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Magnetic topological states of matter provide a fertile playground for emerging topological physics and phenomena.
The current main focus is on materials whose magnetism stems from 3d magnetic transition elements, e.g., MnBijTe4,
Fe3Sny, and Co3SnyS;. In contrast, topological materials with the magnetism from rare earth elements remain largely
unexplored. Here we report rare earth antiferromagnet GdAuAl4Ge; as a candidate magnetic topological metal. Angle
resolved photoemission spectroscopy (ARPES) and first-principles calculations have revealed multiple bulk bands crossing
the Fermi level and pairs of low energy surface states. According to the parity and Wannier charge center analyses, these
bulk bands possess nontrivial Z, topology, establishing a strong topological insulator state in the nonmagnetic phase. Fur-
thermore, the surface band pairs exhibit strong termination dependence which provides insight into their origin. Our results
suggest GdAuAl4Ge, as a rare earth platform to explore the interplay between band topology, magnetism and f electron
correlation, calling for further study targeting on its magnetic structure, magnetic topology state, transport behavior, and

microscopic properties.

Keywords: magnetic topological material, surface state, ARPES, topological invariant

PACS: 74.25.Jb, 71.20.-b, 71.18.4y, 73.20.At

1. Introduction

The integration of band topology and magnetism in quan-
tum materials gives rise to novel states of matter such as
Chern insulator, axion insulator, topological Mobius insula-
tor, Weyl semimetal, efc.!'=5] Such states usually host an en-
hanced Berry curvature and surface/edge/hinge/corner states
due to the bulk—boundary correspondence, manifesting ex-
treme responses to external stimuli such as electric/magntic
field, temperature gradient and optical excitation, e.g., (quan-
tum) anomalous Hall effect, anomalous Nernst effect, topolog-
ical magneto—optical effect, and negative magnetoresistance
as signature of chiral anomaly. Functionalization of these ef-
fects may boost industrial development in dissipationless spin-
tronics, information storage and quantum computation. [*-18]
As a current example, (MnBi,Te4)-(Bix Tez), (n =0, 1, 2, 3)
family of materials has intrigued the community as the first re-
alization of intrinsic magnetic topological insulator, [3+19-24]
Its lattice structure, magnetic configuration, and electronic
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structure possess fertile tunability,!>>! which enables the re-
alization of novel phenomena such as magnetic gap open-
ing of topological Dirac surface state, %! layer Hall effect, [*]
Chern insulator, and axion insulator phases.?®=3! The sec-
ond example is the T3Sny (T = Fe, Mn; X = 1, 2, 3) com-
pounds in which magnetic transition metal Fe or Mn atoms
form kagome layers. The band topology inherited from
the kagome layer and the multiple types of magnetic orders

32.33] Weyl points, [34]

leads to gapped/gapless Dirac cones,!
anomalous Hall effect,33-3%] anomalous Nernst effect, %] erc.
These topological phenomena have also been observed in
other magnetic topological materials such as Co3Sn,S,,37-38!
Co,MnGa, 1?40 and RMngSng (R = rare earth metal).[41=#9]
In fact, exploring new topological states and novel phenomena
based on 3d magnetic transition metal atoms (Mn, Fe, Co, Ni)
represents a main trend. By comparison, magnetic topologi-
cal states of matter based on magnetic rare earth atoms remain

largely unexplored.
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In this paper, we systematically study the magnetism,
electronic structure and band topology of a newly discovered
metallic antiferromagnet GdAuAl4Ge;, in which rare earth
magnetic Gd>* ions form a layered triangular lattice. Mag-
netic property measurements have revealed multiple antiferro-
magnetic transitions below 7Ty = 17.8 K. Angle resolved pho-
toemission spectroscopy (ARPES) measurements and density
functional theory (DFT) calculations have revealed multiple
bulk bands crossing the Fermi level, which possess nontrivial
Z» topology according to our parity and Wannier charge cen-
ter analyses, establishing a strong topological insulator state
in its paramagnetic phase. Furthermore, multiple pairs of low
energy surface states residing in the bulk gap have been ob-
served by ARPES. Our termination dependent surface spec-
tra calculations exhibit acceptable agreement with the ARPES
spectra, providing insight into their atomic layer origin. Our
results establish rare earth antiferromagnet GdAuAlsGe; as a
new material platform and call for further magnetic, electronic
and transport studies to investigate the interplay between band
topology and magnetism.

2. Methods

Single crystals of GdAuAlsGe, were grown by the self-
flux method.®*-3% High purity Gd (block), Au (powder), Al
(rod), and Ge (lump) were mixed with a ratio of 1:1:10:5 in the
glovebox and placed into an alumina crucible. The crucible
was then sealed into an evacuated quartz tube under vacuum
to avoid oxidization during the reaction. In the furnace, the
quartz tube was heated up to 1000 °C and kept at this temper-
ature for 12 hours. Then the temperature was slowly decreased
down to 700 °C in 100 hours. After the heating procedure, the
quartz tube was taken into the centrifuge quickly to remove
excess flux. A large number of millimeter-size single crystals
were obtained.

The structure of the crystals was determined by x-ray
diffraction with Cu K, radiation at room temperature using
a Rigaku MiniFlex diffractometer. Temperature and magnetic
field-dependent magnetization measurements were performed
for temperature 7 = 2 K-300 K and magnetic field yoH =0 T-
7 T applied in ab plane and along ¢ axis using magnetic prop-
erty measurement system (MPMS3, Quantum Design).

ARPES measurements were performed at the BLO3U
beamline of the Shanghai Synchrotron Radiation Facility with
a DA30 electron analyser. The energy and angular resolution
were set to be better than 10 meV and less than 0.05°, respec-
tively. Samples were cleaved in sifu with pressure better than
5x 10~ mbar (1 bar = 10° Pa) and temperatures below 20 K.

First-principles calculations are carried out within the
framework of density functional theory (DFT)!3324 by us-
ing the Vienna ab-initio Simulation Package (VASP).[> The
planewave-basis cutoff energy of 500 eV is used. The first
Brillouin zone (BZ) is sampled by a 5 x 5 x 5 k-mesh-grid. %%
We employ GGA + U method!®”! by choosing the on-site

Coulomb repulsion of U =4 eV for the Au element. The f-
electrons are treated as core states for the Gd element. The
spin—orbit coupling effect is taken into consideration. The
maximally localized Wannier functions (MLWFs) of Gd-p/d,
Au-s/p/d, Al-s/p/d, and Ge-s/p ortitals are selected to con-
strust the tight-binding model as implemented in the Wan-
nier90 package.>%!

3. Results

Single crystals of GdAuAl4Ge; adapt a rhombohedral
space group R3m (No. 166) with lattice parameters a =
4.2123(6) A and ¢ = 30.994(6) A. The crystal structure of
GdAuAl4Ge, is shown in Fig. 1(a) where Gd atoms form
a triangular lattice in ab-plane. The unit cell is generally
composed of staggered layers of Gd—Ge octahedra and Au-
Al polyhedral along ¢ axis. Powder x-ray diffraction is used
to determine the crystal structure, as shown in Fig. 1(b),
the main phase is consistent with the simulation results of
GdAuAl4Ge,, and peaks of impurities introduced by the flux
are marked with asterisks. 20!

Temperature-dependent magnetic  susceptibility —of
GdAuAl4Ge; is shown in Fig. 1(c). For pypH = 0.5 T, the
magnetic susceptibility curves for the field applied in and out
of the ab-plane coincide at the high-temperature region. No
splitting is observed with the decreasing of temperature for
both zero-field-cooling (ZFC) and field-cooling (FC) mea-
surements. At low temperature, the magnetic susceptibility
behaves differently for H || ab and H || ¢, indicating the exis-
tence of magnetic anisotropy. As highlighted in Fig. 1(d), for
H || ab, there are three phase transition anomalies occurring at
Tn1 = 17.8 K, Tny = 15.6 K, and Tn3 = 13.8 K. Whereas only
Tni and Tns can be observed for H || ¢. For H || ab, the mag-
nitude of ) begins to decline below Ty; at tgH = 0.5 T. With
the increase of magnetic field, the magnetic phase transitions
are gradually suppressed and tend to saturate for yopH > 1.5 T
as shown in Fig. 1(e). Similar magnetic behaviors can also
be seen for H || ¢ (Fig. 1(f)). The field dependence of mag-
netization curves at various temperatures for H || ab are pre-
sented in Fig. 1(g). At T = 1.8 K, magnetization starts out
as a linear increase and subsequently undergoes an apparent
upturn at Hcy ~ 1.9 T, which is considered as a spin flop
transition. Then magnetization continues to increase linearly
without sign of saturation up to 7 T. With increasing tem-
perature, the transitions moves to lower fields and disappears
above 15 K. For H |
and no phase transition is observed. The magnetic behaviors

¢, magnetization exhibits linear behavior

of GdAuAlsGe, agree with recent work which reported it as
a reservoir for complex magnetism and electronic behaviors
such as the topological Hall effect.>!! Therefore, here we are
prompted to focus on the electronic structure to directly unveil
its topological property, leaving it unclear what is the detailed
magnetic configuration.
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Fig. 1. Crystal structure and characterization of single-crystalline GdAuAl;Ge,. (a) Crystal structure of GdAuAl4Ge;. The local atomic arrangement of
Gd-Ge and Au-Al and the triangular configuration of the Gd atomic plane are present in the right bottom. (b) Powder x-ray diffraction data for GdAuAl;Ge;.
Simulated pattern is plotted in light blue for comparison and the peaks of impurities are marked with asterisks. (c) Temperature-dependent magnetic suscepti-
bility measurements with ZFC and FC modes at poH = 0.5 T for H || ab and H || ¢ respectively. (d) Expanded view of panel (c). (e)—(f) Temperature-dependent

magnetic susceptibility at different fields for H || ab and H || ¢ respectively. (g)—(h) Field-dependent magnetization at different temperatures with fields applied
in ab-plane and along ¢ axis, respectively. The unit 1 Oe = 79.5775 A-m~!.
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Fig. 2. Electronic structure of GdAuAl;Ge,. (a) The three-dimensional Brillouin zone (BZ) of bulk GdAuAl;Ge, and the projected BZ for the ARPES
measured (00/) surface with high symmetry points specified. (b) Fermi surface mapping on the (00/) surface using incident photons of 120 eV. The two-
dimensional (2D) BZ is represented by the red lines. (c) Photon energy-dependent ARPES from 60 eV to 80 eV (k; mapping) at E — Er = —2.1 eV (left) and
—0.35 eV (right) respectively, with inner potential Vo = 14 eV. The 2D BZ boundary is traced in red. (d) Spectra taken along high-symmetry path K-M—-K-I"
at variable temperatures. (e)—(f) ARPES measured spectra and DFT calculated bulk bands along high symmetry directions.

To uncover the topological properties of GdAuAl4Ges, I point and the elliptical pockets centered at the M points can

we combine ARPES measurement and DFT calculations to
systematically explore its electronic structure. ARPES mea-
surements were carried out on the cleaved (00/) surface (ab
plane). Figure 2(b) shows the Fermi surface mapped using
photon energy of 120 eV. A hexagram-like Fermi surface can
be clearly identified. The hexagonal pockets surrounding the

be clearly distinguished. Photon energy dependent ARPES
from 60 eV to 80 eV are utilized to clarify its k, dispersion,
as shown in Fig. 2(c). One can slightly identify the k, de-
pendent shadow features around k, = O in the left panel. It
is noted that it has a period of 27/ (c/3) rather than 27/c,
which is related to the smallest repeating unit of crystal struc-
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ture along ¢ axis. Except for this, other energy bands, espe-
cially these within 2 eV below the Fermi level, have no observ-
able k, dispersion, in line with the layered lattice. Referring
to the magnetic phase transitions in GdAuAlsGe;, ARPES
measurements were carried out at four different temperatures.
As shown in Fig. 2(d), ARPES spectra show no noticeable
temperature dependence, similar to some reported magnetic
topological materials not sensitive to magnetic order, such as
RMngSng (R = rare earth metal).[*1=*1 Therefore, unless oth-
erwise emphasized, all ARPES spectra in this work are based
on data measured at 14.7 K and the energy bands calculations
are based on the nonmagnetic phase.

ARPES spectrum along high-symmetry paths is exhib-
ited in Fig. 2(e), in comparison to the DFT projection results
in Fig. 2(f). Around I', ARPES measurements have found
several hole-type bands which are centered at I" and cross-
ing Fermi level, forming closed hole pockets. Around M, one
electron type band is found to form the elliptical pocket. These
bands can be well reproduced in the DFT calculation. By con-
trast, we find several pairs of bands at the K point and one shal-
low band at the M point (red arrows in Fig. 2(e)) residing in the
bulk gap, which cannot be found in the DFT calculated bulk
band spectra. This motivates us to attribute them to surface
states and explore their termination origin in the following.

We employ termination-dependent band structure projec-
tions to illustrate the origin of these bands which are absent

in the bulk calculation. Figures 3(a) and 3(b) show ARPES
spectra along -K-M taken with various photon energies.
Potential surface state pairs at the K point are labeled as
SS1-SS4 (red arrows). For different photon energies, while
the intensity of these band pairs shows some variation, their
energy location and band shape remain constant, suggesting
a two dimensional behavior. For comparison, energy distri-
bution curves (EDCs) at K are plotted to clarify the positions
of the four sets of surface states at different photon energies.
To shed light on the surface origin of these band pairs, DFT
calculated band structures are projected onto (00/) surface
with different terminating layers. As shown in Figs. 3(c)
and 3(d), we treat all the atomic layers forming the repeating
octuple layer as possible terminating layers (T1-T8) and
present their corresponding projected surface and bulk
spectra. In the energy window shown here, the surface band
pairs show obvious termination dependence concerning the
number of pairs and their location and dispersion. Basis sim-
ilarity can be found between the ARPES measured surface
spectra and the one calculated based on Au atomic layer termi-
nation (T1). All four sets of surface states are reproduced by
the theoretical calculations. It is noted that some bands such
as the bands with strong spectral weight right below SS4 and
the deeper bands at about £ — Egp = —2.3 eV in T1 panel are
not observed experimentally, which may be due to the matrix

element effect.
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Fig. 3. Multiple surface states in GdAuAl4Ge,. (a) ARPES spectrum using incident photon energy of 120 eV along I'-K—-M. The red arrows point to four
sets of surface states at K. (b) Same ARPES spectra but taken with various photon energies and corresponding EDCs at K. (c) Crystal structure to illustrate
the different cleavage planes for panel (d). The atomic layer crossed by each dashed line indicates the topmost atoms after cleavage. (d) Calculated surface
states and bulk states projection onto (00/) surface with different terminating layers as shown in panel (c).

For band topology analysis, we perform parity calcula-
tions at the eight time-reversal invariant momenta (TRIM) to
obtain the Z, topological invariant. As shown in Fig. 4(a),

the bulk band structures are plotted along the high-symmetry

k-paths.

combined operation of time-reversal and inversion symme-

All the bands are two-fold degenerate due to the

tries. The four bands highlighted by distinct colors near the
fermi level are highly associated with the ARPES spectrums
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discussed above. For the band indexes n = 56, 58, 60, 62,
parity calculations run over all the n occupied bands, respec-
tively. It is worth to note that the global band gap exists for all
the selected occupied band numbers, making it possible to de-
fine the topological phases just as insulator systems. By taking
the inversion symmetry into consideration, the Z, topological
invariant is given by

(=" =

kTRIM s nEOCC/2

& (krrim)

where ktrpym are eight TRIM, &, is the parity eigenvalue of the
n-th band and A is the strong Z, topological invariant. The
results show that GdAuAl4Ge; is a strong topological insula-
tor with nontrivial surface states for the 56, 58, and 60 occu-
pied bands. As for the 62 occupied band, GdAuAl4Ge; is a
weak topological insulator. To further examine the nontriv-

ial topology, we also perform Wannier charge center calcu-
lations for the 60 occupied bands in the six key planes. As
shown in Fig. 4(b), Z> = 0 is obtained in the three planes
ky=0/k,=0/k, =0and Z, = 1 is obtained in the three planes
ke = 1 /k, = m/k, = m, which are in good agreement with the
results of parity calculations. To further elucidate the origin
of topological band structures, we conduct an orbital anal-
ysis around the TRIM and obtain the projected band struc-
tures. The results demonstrate that band inversion occurs at
multiple k-points, collectively leading to a nontrivial topology
(see the detailed discussion in the supplementary material). In
Figs. 4(c)—4(f), we plot the projected band structures for or-
bitals with dominant contributions near the I" and F points as
our examples. Band inversion features are clearly observed at
both I'" and F' points.

(@ 2 @ 5
1 Band index Z,
0 1.0
_ 56 1; (111 o
S 4 5 (111) 3
~ 58 1;(000) = 0.5
g 2 R
R 60 1;(111) R 5
-4 62 0;(111)
-5 -0.5
F1 034
®) 1.0 ®
0.8
8 0.6 E
= 0.4 =
S
0.2

0 01 02 03 04 050 01 02 03 04 05
k k

D

Fig. 4. Nontrivial Z, topology in GdAuAl;Ge,. (a) Band structures of GdAuAl4Ge; and Z; topological invariants of specific band index. A; (v;v,v3) includes
one strong topological invariant A and three weak topological invariants v; (i = 1,2,3). Bold solid lines with distinct colors represent the n-th band (n = 56,
58, 60, 62). (b) The Wilson loop of GdAuAl4Ge, for the band index 60, showing Wannier charge centers along specific k-path in the high-symmetry planes.
(c)—(f) Projected band structures of specific orbitals near the time-reversal invariant momenta. The size of the red dots indicates the relative contribution
weight of the associated orbitals. The coordinates of points A, B, C, and D are ki — 0.5k, kr + 0.5k, kr —0.5k3, and kp + 0.5k3, respectively, where k;,

k,, and k3 are the basis vectors of the reciprocal space.

4. Discussion

Combining experimental and calculational analyses, we
have proved that there exists a strong topological insulator
state in rare earth antiferromagnet GdAuAlsGe, with nontriv-
ial surface states in its nonmagnetic phase. We have directly
revealed multiple pairs of surface states whose topological na-
ture remains to be clarified. In addition, while our first prin-
ciples, parity, and Wilson loop calculations are all performed
based on nonmagnetic phase, incorporating the antiferromag-
netic order into calculation is highly desired to specify the
magnetic topological phase. The magnetic fine structure of

GdAuAl4Ge, deserves further x-ray scattering study. Further-
more, Hall and Nernst measurements are needed to demon-
strate its transport response steming from the interplay be-
tween magenetism and band topology.
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