on the (001) surface Brillouin
zone (SBZ) of CeAlGe. The configuration of the other half
of the SBZ can be obtained by considering mirror symmetry.
(d), (e) Same as b but for PrAlGe. (f-h) Schematic illus-
trations of the band dispersion of Weyl fermions in LaAlGe,
CeAlGe, and PrAlGe, respectively.

the magnetization along the c axis leads to 1 inequiva-
lent W1, 2 inequivalent W2 and 2 inequivalent W3 Weyl
nodes. In addition, we find that the inclusion of ferro-
magnetization in PrAlGe may introduce new Weyl nodes,
which we denote as the W4 nodes (Figs. 3(c-e)). The chi-
ral charges of Weyl points in RAlGe are determined by
the net Berry flux passing through the 2D manifold that
enclosing Weyl fermions[8].

In order to understand how the Weyl nodes are shifted
by the magnetization, we discuss the symmetry con-
straints in the presence of the ferromagnetic order in
CeAlGe and PrAlGe.

In CeAlGe, the magnetization is oriented along a axis.
Both T and C2 reverse this in-plane magnetization. How-
ever, their product C2T is still a symmetry of the mag-
netic system and the same is true for Mx. Thus, all
symmetry-nonequivalent Weyl nodes are found in the
kx > 0 part of the BZ depicted in Fig. 3(b). Due to
C2T , all W1- and W3-derived Weyl nodes are still pinned
to kz = 0 and the W2-derived nodes are found in ±kz
pairs. It is also interesting to notice that the movement
of the all Weyl nodes in the vicinity of the My (//kx)
mirror plane (W1

1, W2
1, W2

2, and W3
2), is much more sig-
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FIG. 4. A new route to generating magnetic Weyl fermions.
(a,b,) The Dirac node in a Dirac semimetal splits into a pair of
Weyl nodes upon the inclusion of a magnetic field. The Weyl
nodes are connected by a Fermi arc surface state. (c,d,) Two
pairs of Weyl nodes are present in a inversion-breaking Weyl
semimetal. The Weyl nodes are shifted in momentum space
upon the inclusion of a magnetic field, generating regions in
k space with a non-zero Chern number.

nificant than those of the Mx (//ky) mirror plane (W3
1,

W4
1, W1

2, and W4
2). This phenomenon is also symmetry

related. Specifically, the Weyl nodes near the Mx (//ky)
mirror plane are roughly stationary upon magnetization
because the symmetries C2T and Mx are the only con-
straints to the effective Hamiltonian near the Mx mirror
plane [10, 11]. However, this term turns out to be only
relevant for the energy but not for the position of the
Weyl nodes. The detailed information of the Weyl nodes
including the momentum space locations, the energies
and the type, is shown in the Supplemental Material,
Sec. C [68] .

In PrAlGe, the magnetization is oriented along z. Both
T and any of the mirror and glide mirror symmetries re-
verse this magnetization. However, their products, e.g.,
TMx, are still a symmetry of the magnetic system. Fur-
thermore, C2z and C̄4z are preserved by the magnetiza-
tion. Thus, all symmetry-nonequivalent Weyl nodes are
found in a quadrant of the BZ depicted in Fig. 3(d). The
main difference to LaAlGe is that C2zT symmetry is bro-
ken. As a result, we expect the W1 and W3 Weyl nodes
to move along the kz direction and become no longer
pinned to kz = 0. On the other hand, the W2 Weyl
nodes are expected to stop appearing in ±kz pairs.

Our theoretical discovery of CeAlGe and PrAlGe re-
veals a new route to realizing T -breaking Weyl fermions.

The traditional and commonly accepted proposal for
realizing T -breaking Weyl fermions is to break time-
reversal symmetry of a 3D Dirac fermion system, as
shown in Figs. 4(a,b). In this way, the Weyl fermions
actually arise from the breaking of time-reversal sym-
metry. We can qualitatively understand the anomalous
Hall effect. As shown in Fig. 4(b), we consider the Chern
number of a series of (ky, kz) 2D slices at different kx-
intercepts. Any slice between the left boundary of the
BZ and the first dotted line has a Chern number of 0. As
we continue sweeping the (ky, kz) slice to the right, we
pass through the blue Weyl node and therefore the Chern
number changes by 1. Consequently, a slice between the
first dotted line and the second dotted line has a Chern
number of 1. Then we pass the red Weyl node and the
Chern number of a slice between the second dotted line
and the right boundary of the BZ is 0. As a result, the
Chern number averaged over all kz in the BZ is nonzero,
which demonstrates the existence of an anomalous Hall
effect. It can be checked that this simple consideration
carries over to CeAlGe and PrAlGe, despite the presence
of additional symmetries, and an anomalous Hall effect
is expected in the plane perpendicular to the respective
magnetization. By contrast, in the Dirac semimetal case
in Fig. 4(a), the Chern number of any slice is zero, con-
sistent with the fact that Dirac semimetals do not show
anomalous Hall conductance. In terms of experimental
realization, this proposal means that one needs to in-
troduce magnetism to a Dirac semimetal system such as
TlBi(S1−xSex)2, Cd3As2 and Na3Bi. Since these ma-
terials are nonmagnetic, one will need to dope the sys-
tem with magnetic dopants, which has been proven to
be quite difficult. It is also challenging to systematically
study the band structure of the magnetically doped sys-
tem through first-principles calculations.

We now elaborate on our new route to realizing T -
breaking Weyl fermions as demonstrated in CeAlGe and
PrAlGe. Rather than starting from a Dirac semimetal,
we start from a space-inversion (I) breaking Weyl
semimetal. As schematically shown in Fig. 4(c), two pairs
of Weyl nodes are generated by the breaking of space in-
version symmetry. In this case, magnetization is only re-
sponsible for shifting the momentum space location of the
Weyl nodes. We note that a T -breaking Weyl semimetal
is defined as the breaking of time-reversal symmetry in
terms of the Weyl node configuration. Specifically, Weyl
nodes of same chirality cannot appear at opposite mo-
menta (±~k). Therefore, although in this case the Weyl
fermions do not arise from ferromagnetism, the system
in Fig. 4(d) still counts as a T -breaking Weyl semimetal.
This can also be seen by studying the Chern number of
the (ky, kz) 2D slices. As shown in Figs. 4(c,d), intro-
ducing magnetism leads to a finite kx range at which the
Chern number of the (ky, kz) 2D slice is nonzero. This
also suggests the existence of anomalous Hall conduc-
tance in the system shown in Fig. 4(d). We emphasize
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a number of advantages of this new route. Introducing
magnetism is done by going from LaAlGe to CeAlGe or
PrAlGe rather than doping. This not only avoids the
complicated doping processes, but also enables to system-
atically understand the band structure in calculations as
we have achieved here. Furthermore, our results demon-
strate an entirely new way to search for T -breaking Weyl
semimetals in future, i.e., to look for the iso-chemical
ferromagnetic cousin compounds of an I-breaking Weyl
semimetal.

Finally, we highlight the tunability of the RAlGe fam-
ily. As we have shown here, the low-energy band struc-
tures of LaAlGe, CeAlGe and PrAlGe realize the I-
breaking type-II, the T -breaking type-II, and the T -
breaking type-I Weyl fermions. Moreover, n (electron)
doping can be achieved by changing the ratio between
Al and Ge, i.e., RAl1−xGe1+x [60]. In the weak disorder
limit (x� 1), which cannot localize the conduction elec-
torns from the Weyl fermions [66, 67], the doping will
enable one to access other Weyl nodes that are above
the Fermi level (Figs. 3(f-h)). In general, RAlGe is an
extremely rich system that enables one to systematically
study all types of Weyl fermions in a single family.
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and M. Soljačić, Science 349, 622 (2015).

[14] B. Q. Lv, H. Weng, B. B. Fu, X. P. Wang, H. Miao, J.
Ma, P. Richard, X. C. Huang, L. X. Zhao, G. F. Chen,
Z. Fang, X. Dai, T. Qian, and H. Ding, Phys. Rev. X 5,
031013 (2015).

[15] S.-Y. Xu, N. Alidoust, I. Belopolski, Z. Yuan, G. Bian,
T.-R. Chang, H. Zheng, V. N Strocov, D. S. Sanchez,
G. Chang, C. Zhang, D. Mou, Y. Wu, L. Huang, C-C.
Lee, S.-M. Huang, B. Wang, A. Bansil, H.-T. Jeng, T.
Neupert, A. Kaminski, H. Lin, S. Jia, and M. Z. Hasan,
Nat. Phys. 11, 748 (2015).

[16] L. X. Yang, Z. K. Liu, Y. Sun, H. Peng, H. F. Yang,
T. Zhang, B. Zhou, Y. Zhang, Y. F. Guo, M. Rahn, D.
Prabhakaran, Z. Hussain, S.-K. Mo, C. Felser, B. Yan
and Y. L. Chen, Nat. Phys. 11, 728 (2015).

[17] B. Q. Lv, N. Xu, H. M. Weng, J. Z. Ma, P. Richard, X.
C. Huang, L. X. Zhao, G. F. Chen, C. E. Matt, F. Bisti,
V. N. Strocov, J. Mesot, Z. Fang, X. Dai, T. Qian, M.
Shi and H. Ding, Nat. Phys. 11, 724 (2015).

[18] S.-Y. Xu, I. Belopolski, D. S. Sanchez, C. Zhang, G.
Chang, C. Guo, G. Bian, Z. Yuan, H. Lu, T.-R. Chang, P.
P. Shibayev, M. L. Prokopovych, N. Alidoust, H. Zheng,
C.-C. Lee, S.-M. Huang, R. Sankar, F. Chou, C.-H. Hsu,
H.-T. Jeng, A. Bansil, T. Neupert, V. N. Strocov, H. Lin,
S. Jia and M. Z. Hasan, Science Advances, 1 , e1501902
(2015).

[19] H. Zheng, S.-Y. Xu, G. Bian, C. Guo, G. Chang, D.
S. Sanchez, I. Belopolski, C.-C. Lee, S.-M. Huang, X.
Zhang, R. Sankar, N. Alidoust, T.-R. Chang, F. Wu, T.



6

Neupert, F. Chou, H.-T. Jeng, N. Yao, A. Bansil, S. Jia,
H. Lin and M. Z. Hasan, ACS nano 10, 1378 (2016).

[20] H. Inoue, A. Gyenis, Z. Wang, J. Li, S. W. Oh, S. Jiang,
N. Ni, B. A. Bernevig, A. Yazdani, Science, 351, 1184
(2016).

[21] H. B. Nielsen, M. Ninomiya, Phys. Lett. B, 130, 389
(1983).

[22] S. A. Parameswaran, T. Grover, D. A. Abanin, D. A.
Pesin, and A. Vishwanath, Phys. Rev. X 4, 031035
(2014).

[23] A. C. Potter, I. Kimchi, A. Vishwanath, Nat. Commun.
5, 5161 (2014).

[24] Y. Baum, E. Berg, S. A. Parameswaran, A. Stern, Phys.
Rev. X 5, 041046 (2015).

[25] A. A. Zyuzin, A. A. Burkov, Phys. Rev. B 86, 115133
(2012).

[26] X. Huang, L. Zhao, Y. Long, P. Wang, D. Chen, Z. Yang,
H. Liang, M. Xue, H. M. Weng, Z. Fang, X. Dai, and G.
Chen, Phys. Rev. X 5, 031023 (2015).

[27] C. L. Zhang, S.-Y. Xu, I. Belopolski, Z. Yuan, Z. Lin, B.
Tong, G. Bian, N. Alidoust, C-C. Lee, S.-M. Huang, T.-
R. Chang, G. Chang, C-H. Hsu, H.-T. Jeng, M. Neupane,
D. S. Sanchez, H. Zheng, J. Wang, H. Lin, C. Zhang, H.-
Z. Lu, S.-Q. Shen, T. Neupert, M. Z. Hasan, and S. Jia,
Nat. Commun. 7, 10735 (2016).

[28] Q. Ma, S.-Y. Xu, C.-K. Chan, C.-L. Zhang, G. Chang,
Y. Lin, W. Xie, T. Palacios, H. Lin, S. Jia, P. A. Lee, P.
Jarillo-Herrero and N. Gedik, Nat. Phys. 13, 842 (2017).

[29] C. L. Zhang, S.-Y. Xu, C. M. Wang, Z. Lin, Z. Z. Du, C.
Guo, C-C. Lee, H. Lu, Y. Feng, S.-M. Huang, G. Chang,
C.-H. Hsu, H. Liu, H. Lin, L. Li, C. Zhang, J. Zhang,
X.-C. Xie, T. Neupert, M. Z. Hasan, H-Z. Lu, J. Wang,
and S. Jia, Nat. Phys. 13, 979 (2017).

[30] A. A. Soluyanov, D. Gresch, Z. Wang, Q. Wu, M. Troyer,
X. Dai and B. A. Bernevig, Nature 527, 495 (2015).

[31] G. Chang, D. S. Sanchez, B. J. Wieder, S.-Y Xu, F.
Schindler, I. Belopolski, S.-M. Huang, B. Singh, D. Wu,
T. Neupert, T.-R. Chang, H. Lin, and M. Z. Hasan,
https://arxiv.org/abs/1611.07925 (2016).

[32] Y. Sun, S.-C. Wu, M. N. Ali, C. Felser, and B. Yan, Phys.
Rev. B 92, 161107 (2015).

[33] T.-R. Chang, S.-Y. Xu, G. Chang, C.-C. Lee, S.-M.
Huang, B. Wang, G. Bian, H. Zheng, D. S. Sanchez, I.
Belopolski, N. Alidoust, M. Neupane, A. Bansil, H.-T.
Jeng, H. Lin, and M. Z. Hasan, Nat. Commun. 7,10639
(2016).

[34] B. J. Wieder, Y. Kim, A. M. Pappe, and C. L. Kane,
Phys. Rev. Lett. 116, 186402 (2016).

[35] B. Bradlyn, J. Cano, Z. Wang, M. G. Vergniory, C.
Felser, R. J. Cava, and B. A. Bernevig, Science 353,
aaf5037 (2016).

[36] G. Chang, S.-Y. Xu, S.-M. Huang, D. S. Sanchez, C.-
H. Hsu, G. Bian, Z.-M. Yu, I. Belopolski, N. Alidoust, H.
Zheng, T.-R. Chang, H.-T. Jeng, S. A. Yang, T. Neupert,
H. Lin, and M. Z. Hasan, Sci. Rep. 7, 1688 (2017).

[37] H. Weng, C. Fang, Z. Fang, and X. Dai, Phys. Rev. B
93, 241202 (2016).

[38] Z. Zhu, G. W. Winkler, Q. Wu, J. Li, and A. A.
Soluyanov, Phys. Rev. X 6, 031003 (2016).

[39] G. Chang, S.-Y. Xu, B. J. Wieder, D. S. Sanchez, S.-M.
Huang, I. Belopolski, T.-R. Chang, S. Zhang, A. Bansil,
H. Lin, and M. Z. Hasan, Phys. Rev. Lett. 119, 206401
(2017).

[40] P. Tang, Q. Zhou, S.-C. Zhang, Phys. Rev. Lett. 119,

206402 (2017).
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