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Abstract
Recent experiments revealed thatMn3Sn andMn3Ge exhibit a strong anomalousHall effect at room
temperature, provoking us to explore their electronic structures for topological properties. By abinitio
band structure calculations, we have observed the existence ofmultipleWeyl points in the bulk and
corresponding Fermi arcs on the surface, predicting antiferromagneticWeyl semimetals inMn3Ge
andMn3Sn.Here the chiral antiferromagnetism in theKagome-type lattice structure is essential to
determine the positions and numbers ofWeyl points. Ourwork further reveals a new guiding
principle to search formagneticWeyl semimetals amongmaterials that exhibit a strong anomalous
Hall effect.

1. Introduction

Recent discovery ofWeyl semimetals (WSMs) [1–3] in realisticmaterials has stimulated tremendous research
interest in topological semimetals, such asWSMs,Dirac semimetals, and nodal line semimetals [4–9], as a new
frontier of condensedmatter physics after the discovery of topological insulators [10, 11]. TheWSMs are of
particular interest not only because of their exotic Fermi-arc-type surface states but also because of their
appealing bulk chiralmagneto-transport properties, such as the chiral anomaly effect [12–14], nonlocal
transport [15, 16], largemagnetoresistance, and highmobility [17]. Currently discoveredWSMmaterials can be
classified into two groups. One group breaks crystal inversion symmetry but preserves time-reversal symmetry
(e.g., TaAs-family transition-metal pnictides [18, 19] andWTe2- andMoTe2-family transition-metal
dichalcogenides [20–26]). The other group breaks time-reversal symmetry in ferromagnets with possible tilted
moments (e.g., magneticHeuslerGdPtBi [27, 28] andYbMnBi2 [29]). An antiferromagnetic (AFM)WSM
compound has yet to be found, althoughY2Ir2O7with a noncoplanar AFM structure was theoretically predicted
to be aWSMcandidate [5].

In aWSM, the conduction and valence bands cross each other linearly through nodes calledWeyl points.
Between a pair ofWeyl points with opposite chiralities (sink or source of the Berry curvature) [4], the emerging
Berry flux can lead to the anomalousHall effect (AHE) [30], as observed inGdPtBi [27, 28], and an intrinsic spin
Hall effect (SHE), as predicted in TaAs-typematerials [31], for systemswithout andwith time-reversal
symmetry, respectively. Herein, we raise a simple recipe to search forWSMcandidates amongmaterials that
host strongAHEor SHE.

Recently,Mn3X (where =X Sn, Ge, and Ir), which exhibit noncollinear antiferromagetic (AFM) phases at
room temperature, have been found to show large AHE [32–35] and SHE [36], provoking our interest to
investigate their band structures for possibleWSMs. In this work, we report the existence ofWeyl fermions for
Mn3Ge andMn3Sn compounds and the resultant Fermi arcs on the surface by ab initio calculations, awaiting
experimental verifications. Dozens ofWeyl points exist near the Fermi energy in their band structure, and these
can bewell understoodwith the assistance of lattice symmetry.
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2.Methods

The electronic ground states ofMn3Ge andMn3Snwere calculated by using density-functional theory (DFT)
within the Perdew–Burke–Ernzerhof-type generalized-gradient approximation (GGA) [37] using theVienna
ab initio simulation package (VASP) [38]. The 3d 4s6 1, 4s 4p2 2, and 5s 5p2 2 electronswere considered as valance
electrons forMn,Ge, and Sn atoms, respectively. The primitive cell with experimental crystal parameters
= =a b 5.352 and c=4.312ÅforMn3Ge and = =a b 5.67 and c=4.53ÅforMn3Snwere adopted. Spin-

orbit coupling (SOC)was included in all calculations.
To identify theWeyl points with themonopole feature, we calculated the Berry curvature distribution in

momentum space. The Berry curvature was calculated based on a tight-bindingHamiltonian based on localized
Wannier functions [39] projected from theDFTBlochwave functions. Chosenwere atomic-orbital-like
Wannier functions, which includeMn-spd andGe-sp/Sn-p orbitals, so that the tight-bindingHamiltonian is
consistent with the symmetry of ab initio calculations. From such aHamiltonian, the Berry curvature can be
calculated using theKubo-formula approach [40]
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In addition, the surface states that demonstrate the Fermi arcs were calculated on a semi-infinite surface,

where themomentum-resolved local density of states (LDOS) on the surface layer was evaluated based on the
Green’s functionmethod.Wenote that the current surface band structure corresponds to the bottom surface of
a half-infinite system.

3. Results and discussion

3.1. Symmetry analysis of theAFMstructure
Mn3Ge andMn3Sn share the same layered hexagonal lattice (space group P mmc63 , No. 194). Inside a layer,
Mn atoms form aKagome-type lattice withmixed triangles and hexagons andGe/Sn atoms are located at the
centers of these hexagons. EachMn atom carries amagneticmoment of 3.2μB inMn3Sn and 2.7μB inMn3Ge.
As revealed in a previous study [41], the groundmagnetic state is a noncollinear AFM state, whereMnmoments
align inside the ab plane and form120° angles with neighboringmoment vectors, as shown infigure 1(b). Along
the c axis, stacking two layers leads to the primitive unit cell. Given themagnetic lattice, these two layers can be
transformed into each other by inversion symmetry orwith amirror reflection (My) adding a half-lattice (c 2)
translation, i.e., a nonsymmorphic symmetry t =M c 2y{ ∣ }. In addition, two othermirror reflections (Mx and
Mz) adding time reversal (T), M Tx and M Tz , exist.

Inmomentum space, we can utilize three important symmetries, M Tx , M Tz , andMy, to understand the
electronic structure and locate theWeyl points. Suppose aWeyl point with chiralityχ (+ or−) exists at a generic
position k k kk , ,x y z( ).Mirror reflection reversesχwhile time reversal does not and both of them act on k .
Further,mirror reflection gM preserves the Berry curvature Wg while time reversal reserves it. The
transformation is as follows:

c c
c c

c c

 - -  - W  -W
 - -  - W  -W
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Each of the above three operations doubles the number ofWeyl points. Thus, eight nonequivalentWeyl points
can be generated at  + k k k, ,x y z( )with chiralityχ and  - k k k, ,x y z( )with chirality c- (see figure 1(c)).
We note that the p=k 0x or p=k 0z plane can hostWeyl points. However, the p=k 0y plane cannot host
Weyl points, becauseMy simply reverses the chirality and annihilates theWeyl point with itsmirror image if it
exists.

In addition, the symmetry of the 120°AFMstate is slightly broken in thematerials, owing to the existence of
a tiny netmoment (∼0.003 μBper unit cell) [41–43]. Suchweak symmetry breaking seems to induce negligible
effects in the transportmeasurement. However, it gives rise to a perturbation of the band structure, for example,
shifting slightly themirror image of aWeyl point from its position expected, as wewill see in the surface states of
Mn3Ge.
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3.2. The anomalousHall effect
The intrinsic anomalousHall conductivity s g =g x y z, ,( ) can be calculated by integrating the Berry curvature
Wg over thewhole Brillouin zone [40, 44]

 òs
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  e k
f k k

d
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. 3
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2 3

3( )
( ) ( ) ( )

According to equation (2), Wx and Wz are oddwith respect to M Tx and M Ty , respectively. Thus, corresponding
sx and sz are zero. Since Wy is evenwith respect to theMymirror plane, corresponding sy is nonzero. This is
also consistent with the distribution ofWeyl points in the k-space. As shown in figure 1(c), only ‘+’Weyl points
appear on one side of theMy plane and only ‘–’Weyl points locate on the other side ofMy plane. Then there are
net Berry flux (starting from ‘+’ to ‘–’Weyl points) Wy crossing theMy plane, resulting in the nonzero
anomalousHall conductivity sy. In contrast, an equal number of ‘+’ and ‘–’Weyl points appear on each side of
Mx (Mz) planes. Consequently, the net Berry flux of Wx (Wz) should be zero, giving rise to vanishing sx (sz).
According to recent numerical calculations [36], s = - -330 133 S cmy 1 1( ) forMn3Ge (Mn3Sn).

In themeasurement of AHE, an externalmagnetic field is usually applied to uniformdifferentmagnetic
domains. Further, forMn3Ge andMn3Sn, the triangular spins can be rotated inside the xy plane even by a very
weakmagnetic field due to the residualmagneticmoment [43]. The rotation of an arbitrary angle can break the
My and M Tx symmetry, showing nonzero sy and sx. However, sz is still zero due to the M Tz symmetry. As
observed for both compounds in experiment [34, 35], sx y, are indeed very large and sz is negligible. The in-
plane anomalousHall conductivity is about 500 (100) - -S cm1 1 forMn3Ge (Mn3Sn) at low temperature, which
are in the same order ofmagnitude as the calculations [36].

3.3.Weyl points in the bulk band structure
The bulk band structures are shown along high-symmetry lines in figure 2 forMn3Ge andMn3Sn. It is not
surprising that the twomaterials exhibit similar band dispersions. Atfirst glance, one canfind two seemingly
band degenerate points atZ andK points, which are below the Fermi energy. Because of M Tz and the
nonsymmorphic symmetry { t =M c 2y∣ }, the bands are supposed to be quadruply degenerate at the Brillouin
zone boundaryZ, forming aDirac point protected by the nonsymmorphic space group [45–47]. Given the slight
mirror symmetry breaking by the residual netmagneticmoment, thisDirac point is gapped atZ (as shown in the
enlarged panel) and splits into fourWeyl points, which are very close to each other in k space. A tiny gap also
appears at theK point. Nearby, two additionalWeyl points appear, too. Since theWeyl point separations are too
small near bothZ andK points, theseWeyl pointsmay generate little observable consequence in experiments
such as those for studying Fermi arcs. Therefore, wewill not focus on them in the following investigation.

Figure 1.Crystal andmagnetic structures ofMn3X (where =X Sn orGe) and related symmetry. (a)Crystal structure ofMn3X. Three
mirror planes are shown in purple, corresponding to { t =M c 2y∣ },MxT, andMzT symmetries. (b)Top view along the c axis of the
Mn sublattice. Chiral AFMwith an angle of 120° between neighboringmagneticmoments is formed in eachMn layer. Themirror
planes that correspond toMxT and { t =M c 2y∣ } aremarked by dashed lines. (c) Symmetry inmomentum space,My,MxT, andMzT.
If aWeyl point appears at k k k, ,x y z( ), eightWeyl points in total can be generated at   k k k, ,x y z( ) by the above three symmetry
operations. For convenience, we choose the p=ky plane forMy here.
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Mn3Sn andMn3Ge are actuallymetallic, as seen from the band structures. However, we retain the
terminology ofWeyl semimetal for simplicity and consistency. The valence and conduction bands cross each
many times near the Fermi energy, generatingmultiple pairs ofWeyl points.Wefirst investigate the Sn
compound. Supposing that the total valence electron number isNv, we search for the crossing points between
the Nv

th and +N 1v
th( ) bands.

As shown infigure 3(a), there are six pairs ofWeyl points in the first Brillouin zone; these can be classified
into three groups according to their positions, noted asW1,W2, andW3. TheseWeyl points lie in theMz plane
(withW2 points being only slightly off this plane owing to the residual-moment-induced symmetry breaking)
and slightly above the Fermi energy. Therefore, there are four copies for each of them according to the symmetry
analysis in equation (2). Their representative coordinates and energies are listed in table 1 and also indicated in
figure 3(a). AWeyl point (e.g.,W1 infigures 3(b) and (c)) acts as a source or sink of the Berry curvatureW, clearly
showing themonopole feature with a definite chirality.

In contrast toMn3Sn,Mn3Ge displaysmanymoreWeyl points. As shown in figure 4(a) and listed in table 2,
there are nine groups ofWeyl points. Here W1,2,7,9 lie in theMz planewithW9 on the ky axis,W4 appears in the
Mx plane, and the others are in generic positions. Therefore, there are four copies of W1,2,7,4, two copies ofW9,
and eight copies of otherWeyl points. Although there aremany otherWeyl points in higher energies owing to

Figure 2.Bulk band structures for (a)Mn3Sn and (b)Mn3Ge along high-symmetry lineswith SOC. The bands near theZ andK
(indicated by red circles) are expanded to showdetails in (a). The Fermi energy is set to zero.

Figure 3. Surface states ofMn3Sn. (a)Distribution ofWeyl points inmomentum space. Black andwhite points representWeyl points
with− and+ chirality, respectively. (b) and (c)monopole-like distribution of the Berry curvature near aW1Weyl point. (d) Fermi
surface atEF=86meV crossing theW1Weyl points. The color represents the surface LDOS. Twopairs ofW1 points are shown
enlarged in the upper panels, where clear Fermi arcs exist. (e) Surface band structure along a line connecting a pair ofW1 points with
opposite chirality. (f) Surface band structure along thewhite horizontal line indicated in (d). Here p1 and p2 are the chiral states
corresponding to the Fermi arcs.
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Table 1.Positions and energies ofWeyl points infirst Brillouin zone forMn3Sn.
The positions (kx, ky, kz) are in units ofπ. Energies are relative to the Fermi energy
EF. Each type ofWeyl point has four copies whose coordinates can be generated
from the symmetry as   =k k k, , 0x y z( ).

Weyl

point kx ky kz Chirality

Energy

(meV)

W1 −0.325 0.405 0.000 − 86

W2 −0.230 0.356 0.003 + 158

W3 −0.107 0.133 0.000 − 493

Figure 4. Surface states ofMn3Ge. (a)Distribution ofWeyl points inmomentum space. Black andwhite points representWeyl points
with− and+ chirality, respectively. Larger points indicate twoWeyl points (kz) projected into this plane. (b) and (c)monopole-like
distribution of the Berry curvature near aW1Weyl point. (d) Fermi surface atEF=55meV crossing theW1Weyl points. The color
represents the surface LDOS. Twopairs ofW1 points are shown enlarged in the upper panels, where clear Fermi arcs exist. (e) Surface
band structure along a line connecting a pair ofW1 points with opposite chirality. (f) Surface band structure along thewhite horizontal
line indicated in (d). Here p1 and p2 are the chiral states corresponding to the Fermi arcs.

Table 2.Positions and energies ofWeyl points in thefirst Brillouin zone for
Mn3Ge. The positions (kx, ky, kz) are in units ofπ. Energies are relative to the
Fermi energy EF. Each of W1,2,7 has four copies whose coordinates can be
generated from the symmetry as   =k k k, , 0x y z( ).W4 has four copies at

»  k k k0, ,x y z( ) andW9has two copies at »  =k k k0, , 0x y z( ). Each of the
otherWeyl points has four copies whose coordinates can be generated from the
symmetry as   k k k, ,x y z( ).

Weyl

point kx ky kz Chirality

Energy

(meV)

W1 −0.333 0.388 −0.000 − 57

W2 0.255 0.378 −0.000 + 111

W3 −0.101 0.405 0.097 − 48

W4 −0.004 0.419 0.131 + 8

W5 −0.048 0.306 0.164 + 77

W6 0.002 0.314 0.171 − 59

W7 −0.081 0.109 0.000 + 479

W8 0.069 −0.128 0.117 + 330

W9 0.004 −0.149 −0.000 + 470

5

New J. Phys. 19 (2017) 015008 HYang et al



different band crossings, wemainly focus on the currentWeyl points that are close to the Fermi energy. The
monopole-like distribution of the Berry curvature near theseWeyl points is verified; seeW1 infigure 4 as an
example.Without including SOC,we observed a nodal-ring-like band crossing in the band structures of both
Mn3Sn andMn3Ge. SOC gaps the nodal rings but leaves isolating band-touching points, i.e.,Weyl points. Since
Mn3Sn exhibits stronger SOC thanMn3Ge,manyWeyl points with opposite chiralitymay annihilate each other
by being pushed by the strong SOC inMn3Sn. Thismight bewhyMn3Sn exhibits fewerWeyl points than
Mn3Ge.

3.4. Fermi arcs on the surface
The existence of Fermi arcs on the surface is one of themost significant consequences ofWeyl points inside the
three-dimensional (3D) bulk.Wefirst investigate the surface states ofMn3Sn that have a simple bulk band
structure with fewerWeyl points.When projecting W2,3 Weyl points to the (001) surface, they overlapwith other
bulk bands that overwhelm the surface states. Luckily,W1Weyl points are visible on the Fermi surface.When
the Fermi energy crosses them,W1Weyl points appear as the touching points of neighboring hole and electron
pockets. Therefore, they are typical type-IIWeyl points [20, 48]. Indeed, their energy dispersions demonstrate
strongly tiltedWeyl cones.

The Fermi surface of the surface band structure is shown infigure 3(d) for the Sn compound. In each corner
of the surface Brillouin zone, a pair ofW1Weyl points exists with opposite chirality. Connecting such a pair of
Weyl points, a long Fermi arc appears in both the Fermi surface (figure 3(d) and the band structure (figure 3(e)).
Although the projection of bulk bands exhibit pseudo-symmetry of a hexagonal lattice, the surface Fermi arcs do
not. It is clear that the Fermi arcs originating from twoneighboringWeyl pairs (seefigure 3(d)) do not exhibitMx

reflection, because the chirality ofWeyl points apparently violatesMx symmetry. For a generic kx–kz plane
between each pair ofW1Weyl points, the net Berry flux points in the-ky direction. As a consequence, the Fermi
velocities of both Fermi arcs point in the+kx direction on the bottom surface (seefigure 3(f)). These two right
movers coincide with the nonzero net Berry flux, i.e., Chern number=2.

ForMn3Ge, we also focus on theW1-typeWeyl points at the corners of the hexagonal Brillouin zone. In
contrast toMn3Sn,Mn3Ge exhibits amore complicated Fermi surface. Fermi arcs exist to connect a pair ofW1-
typeWeyl points with opposite chirality, but they are divided into three pieces as shown infigure 4(d). In the
band structures (see figures 4(e) and (f)), these three pieces are indeed connected together as a single surface
state. Crossing a line between two pairs ofW1 points, one canfind two rightmovers in the band structure, which
are indicated as p1 and p2 infigure 4(f). The existence of two chiral surface bands is consistent with a nontrivial
Chern number between these two pairs ofWeyl points.

4. Summary

In summary, we have discovered theWeyl semimetal state in the chiral AFMcompoundsMn3Sn andMn3Ge by
abinitio band structure calculations.MultipleWeyl points were observed in the bulk band structures,most of
which are type II. The positions and chirality ofWeyl points are in accordancewith the symmetry of the
magnetic lattice. For both compounds, Fermi arcswere found on the surface, each of which connects a pair of
Weyl points with opposite chirality, calling for further experimental investigations such as angle-resolved
photoemission spectroscopy. The discovery ofWeyl points verifies the large anomalousHall conductivity
observed recently in titled compounds. Ourwork further reveals a guiding principle to search forWeyl
semimetals amongmaterials that exhibit a strong anomalousHall effect.
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