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Electronic structure and physical properties of EuAuAs single crystal
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High-quality single crystals of EuAuAs were studied by means of powder x-ray diffraction, magnetization,
magnetic susceptibility, heat capacity, electrical resistivity and magnetoresistance measurements. The compound
crystallizes with a hexagonal structure of the ZrSiBe type (space group P63/mmc). It orders antiferromagnet-
ically below 6 K due to the magnetic moments of divalent Eu ions. The electrical resistivity exhibits metallic
behavior down to 40 K, followed by a sharp increase at low temperatures. The magnetotransport isotherms show
a distinct metamagneticlike transition in concert with the magnetization data. The antiferromagnetic ground
state in EuAuAs was corroborated in the ab initio electronic band structure calculations. Most remarkably, the
calculations revealed the presence of nodal line without spin-orbit coupling and Dirac point with inclusion of
spin-orbit coupling. The Z2 invariants under the effective time reversal and inversion symmetries make this
system nontrivial topological material. Our findings, combined with experimental analysis, makes EuAuAs a
plausible candidate for an antiferromagnetic topological nodal-line semimetal.
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I. INTRODUCTION

Among rare-earth intermetallics, Eu-based compounds
have drawn special attention as they exhibit a variety of mag-
netic ground states with large Eu2+ moment. A well-known
example of Eu-based compound is EuFe2As2, which has been
studied enormously because of the coexistence of supercon-
ductivity (SC) and magnetism. SC arises in this compound
due to the suppression of spin density wave transition by
applying hydrostatic or chemical pressure, which results in a
fascinating phase diagram connecting superconductivity and
magnetism as a function of external pressure or doping [1–6].
Similarly, Eu-based materials having EuT2X2 [7] and EuTX (T
= transition metals, X = post-transition metals and metalloid)
[8–13] chemical composition have also been well studied
because of their complex magnetic structures. Recently, there
has been a new urge to search for novel magnetic topo-
logical materials, as they offer a few extraordinary features
such as chiral magnetic anomaly, anomalous Hall effect, and
anomalous Nernst effect [14–21]. The magnetism breaks the
time-reversal symmetry (TRS) of an electronic structure and
such a nontrivial system with broken TRS may induce a large
anomalous Hall effect, influenced by large Berry curvature
[17,20,22]. Furthermore, noncoplanar magnetic spin texture
in the topologically nontrivial state generates the topological
Hall effect [23,24]. Despite intensive research in the past few
years, the external magnetic field tunable real-space spin-
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texture in Weyl semimetals (WSMs) or topological insulators
(TIs) remains largely unexplored.

Recently, ternary pnictides with hexagonal structures have
drawn significant attention as this group of compounds offers
various topological states. For instance, a first-principle cal-
culation suggested that BaAgAs is a Dirac semimetal (DSM)
with pair of Dirac points lying on the C3 rotation axis. Further,
potassium doping in BaAgAs can transfer the system into a
triple-point semimetal (TPSM) state [25]. Likewise, a con-
trolled amount of Cu doping in the Ag site of SrAgAs may
induce discrete topological states, e.g., DSM, TPSM, WSM,
and TI [26]. Antiferromagnetic DSM compound EuAgAs
exhibits chiral anomaly induced negative longitudinal mag-
netoresistance (MR) and large topological Hall effect [27]. In
contrast, the magnetotransport in the isostructural compound
EuCuAs does not show any topological features [13]. Another
nonmagnetic compound CaAuAs from the same family was
experimentally verified as DSM [28]. Moreover, nonmagnetic
topological nodal-line semimetals CaCdX (X = Ge and Sn)
exhibit several interesting magnetotransport properties such as
large nonsaturating MR, magnetic field induced metal semi-
conductorlike crossover and a plateau in resistivity at low
temperatures [29,30]. Interestingly, strong electron correla-
tions have been found in the nodal-line semimetals, YbCdX
(X = Ge and Sn) [31,32].

The present work was motivated by the findings reported
for CaAuAs. We replaced Ca with Eu while maintaining
the crystal symmetry in order to investigate the interplay
between magnetism and topology. Here, we report the re-
sults of our magnetic, magnetotransport, and heat capacity
measurements on EuAuAs single crystals. The magnetic
data suggest that EuAuAs orders antiferromagnetically below
6 K. A pronounced anomaly in the specific heat near 6 K
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FIG. 1. (a) Powder XRD pattern of EuAuAs recorded at room
temperature. The observed and calculated diffractograms are indi-
cated by red points and solid black line, respectively. Solid blue line
represents the difference between the experimentally observed and
calculated intensities. Green tick marks are Bragg peak positions.
(b) Single-crystal XRD pattern. Inset shows a photograph of a typical
EuAuAs single crystal.

corroborates the bulk magnetic ordering. The electrical resis-
tivity decreases monotonically with decreasing temperature
down to 40 K, then rises sharply and eventually forms a
plateau at low temperatures. Our magnetotransport study re-
vealed large negative MR. The experimental characterization
of EuAuAs was accompanied by bulk electronic band struc-
ture calculations and surface state analysis, which revealed
the presence of a nodal line. Based on these results we
can conclude that EuAuAs is an antiferromagnetic nodal-line
semimetal.

II. EXPERIMENTAL DETAILS AND METHODS

The single crystals of EuAuAs were grown using bis-
muth flux. Individual elements Eu (99.9%, Alfa Aesar), Au
(99.999%, Alfa Aesar), As (99.999%, Alfa Aesar), and Bi
(99.99%, Alfa Aesar) were taken in 1:1:1:10 molar ratio. All
the elements were put into an alumina crucible that was sealed
in a quartz tube with partial argon pressure. The ampoule was
heated to 1050 ◦C for 20 h, and then cooled down to 600 ◦C at
a rate 3 ◦C/h. At this temperature, the crystals were separated
from the flux using a centrifuge. The crystals were of typical
size 3 × 1 × 1 mm3. The crystal structure was investigated
by x-ray diffraction (XRD) using a PANalytical X’Pert PRO
diffractometer with Cu Kα1 radiation. Their chemical compo-
sition was examined by energy dispersion x-ray spectroscopy
(EDS) employing a JEOL JSM-6010LA electron microscope.
Electrical resistivity and magnetoresistance measurements
were performed by conventional four-probe technique using
a Quantum Design Physical Property Measurement System
(PPMS). Heat capacity measurements were conducted in the
same PPMS platform. Magnetic measurements were carried
out using a Quantum Design Magnetic Property Measurement
System.

The room temperature powder and single-crystal XRD
patterns are shown in Figs. 1(a) and 1(b), respectively. The
XRD data confirm that EuAuAs crystallizes in ZrSiBe-type
hexagonal structure with the space group P63/mmc (no. 194).
The lattice parameters obtained from the Rietveld refinement
of the powder XRD data are a = b = 4.441 Å and c = 8.289
Å, in good agreement with the previous report [8]. The EDS

data confirm the expected equiatomic stoichiometry of the
crystals investigated.

For the electronic band structure calculations, a geometry
optimization was performed using a pseudopotential method
implemented in the VASP package within the framework of
density functional theory [33–36]. The PBE-GGA pseudopo-
tential was used for the exchange correlation functional [37].
The strong correlation effects of Eu-f states were treated by
applying an effective Hubbard U parameter (GGA+U) as
U = 7 eV [38,39]. The plane wave energy cutoff was set to
500 eV for all calculations. The energy convergence criterion
was chosen to be 10−6 eV. According to the Monkhorst-Pack
scheme, 8 × 8 × 4 k mesh was used for the geometry opti-
mization calculations [40]. For the surface state calculations,
a tight-binding Hamiltonian was obtained based on maximally
localized Wannier functions using the WANNIER90 package
[41]. Based on the tight-binding model, the iterative Green’s
function method, which is implemented in the WANNIERTOOLS

package, was used to investigate topological properties of the
compound [42,43].

III. RESULTS AND DISCUSSION

A. Magnetic properties

Zero field cooled (ZFC) inverse magnetic susceptibility
χ‖(T) and χ⊥(T) measured on a single crystal of EuAuAs
in a magnetic field μ0H of 0.1 T for H ‖ c and H ⊥c axis,
respectively, in the temperature range 1.7–300 K is shown
in Figs. 2(a) and 2(b), respectively. The inverse susceptibil-
ity data can be described by the Curie-Weiss law, χ (T ) =
C/(T − �P ); where C and �P are the Curie constant and
paramagnetic Curie temperature, respectively. The obtained
values of effective moments are 8.53μB (H ‖ c) and 8.00μB

(H ⊥ c), i.e., close to the theoretical one, g
√

S(S + 1)μB =
7.94μB (S = 7/2 and g = 2) for a free Eu2+ ion. The obtained
values of �P are 4.1 K (H ‖ c) and 6.7 K (H ⊥ c). Their posi-
tive sign indicates predominance of ferromagnetic exchange
interaction in EuAuAs. The magnetization M measured in
ZFC and field cooled (FC) regimes in different magnetic fields
applied along and perpendicular to the c axis are plotted as
M/H vs T in Figs. 2(c) and 2(d), respectively. A clear peak
around 6 K in both data indicates an antiferromagnetic (AFM)
phase transition. With increasing applied field strength, the
magnetic ordering temperature moves to a lower value, typ-
ical for AFM materials [44]. However, the ZFC and FC data
exhibit a small bifurcation and the maximum in M/H is rather
broad. Furthermore, M/H does not show a significant drop
below TN . These features hint at a complex incommensurate
[45] or canted AFM structure.

Figures 2(e) and 2(f) display the magnetization isotherms
measured at various temperatures along the two characteristic
crystallographic directions. At 1.7 K, M(H ) initially increases
linearly with field and then saturates in a high field region. The
saturated value of magnetization is 7.6μB (H ‖ c) and 7.2μB

(H ⊥ c), which is close to the theoretical value gSμB = 7μB

for a Eu2+ ion, suggesting that all the spins are aligned along
the field direction. The magnetization remains nonlinear close
to TN . However, at high enough temperatures (T � 50 K)
in the paramagnetic state, the magnetization shows linear
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FIG. 2. Magnetic properties of single-crystalline EuAuAs: Temperature-dependent inverse magnetic susceptibility measured in a magnetic
field of 0.1 T along c axis and perpendicular to the c axis are shown in panels (a) and (b), respectively. Panels (c) and (d) present the variations
of M/H with respect to temperature, measured in FC (filled circles) and ZFC (open circles) regimes in different magnetic fields applied along
the c axis and perpendicular to the c axis, respectively. (e) Field-dependent magnetization measured at different temperatures along the c axis.
(f) Magnetization isotherm measured at 1.7 K for field perpendicular to c axis with increasing (red line) and decreasing (blue line) magnetic
field. Inset represents the temperature derivative of the magnetization data in weak fields region for H ⊥ c and H ‖ c.

variation with field. As shown in the inset of Fig. 2(f) the
dM/dH vs H data taken at 1.7 K exhibit a distinct peak
near 0.3 T along the H ⊥c axis which can be attributed to
a metamagnetic transition. The overall magnetic properties of
EuAuAs are similar to those of EuCuAs [13] and EuAgAs
[27].

B. Heat capacity

The bulk nature of the magnetic ordering in EuAuAs was
confirmed by the heat capacity measurement performed in
zero field and constant pressure [see Fig. 3(a)]. At room
temperature, the value of CP (=73.12 J/mol K) is very close
to the Dulong-Petit limit CP = 3nR = 74.84 J/mol K, where
n is the number of atoms in the formula units, and R is the
universal gas constant. The AFM transition manifests itself in
CP(T ) as a peak at TN = 6 K, in concert with the χ (T ) data.
Interestingly, the anomaly does not show classical lambdalike
shape, typical for second order magnetic transitions, but has
an extended tail above TN [see the inset to Fig. 3(a)]. Above
20 K, the specific heat data can be well fitted by the expression
[44]

CP(T ) = γ T + mCD + (1 − m)CE , (1)

which is a sum of the electronic (γ is the Sommerfeld coef-
ficient), Debye, and Einstein contributions (m is the weight

factor). CD and CE are defined as

CD = 9nR
( T

�D

)3 ∫ �D/T

0

x4ex

(ex − 1)2
dx, (2)

CE = 3nR

(
�E

T

)2 e�E /T

(e�E /T − 1)2
, (3)

where �D and �E are the Debye and Einstein temperatures,
respectively. The so-obtained values of the fitting parameters
are γ = 1.24 mJ/mol K2, �D = 144 K, �E = 313 K, and
m = 0.77. The large value of �E suggests the presence of
high-frequency optical modes. Since the value of the Som-
merfeld coefficient obtained from the high temperature fit
is unusually small for the magnetically ordered Eu com-
pound, γ was estimated also from the low temperature data.
From the formula CP = γ T + βT 3 applied to the data col-
lected in the temperature range 14–22 K, the values γ = 221
mJ/mol K2 and �D = 198 K were derived. The enhanced
γ value may come from the magnon contributions, as ob-
served in other Eu-based compounds like EuAgAs [27] and
EuCr2As2 [46]. Figure 3(b) displays the total entropy (St )
in EuAuAs, computed as St = ∫ CP

T dT , while the magnetic
entropy expected at TN for a compound based on Eu2+ ions
is equal to Rln(2S+1) = Rln8 J/mol K. Such a value of St is
released in EuAuAs only above 10 K.
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FIG. 3. (a) Temperature dependence of the specific heat of Eu-
AuAs. Solid blue line represents the fit to Eq. (1). Inset displays
the zoomed view of the low-temperature data. (b) Low-temperature
variation of the total entropy in EuAuAs.

C. Magnetotransport

The electrical resistivity of single-crystalline EuAuAs
measured in zero magnetic field with electric current flow-
ing along the c axis of the hexagonal unit cell, ρ(T ), is
presented in Fig. 4. The room temperature resistivity value
of 0.43 m� cm is large. Such large values were reported
in other Eu-based magnetically ordered topological materials
like EuMg2Bi2 [47] and EuCd2As2 [48], also in isostruc-
tural topological materials like BaAuAs and BaAgAs [49].
Down to about 40 K, the resistivity decreases with decreas-
ing temperature in a metallic manner, then rapidly increases
and saturates below 6 K (see also the inset to Fig. 4). The
upturn in ρ(T ) at low temperatures can be associated with
an enhancement of magnetic fluctuations while the compound
approaches the magnetic phase transition. The plateau in ρ(T )
in the ordered state is an unusual effect, as the resistivity is
expected to drop below the magnetic ordering temperature.
This type of behavior may occur as a result of competition
between bulk and surface conduction channels, observed in
topological insulators such as Bi2Te2Se [52], YbB12 [50], and
SmB6 [51].

FIG. 4. Temperature dependence of the electrical resistivity of
EuAuAs single crystal measured with the electric current flowing
along the c axis of the hexagonal unit cell. A close view of the
resistivity at low temperatures is shown in the inset (note a semilog-
arithmic scale).

The field dependent electrical resistivity of EuAuAs, mea-
sured along the c axis with transverse magnetic field (H ⊥ c
axis), are presented in Fig. 5(a). With the increase of magnetic
field strength, the low-temperature upturn in ρ(T ) is get-
ting reduced. The transverse magnetoresistance (MR), defined
as 	ρ/ρ = [ρ(H ) − ρ(0)]ρ(0), is displayed in Fig. 5(b).
Initially, MR taken at 2 K increases with the increase of
the applied field and reaches a maximum value of ∼30%
around 0.3 T. The peak in MR is associated with the meta-
magnetic transition as observed in the magnetization data
[Fig. 2(f)]. With further increase of the field, the MR value
sharply decreases and becomes negative due to the suppres-
sion of magnetic fluctuations. For field values greater than
3 T, MR saturates at a large negative value of about −80%.
With increasing temperature the positive maximum in MR
diminishes and shifts to lower temperatures, as expected for
metamagnets, however the overall behavior of the transverse
magnetoresistance isotherms remains the same. Interestingly,
the saturated value of MR in the high field region hardly
changes in the entire ordered state. Similar behavior of MR
was reported for Eu-based antiferromagnet EuMg2Bi2 [47]
and EuBiTe3 [53].

D. Electronic structure

The crystal structure of EuAuAs is given in Fig. 6(a). The
Eu, Au, and As atoms are located at Wyckoff positions 2a,
2d, and 2c, respectively and form hexagonal stacking along
the z direction. The crystal structure is nonsymmorphic with
preserved inversion symmetry. The ground state spin con-
figuration of EuAuAs was checked by calculating the total
energies for possible spin configurations of AFM at U = 7 eV.
We found that the system possesses FM coupling in the ab
plane and AFM coupling along the c axis, i.e., it is an A-
type AFM [100] system (as the ground state), and the energy
difference between [100] and [110] spin configurations is very
small (−5.2 μeV). We have also checked the ground state spin
configuration of EuAuAs at U = 5 eV and found the AFM
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FIG. 5. (a) Low-temperature electrical resistivity of single-
crystalline EuAuAs measured along the c axis in various external
magnetic fields applied perpendicular to the electric current.
(b) Transverse magnetoresistance isotherms of EuAuAs, measured
in the AFM ordered state as specified in panel (a).

[110] system to be lowest with minute total magnetic moment
around 0.01μB which is in line with the experimental finding
and previously reported EuAgAs [27]. The energy difference
between [110] and [100] spin configurations for U = 5 eV is
−12 μeV which is ignorable. In addition, we have analyzed
the electronic properties for U = 7 eV and 5 eV along [100]

FIG. 6. (a) Crystal structure of EuAuAs and (b) the irreducible
Brillouin zone of the bulk along with the (001) projected surface.

FIG. 7. (a) Total and projected density of states of EuAuAs.
(b) Electronic band structure along H-A-L path without spin-orbit
coupling. (c), (d) Electronic band structure along H-A-L path at
U = 7 eV with SOC along [100] and [110] directions, respectively.
(e), (f) Electronic band structure at U = 5 eV with SOC along [100]
and [110] directions, respectively. (g) The illustration of the nodal
line, where a, b, c and d are equally spaced points between L and H.
(h) Electronic band structure at different high symmetry points [as
indicated in (g)] in the Brilloiun zone in the kz = 0.5 plane.

and [110] directions, and found that the electronic band struc-
tures are very similar to each other (as shown in Fig. 7). Due
to the robustness of electronic properties at different U values
and spin configurations, we have proceeded with AFM [100]
configuration at U = 7 eV.

To demonstrate the behavior of Eu-f states, the total density
of states (DOS) and the projected density of states (PDOS)
were calculated for AFM [100] at U = 7 eV, and the results
are shown in Fig. 7(a). The valence band is mainly dominated
by Eu-f states for both spin up and spin down channels and
has a tiny DOS at the Fermi level. According to the elec-
tronic band structure [Fig. 7(b)], both the spin channels are
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FIG. 8. (a) The surface states with Eu termination along H-A-L
path and (b) the corresponding Fermi arc in the kz = 0.5 plane.

conducting. The electronic band structure is very interesting
with Dirac-like linearized points near the Fermi level along
the H-A-L path, which might further lead to a possibility of a
nodal line. We prefer to focus on the red and blue bands which
could be responsible for the nodal-line formation. To analyze
the band crossings along H-A-L and to confirm the same on
the plane kz = 0.5, we carefully examined the band structure
along selected equally spaced paths between L and H, which
is shown in Fig. 7(h). It can be seen that the band crossings
appear along A-a, A-b, A-c, and A-d paths, which infers that
an A-centered nodal line should occur in the kz = 0.5 plane.
These crossings exhibit a very little variation in energy along
the selected paths, which is responsible for the flatness of the
nodal line as discussed in other compounds [54]. We conclude
that these band crossings can be classified as type I in the
kz = 0.5 plane.

The surface states with Eu termination are shown in
Fig. 8(a). From the plots, we can observe the nodal line
slightly above the Fermi level as seen in the bulk band struc-
ture together with a drumhead surface state connecting both
the crossing points along H-A and A-L. The gap plane calcu-
lations are performed to confirm the nodal line which is given
in Fig. 8(b). The continuous ring seen in this figure ensures
the presence of the nodal line in the kz = 0.5 plane protected
by C3z rotational symmetry at high symmetry point A.

The crossing points along with the nodal line present in the
investigated system motivate us to employ spin-orbit coupling
(SOC) in order to verify the nontrivial topology here. The
electronic band structure with SOC is shown in Fig. 7(c).
From the figure, it is vivid that two doubly degenerate bands
are merging at high symmetry point A around E = 0.2 eV, re-
sulting in a fourfold degenerate point. Our investigated system

EuAuAs is similar to the EuAgAs [27] class of antiferromag-
netic topological materials, which holds the effective time
reversal symmetry as well as inversion symmetry. The pres-
ence of these symmetries along with fourfold degeneracy is
sufficient to claim this point as a Dirac point, and motivate us
to calculate Z2 invariants, which are (0;0 1 0). The Dirac point
at high symmetry point A and Z2 invariants are the evidences
to claim EuAuAs as a weak AFM topological material.

IV. CONCLUSIONS

Based on the results of thermodynamic and electrical
transport measurements, performed on high-quality single
crystals grown from Bi flux, we conclude that the ternary
compound EuAuAs (space group P63/mmc) orders antifer-
romagnetically at TN = 6 K due to Eu2+ ions. The magnetic
susceptibility features hint at a complex incommensurate or
canted AFM structure. In the ordered state, the magnetiza-
tion first increases linearly with increasing magnetic field
strength, and then saturates in high fields. The heat capac-
ity shows a clear anomaly at TN . The electrical resistivity
shows an enhancement below 40 K, which is suppressed with
the application of magnetic field. Below TN , the transverse
magnetoresistance shows a positive maximum, marking a
metamagnetic transition, and in high magnetic fields it satu-
rates at a large negative value of about 80%. The AFM ground
state in EuAuAs has been corroborated in ab initio electronic
band structure calculations. Most importantly, the theoretical
computations revealed the formation of a nodal line in the bulk
structure, which is placed slightly above the chemical poten-
tial and protected by rotational crystal symmetry, as well as
a drumheadlike surface state, located at high symmetry point.
The inclusion of spin-orbit coupling suggests that EuAuAs is
a new candidate for antiferromagnetic topological material.
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