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Parity-time symmetry plays an essential role for the formation of Dirac states in Dirac

semim

both paritreversal symmetry. The realization of magnetic topological DSMs remains

a majorllsiie 1n Eopological material research. Here, combining angle resolved photoemission

, all of the experimentally identified topologically nontrivial DSMs possess

L

spectroscw density functional theory (DFT) calculations, it is ascertained that band
inversion induges a topologically nontrivial ground state in EuCd;As;. As a result, ideal magnetic
Dirac fermions "with simplest double cone structure near the Fermi level emerge in the
antiferrorr: (AFM) phase. The magnetic order breaks time reversal symmetry, but
preservesgversion symmetry. The double degeneracy of the Dirac bands is protected by a
combinatimersion, time-reversal and an additional translation operation. Moreover, our
calcula that a deviation of the magnetic moments from the c axis leads to the
breaki rotation symmetry, and thus, a small band gap opens at the Dirac point in the
bulk. In this case, the system hosts a novel state containing axion insulator, AFM topological
-

crystalline | tor and higher order topological insulator. Our results provide an enlarged

platform fo est of topological Dirac fermions in a magnetic system.

T&Dirac semimetals (DSMs) host bulk quasiparticle excitations described by the

Dirac equ:r the Dirac points. They are formed by the crossing of two doubly degenerate
bands, protectedgby the PT symmetry, where P is the inversion symmetry and 7 is the
time reve metry.[1-4] Usually, when P or T is broken, the double degeneracy is lifted
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and a Dirac point splits into a pair or pairs of Weyl points with opposite chirality.[5-101 A

theoret

{

s has shown that the DSM states can still survive in the magnetic system of

CuMnAs, h both ? and T are broken, but the combined PT symmetry is

P

preserved 1S prediction of nontrivial Dirac fermions still awaits experimental verification.

£

In additiopgfurther theoretical investigations proposed that Dirac fermions could also emerge

G

from a sys ere either the 7 or P symmetry is preserved, but the P7 symmetry is

S

broken.[12-141"This indicates the significance of another symmetry operation which must be

U

included king about the emergence of Dirac fermions. That is, the production of
inversion g: time-reversal 7 and an extra spatial symmetry operation, such as a translation
or a rotati fation. This combined symmetry can protect the degeneracy of Dirac fermions

basic parity-time symmetry or each single symmetry is not an essential

require r Dirac fermions. Whether nontrivial Dirac fermions can be realised in a system

Q
=
o
%]
M

with only one of the P or T symmetries broken still awaits direct experimental verification.

A to @ | insulator (TI) hosts an insulator bulk state and conductive massless Dirac

or

fermionic the surface, protected by the ' symmetry. Usually, one would expect a

lifting ction and an energy gap opening in the Dirac cone of surface states.[!5] In

{

case of a symmetry, on the other hand, theoretical studies proposed that for some

U

antiferromagnetigq (AFM) systems, there are special surfaces, on which gapless surface Dirac

cones are otected by a combined 7L symmetry,[1416] the so-called nonsymmorphic time

A

4
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reversal symmetry, where £ is an additional crystalline symmetry operation, although the T

symme n. Furthermore, it was shown that for other surfaces, there are gaped surface

{

states con to half-quantized anomalous Hall conductivity. This class of AFM materials

|| . . . .
was coined as TIs, and as a possible candidate for an axion insulator, as reported recently

[

for MnBi,T€8.[17228 However, the topological nature of the surface of MnBi;Tes4 remains puzzling

C

due to disagregiments between experimental results and theoretical predictions.[1%-211 Seeking

S

new axion 1nsulator candidates among magnetic topological materials remains a major issue in

U

topologic

1

So different A-type antiferromagnetic (AFM) orders have been suggested for the

magnetic gro tate of EuCdAs,,[22-24] j.e. one with spin along the in-plane directionl22l and

S

one wi n along the out-of-plane direction.[2324 Using density functional theory (DFT)

M

calcula

ow that the DSM state can exist when the ground state of EuCd;As:; is in the

out-of-plame spin configuration. In agreement with previous theoretical studies,[14l the Dirac

[

crossing p protected by the C3 rotation symmetry around the z axis. The degeneracy of

G

the Dirac bands is protected by the PTL symmetry operation that is the product of P7 and

L, whe ranslation operator. The system is invariant under this operation. On the

th

other han -plane A-type AFM spin configuration breaks the C3 symmetry in the AFM

u

state of EuCd2As;_which leads to a hybridization gap (~1 meV) and avoids the bands crossing

along is. As a consequence, the ground state of EuCd:As; becomes a novel axion

A
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insulator state which is not studied in previous theoretical paper.['4l This ground state is similar
to that Mcently in the MnBi;Te4 family.[17.18] But for EuCd;As;, massless Dirac surface
states ape specifically oriented surfaces which are protected by the mirror or 7L
symmeﬂ*ieroro her surfaces, which do not retain any mirror or 7£ symmetry, the surface
states are gApp®&@ and the hinge states, associated with higher order TI states, emerge at the
edges of thes rfaces.[2526] Although the spin fluctuation induced topology Weyl semimetal

EuCd,As; has been uncovered in the paramagnetic phase,[27] it still awaits to expose the variety

U

of possibl pological phases in the AFM ground states.

N

Using solved photoemission spectroscopy (ARPES), we show that in the AFM state

a

of EuCd,AS; : d inversion takes place near the Fermi level (Er), where the electronic

structur double-cone structure. This observation is in good agreement with calculations.

The A reveal that the bulk ground state of EuCd;As; is a topologically nontrivial
magnetic !’rac system, which is either an AFM DSM or an axion insulator. According to DFT
calculatio ﬁ and gap which is associated with the breaking of the 3 symmetry is around 1

meV. This j arable to the thermal broadening effect at ~ 3 K. Thus, it is impossible to

clarify uCd,As; is an axion insulator or a DSM by using ARPES or another

{

measure nique carried out at relatively high temperature compared to the thermal

U

broadening. Threerdimensional topological nontrivial magnetic DSM-like bands are expected to

be obser e ARPES spectra of EuCd;As,. The influence of spin directions on the electronic

A

6
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structure is negligible compared to the thermal broadening effect for temperatures near or

above 4-“ Helium temperature).

EquQayered structure with Cd.As; layers separated by triangular Eu layers, as

H I
shown in Sigure la. This structure belongs to the space group P-3ml (no. 164). The Laue

diffractionfpatterfi of a EuCd,As: single crystal shows a 6-fold rotation symmetry about the ¢

C

axis (Figumm resistivity (Figure 1c) and the magnetic susceptibility y (T) curves, with

magnetic fj pplied along the c axis (Figure 1e), exhibit a peak at 9.5 K. This indicates that

the local Eu 4f moments form an AFM lattice at T < 9.5 K. The magnetization isotherms with H

N

parallel to is are plotted in Figure 1f for various temperatures. One can see that at low

temperatuges under a 2 T magnetic field, the local moments of Eu2* ions are almost fully

d

polariz e dashed line indicates the theoretical magnetic moment of free Eu?* ions. Previous

studies

the anisotropy of the out-of-plane and in-plane resistivity dramatically

%

increases Below the Néel temperature (Tx). This implies that the Eu magnetic moments are

ferromagn ordered within the ab plane and antiferromagnetically coupled along the ¢

O

axis. This suggests that EuCd;As; has the so-called A-type AFM structure on the Eu sites in the

magne ed statel23.24] (Figure 1a). In contrast to a peak occurring in the y (T) curves

{

for H alon is (Figure 1e), the y (T) curve remains flat below Ty when H is parallel to the

U

ab plane. This indicates that the ordered moments are along the c axis.[?3.2428-30] On the other

Al
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hand, a recent resonant elastic x-ray scattering (REXS) study suggests the same A-type

antiferv“structure, but with in-plane (ab-plane) magnetic moments.[22]

In thQM phase of EuCd2As;, the lattice constant ¢ is doubled compared to the

I
paramagnﬁ'c lPMi phase, as shown in Figure 1a. Because of the broken ' symmetry and the

conservedd P symiimetry in the magnetic unit cell (the inversion centre is marked as Psrm in
Figure 1aw symmetry is broken. However, together with an additional translational
operation 3h corresponds to half the magnetic unit cell along the c axis (Figure 1a), the
combined s ry operation PTL makes the system invariant under transformation, with
(PTL)2= -ﬁesults in a double degeneracy (Kramer’s degeneracy) of all bands in the AFM
phase of Em regardless of whether the magnetic moments are in-plane or out-of-plane.[14]
Moreover; an also choose the Ppy (centre of the PM unit cell, as shown in Figure 1a) as the

inversi centre. In this case, the conduction Ppy T symmetry is preserved and can

also protes the double degeneracy of Dirac bands. This scenario is described in [11].

The s above and below Ty plays an essential role for the band degeneracy and the

detailetEersmn evolution, as well as for the topology of the band structure. The comparison

of the Wre at 2K and 11K has been discussed in our previous study.[27l In addition to

the two t@ure points, in Figure 2 we show the ARPES spectra as a function of

temperqiaching and crossing Ty. The folded bands in the AFM phase are clearly

observed, as n in the black box (Figure 2f). But they disappear with increasing
8
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temperature (Figure 2i). The continuous change of the band structure in Figure 2 indicates that

ARPES

and PM p @

To exf@lore the electronic structure in the AFM phase of EuCd;As;, we carried out DFT + U

{

AFM phase transition, and that the band structure changes between the AFM

calculatio® withfthe Hubbard correction U on the Eu 4f orbitals (see section Methods for

G

details). Figétl consider the A-type AFM order with out-of-plane magnetic moments. Figure

S

2c-j show! rgy bands along high-symmetry lines as a function of U. For U = 0, a number

-

of flat bands composed by the Eu 4f orbitals appear near Er (Figure 3a). Upon increasing U, the

-
O

Eu 4f flat ove downwards (Figure 3c-k) and are shifted to about 1 ~ 1.6 eV below Er

when U = §le ure 3b).

R ur results reveal a band crossing on the I'-A line when U > 3 eV. Around the I

Y, 0

point, ssing arises from the band inversion of the energy bands with Cd 5s and As

M

4p orbitalgcharacters. These two bands are doubly degenerated and belong to different

[

irreducibl entations of the threefold rotation symmetry about the k; axis. This prohibits

Q

the hybridization of these two bands and results in an unavoidable band crossing on the I'-A

h

line. T degeneracy of the crossing point occurs near Er and is protected by the PTL

{

symmetry plies that in the A-type AFM phase with out-of-plane magnetic moments,

U

EuCd:As; '1s a DSM. For the k, =0 plane, (T7£)?2= -1 and TL-H(ky, k,,0) - (TL)™ 1=

H(—k4, leading to the definition of the topological Z; index.[16] In the presence of the

A
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inversion symmetry P , the Z; index can be further simplified as follows

(—1)% Hcf/z éon(K;), where Kjis the T' point and K,3, are the three M points.

En(K) ieigenvalue of the 2n-th band at the K; point. n,.. is the total number of

the occEpi ands. Based on the parity information in Table 1, we found out Z;=1 for the k, =0
plane, ass@ith the band inversion, and Z; = 0 at k, = 7 plane, illustrating the nontrivial
band topolggy efthe DSM statel3132] in EuCd,As;. From the calculated band structure in Figure
3c-j, we cm(ﬁl topological phase diagram of EuCd.As; as a function of U (Figure 31). The
band topo imfthe AFM phase is closely related to the correlation strength of the Eu 4f states.
As U increges from 0 to 8 eV, a phase transition from a heavy fermion trivial semimetal state,
without bmgon, to an ideal DSM state takes place around U = 3 eV.

Table 1: The number of occupied bands with even and odd parity at the eight

time-reversal-invariant moment (TRIM). The number of the occupied bands is 38.

! TRIM + -
14 24
12 26
! A 19 19
“ 19 19
To Ju;;:;; ;; theoretical prediction that EuCd,As; is a nontrivial Dirac material in the
AFM ;<eﬁrst necessary step is to experimentally determine the location of the Eu 4f
10
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states, in order to confirm that the position of Eu 4f states agrees with the calculations with
U>3 ew shows that the experimental Eu 4f states locate in an energy range about 1
~1.6eV he calculated positions of the Eu 4f states with U = 5 eV, as well as the
band cfsp@near Ep, are consistent with our ARPES measurements, as presented in
Figure 2 wure 5. This indicates that the real material EuCd,As, locates in the
topologica region, if the magnetic moments are parallel or antiparallel to the ¢ axis.
Another important property of a topological DSM are the surface Fermi arc states. For
checking rivial topological nature of the DSM state in EuCd,As;, we calculated the
surface st@the nature cleavage (101) projection (Figure 3m,n). Surface Fermi arcs
connectin@rac points are observed. These surface states are located in a very small
energy tum region which makes it nearly impossible to be measured by ARPES.
Moreo out the TL symmetry protection, the surface states are gapped (Fig. 3n)
which is different to the normal DSM. On the other hand, the surface sates on (001) or (010)

L

surfaces ar cted by 7L symmetry.!'*]

Subsequently, we performed band structure calculations for the A-type AFM ordered phase

with i netic moments. In this case, the C3 symmetry is broken. The general band

I

structure i imilar to that of the out-of-plane AFM order, except for a gap (~ 1 meV)

opening at the bulk Dirac cone point. As a result, the system evolves into an AFM topological
(crysta sulator with a massive bulk Dirac cone as shown in Figure 4a,b. Due to the
11
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presence of a band gap in the bulk and the preserved P symmetry, it is possible to calculate

the tOerity-based invariant Z; index, which is defined as Z, = Y&, ¥ oc @
mod 4.033] lculated band structure of EuCd,As;, we obtained Z; = 2. It is known that

for an -ax n insulator, the quantized number 6 is described by the Z, index, and when

[

inversion y is preserved and time reversal symmetry is broken, the quantized number

G

6 can be redu to the Z, index [253435], A nonzero Z4 = 2 index is associated with the nontrivial

S

axion insulator statel25] which appears in EuCd:As;. Because EuCd;As; has two natural cleavage

U

surfaces,2 (001) and (101) surface, it is relevant to calculate the surface states at these

surfaces. tected by the mirror symmetry (M;), spins align along the x direction (Figure 4c)

1

and massl€ss surface states can occur at the (001) surface. But the Dirac point does not

a

locate -symmetry point (Figure 4d-f). The calculated result is consistent with the

STS/ST acquired on (001) surface, which shows no signature of a gap opening at 4.2K

M

(Figure 5e), indicating that there is no experimental visible gap on the (001) surface, as

predicted a iscussed by the calculation results above 3K. On the other hand, as both the

mirror an

or

mmetries are broken on the (101) surface, the surface states are gapped

h

(Figur hermore, because of the nonzero Z; index in the bulk, hinge modes are

t

U

expected tO emerge on these special edges which are protected by the inversion symmetry in

case the s tes are gapped.[252635] Thus, in case of an existing in-plane spin configuration

A

12
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of the AFM ground state, EuCd2As; would be a candidate for higher order TI with a hinge state

on the

t

en specific surface orientations.

In or ore its topological properties, we systematically studied the electronic

1%

structure EuCd;As; by using high resolution ARPES. Figure 5 shows the experimentally

determine bandl dispersions in the bulk BZ. A 3D Dirac cone structure is unveiled at

C

temperatug@s w Ty. An important aspect for verifying the theoretical prediction is to

S

identify thegeMesshape like double-cone crossing points along the I'-A line and a cone-shaped

dispersion 1n the kx-k, plane (Figure 5c,h). These signatures would be a fingerprint of the Dirac

1

state in th ase of EuCd,As;.

d

The A ata in Figure 5a-g were acquired from a cleaved (001) surface. Figure 5a

shows a wi structure acquired at 5K with hv = 70 eV that defines a cut in momentum

M

space crossing the Dirac point (Figure 5d,e), with good agreement with the LDA calculations

3

(Figure 5 he 3D ARPES intensity plot in Figure 5b shows that near Er the bands disperse

nearly iso in the k.-k, plane. Figure 5f,g exhibits several hole-like bands along the I'-K

and ['-M . We assign the outmost hole-like bands to be the lower branch of the Dirac

N

cone in thegk,-k, ne. The hole-like bands cross Er at a Fermi wave vector of ~ 0.1 A-1, intersect

:

above Er and formya small circular FS at the BZ centre, as shown in Figure 5e.

Ul

A
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In order to achieve high momentum resolution along the I'-A direction and in order to

minimi

t

of the intrinsic broadening of the momentum component perpendicular to

the samplé , we carried out ARPES measurements on a cleaved (101) surface instead of a

P

(001) surface. With respect to this surface, the I'-A line has a large in-plane component that is

conserved ## th otoemission process. Figure 5j shows the band dispersions acquired with hv

G

=90 eV, whi responds to a momentum cut passing through the I" point and approximately

S

along the lihe, as indicated in the FS map in Figure 5i. We observe two bands crossing at

U

+0.05 A+, o the I' point. This is consistent with the Dirac points from our band

calculation§, as shown in Figure 5k. Furthermore, the “M” shape band structure along the I'-A

)

line indicates there is an inversion between the Cd 5s and As 4p bands. Since both the DSM

d

state a dex are associated with band inversion, the observation of an “M” shaped

dispers vides compelling evidence to the theoretical prediction that EuCd:As; is a

M

magnetic nontrivial topological material, regardless of whether a band gap occurs at the “Dirac

[

point” and er it can be resolved at finite temperature and with finite energy resolution.

When incre perature above the Ty, the band structure along I'-A line agree well with the

FM mo

n

jon rather than AFM DSM states induced by strong FM spin fluctuations. [27]

{

Wen he energy positions of the hole-like band top on the (101) and (001) surfaces

are different. The result is repeatable in our experiments and could be caused by surface

potentials, result in a bending of the energy bands for some cleaved surfaces.[3637]

AU
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Because the Dirac points locate almost at Er, the upper branch of the Dirac cone is unoccupied

and ca

{

bed by ARPES. However, STM/STS is a good method to detect the upper

branch. O TS data recorded at 4.2K (inset of Figure 5j and Figure 51) shows a “V” shape

P

spectru’n ar Ep, indicating that, there is a Dirac cone band structure and no sign of a gap (> 4.2

K) in the d@ states.

Theormthe coexistence of Dirac fermions and local magnetic moments in this system
provides for studying the Kondo effect and the RKKY interaction in Dirac materials.
In Figure$:sistivity at zero field exhibits a Kondo-like shape above Ty, suggesting that
the carrie ongly scattered by the local magnetic moments of Eu. While the Kondo effect
and the R action in DSMs and WSMs have been studied theoretically, 38421 our results
suggesEAsZ can be a platform to study them experimentally.

The observation of the “M” shape spectra and the lineally dispersive double-cone structure
near Er inWe existence of ideal nontrivial states induced by band inversion. Using ARPES
combined @ T calculations, we have shown that EuCd:As; is a magnetic nontrivial clean
topologfaterial in the AFM phase in which the 7 symmetry is broken. On the other

hand, the 'ouble’iegeneracy of the energy bands is protected by the PTL symmetry, with

broken T symmetry. Magnetic DSMs are reported in the AFM FeSn and CaMnBi; families as

well.[4344] Ho , these materials obey trivial band structure without topological properties.
For FeSn, t tronic structure is topologically trivial and the Dirac points are the highly
15
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degenerated points according to the symmetries of the space group. These points cannot be

associa

t

y nonzero topological invariant and don’t lead to protected topological

surface st or the CaMnBi, family, the Dirac points disappear when SOC is taken into

accounts Thus uCd;As; is the first experimentally realised magnetic topological DSM.

§

Moreover, glie data shows a “V” shape density of states near Er without visible gap at 4.2 K.

¢

The agreementdetween the experimental results and the calculations suggests that EuCd;As: is

S

a good AF SM or axion insulator candidate, as well as a higher order TI at extreme low

U

temperat d2As; shows many unique properties, such as the coexistence of Dirac

fermions Apd local magnetic moments, as well as a metamagnetic transition under moderate

)

magnetic Cd:As; is a promising platform to explore exotic physical phenomena related

d

to Dira magnetic systems.

/

Experimental Section

Single crystals of EuCd;As; were synthesized using Sn as flux. Starting materials of Eu

[

(ingot, 99.9¢ a Aesar), Cd (grain 99.999%, Alfa Aesar), As (ingot, 99.999%, Alfa Aesar) and

O

excess Sn ( 9.9969%, Alfa Aesar) were mixed and loaded in an alumina crucible at a molar

1

ratio of 1282 he operations were performed in a glove box filled with pure argon. Then the

t

crucible was sealed in a quartz tube under high vacuum. The tube was heated to 900°C and

maintaine:hours before being slowly cooled to 500°C at a rate of 2°C /hour. Then, the

sample§ eparated from the Sn in a centrifuge.

16
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ARPES measurements were performed at the “Dreamline” beamline of the Shanghai
Synchrt“tion Facility (SSRF) with a Scienta DA30 analyser, SIS-HRPES beam line with
a Scienta ser and ADRESS beamline with a SPECS analyser of the Swiss Light Source
(PSI), bEanE in Diamond Light Source of UK, and beamline UE112 PGM-2b-173 at BESSY
Synchrotrog# T nergy and angular resolutions were set to 5~30 meV and 0.2°, respectively.
The samples f RPES measurements were cleaved in situ and measured in a temperature

range between 2.5 K and 30 K and in a vacuum better than 5x10-11 Torr. STM measurements

U

were carri y using a home-built Joule-Thomson STM (JT-STM).[45] The EuCd,As; single

crystals we&e cleaved in situ at T = 77 K. Measurements were performed at T = 2.8 - 14 K.

dll

The ons based on density functional theory (DFT) were performed using
VASP.I4¢, interaction between ion cores and valence electrons is described by the
project ed wave (PAW) method. The Perdew-Burke-Ernzerhof (PBE)

approximdfionl“8l was used for the exchange-correlation function. Plane waves with a kinetic

energy cu@OO eV were used as basis set. A I'-centred k-point mesh with a sufficient

k-point densi s used to sample the bulk BZ. The total energy convergence criterion was set

to be 1# atomic structures were optimized until the Hellman-Feynman forces were
H

smaller th:Ry/Bohr. Spin-orbit coupling was implemented in the all-electron part of the

PAW Hamiltoniamgwithin the muffin-tin spheres. DFT + U correction was applied to the Eu 4f
orbits. <

17
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Figure 1. tructure and basic physical properties of EuCdzAs,. a) Crystal structure of

EuCd;As;.Che two colours of Eu atoms indicate two different spin alignments. b) 3D bulk BZ

with high-s y points and coordinate axes. c) Temperature-dependent resistivity curves at
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Figure 2. Temperature evolution of the band structure of EuCd;As: across Tv = 9.5 K. a-e) Band

structure along the cut indicated in Fig. 4(i) recorded at different temperatures below and

above Ty. | d box shows the energy location of Eu 4f orbital states. f-j) Related curvature
intensity e black boxes show the folded bands at AFM phase that disappear with
temper@tuFeiHereasing.

E-Eg (aV)

E-Ec(eV)

Figure 3. C

configuration) g Band structure along high-symmetry lines with the spin aligned along the z
direction and U = 0 and 5 eV, respectively. The blue inset boxes show details of the bands near
Er, with a s Dirac-like band crossing on the I'-A line. c-j) Band structure along K-I'-A with
the spi e z direction and U varied from 0 to 7 eV. k) Binding energies of the topmost Eu

4f flat band and Dirac point as a function of U. 1) Phase diagram of EuCd,As; in the AFM phase
for U changing from 0 to 8 eV. TSM: Trivial Semimetal. m) Calculated Fermi arcs connecting two
Dirac poithcted to (101) surface. n) Band structure calculations projection to (101)

surface an med in view.
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Figure 4. ed band structures of EuCd,As; in the AFM phase with the in-plane spin
configuralgn. a) Band structure along K-I'-A with the spin aligned along the y direction and U =
5 eV. b) Zoom-in view of the blue box in a, indicating the gapped massive Dirac cone structure.
c) M, mirr@r etry shown in the crystal structure with spins along the x direction. d) Dirac
cone surface state along the k,= 0 path of the (001) surface protected by M.. e) Zoom-in view of

(d). The a ows that the Dirac point does not locate at the I" point. f) Schematic diagram of

topologi ace states in d and e. g) Surface state along the k,= 0 path of the (101) surface. h)
Zoom-in view of (g). In absence of mirror symmetry protection, a small gap opens at the

crossing p!'nt. i) Schematic diagram of topological surface states in (g) and (h).
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cut noted in (e) recorded at 5 K, with the calculated bands superimposed. b)

Figure 5. ucture of 3D Dirac cones in EuCd;As;. a) Curvature intensity plot of the band
structure

3D ARPES4 plot near Er in the k«-k, plane at 70 eV and 6.5 K. c) Schematic of the 3D
Dirac con

ucture in the ki-k, plane. d) Photon-energy-dependent ARPES intensity map

at Er, m the cleaved (001) surface, indicating Fermi surface nodes along the k.-k,
plane. e) FS1 ity map extracted from (b). f,g) ARPES intensity plots recorded at 6.5 K along
K-I'-K respectively. h) Schematic of the 3D Dirac cone band structure in the k.k,

plane at k, = 0. Two Dirac points are located along the I'-A line. The red curve indicates the

occupied l!anch of Dirac bands. i) ARPES intensity map at Er, acquired from the cleaved (101)

surface with_hy varying from 30 to 120 eV at 20 K. j) Curvature intensity plot of the data
acquired ®‘ 01) surface with hv = 90 eV at 6.5 K. The momentum location of the cut,
indicated in (1), is nearly along ['-A. The STS data near the Fermi level, shown in inset, show a
“V” shape @ensity of states without any visible gap opening. k) Calculated band structure along
A-T-A. 1) Differe?ial tunnelling conductance spectra (I = -354 pA, U = -90 mV), recorded at

various spadtial positions at T = 4.2K.
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When magnetism meets topology, colorful novel states can be created in materials. The

realization of maﬁnetic topological Dirac materials remains a major issue in the topological

physics stud this work, it is ascertained that the topologically nontrivial ground state of
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