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We have investigated the magnetic, thermodynamic, and electrical transport properties of EuAuSb single
crystals as well as carrying out band structure calculations. The powder x-ray diffraction data confirm that Eu-
AuSb crystallizes in ZrBeSi-type hexagonal structure with space group P6;/mmc. The magnetic measurements
reveal an antiferromagnetic (AFM) ordering in EuAuSb at 7y = 3.3 K. This transition is further confirmed by
heat capacity and electrical resistivity data. The isothermal magnetization data saturate at low magnetic field
of uoH¢ =2.9 and poH® = 3.8 T for H L ¢ and H || ¢, respectively, while the magnetization along H L ¢
displays a metamagnetic transition around poH® = 0.95 T. The electrical resistivity exhibits a metallic behavior
down to 35 K; after that it shows an upturn until 7y due to the influence of short-range interactions. The
longitudinal and transverse magnetoresistances of EuAuSb are negative (~—45% and —42% in 10 T at 2 K,
respectively); in the high field at 7" < 40 K, they switch to a positive value above 40 K. Further, we observe
a humplike anomaly in the Hall resistivity [o.,(H )] data below Ty, which is most likely a manifestation of the
topological Hall effect. Our two-band model analysis of p,,(H) data indicates both hole and electron charge
carriers contribute to the electrical transport of the compound. The electronic band structure calculations reveal
a ['-centered nodal line in the absence of spin-orbit coupling (SOC). In the presence of SOC, the compound
hosts the Dirac point. The Z, invariants, in the presence of effective time-reversal and inversion symmetries,
categorize this system as a nontrivial topological material. Our combined experimental and theoretical studies

suggest EuAuSb to be a potential AFM topological semimetal.

DOI: 10.1103/PhysRevB.109.155152

I. INTRODUCTION

Magnetic topological semimetals play a significant role in
understanding the interplay between magnetism and exotic
relativistic fermions [1-6]. These materials have extraordinary
magnetotransport properties such as the anomalous Hall ef-
fect (AHE) [7-9], topological Hall effect (THE) [4-6], and
topological Nernst effect [10,11], which are easily tunable
by changing their Fermi level with respect to Dirac/Weyl
points using magnetic field and chemical doping [12-15].
Furthermore, these materials also exhibit interesting quantum
phenomena like quantum AHE [16-18] and axion electrody-
namics [19-21]. Especially, Eu-based magnetic topological
materials have drawn more attention as they have various
magnetic ground states, a quenched orbital momentum, no
crystalline electric field, and extremely weak spin-orbit cou-
pling (SOC) due to the electron configuration 4f7 of Eu?"
with a half-filled f shell. These compounds provide an
ideal platform for investigating the interplay between mag-
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netism and topology [22-26]. For example, EuBiTe; is a
topological insulator with antiferromagnetic (AFM) ordering;
it shows negative magnetoresistance (MR) and crossover be-
tween weak antilocalization (WAL) and weak localization
due to the presence of magnetic polarons [27]. The magnetic
ordering of EuCd,As, depends on the level of band fill-
ing [25]. Antiferromagnet EuMnBi, exhibits the half-integer
quantum Hall effect [26]. Further, the field-induced topologi-
cal phases were observed in many Eu-based compounds such
as EuAs; [28] and EuP; [29].

Recently, many compounds of the Eu7X (where T = Cu,
Ag, and Au; X = pnictides) family were proposed to host
topological Dirac semimetals through electronic band struc-
ture calculations and experiment results [4,14,30-32]. These
compounds possess a ZrBeSi-type hexagonal structure with
a space group P63/mmc (D,) [14]. For instance, the Dirac
semimetal EuAgAs exhibits a large THE with an AFM ground
state. On the other hand, superconductivity with multiple
magnetic transitions and strong Rashba-type spin-orbit in-
teraction are observed in semimetal EuAuBi [32]. These
interesting results motivated us to explore further the crystal
growth and physical properties of a new member of the Eu7X
family (i.e., EuAuSb). We have grown EuAuSb single crys-
tals using bismuth flux. Magnetic susceptibility measurements
exhibit an AFM ordering at Ty = 3.3 K, followed by heat

©2024 American Physical Society
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FIG. 1. (a) The powder XRD pattern of crushed single crystals
of EuAuSb was recorded at room temperature. The observed and
calculated intensities are represented by red circles and solid black
line, respectively. A solid blue line presents the difference between
observed and calculated intensities. Olive tick marks are Bragg peak
positions. (b) The single-crystal XRD pattern of EuAuSb. The inset
shows an optical image of single crystals.

capacity and electrical resistivity data. The longitudinal and
transverse magnetoresistance of EuAuSb show a maximum
negative value around 7y in high fields. Interestingly, the Hall
resistivity data reveal a broad hump below 7y and both charge
carries are present in electrical transport of EuAuSb. Our
results reveal that EuAuSb is a Dirac semimetal with AFM
ground state and anomalous transport properties.

II. EXPERIMENTAL DETAILS

Single crystals of EuAuSb were grown using bismuth as an
external flux. Starting elements Eu (99.9%), Au (99.99%), Sb
(99.999%), and Bi (99.999%) from Alfa Aesar were taken in
a molar ratio of 1:1:1:9. All elements were mixed properly
in an alumina crucible and sealed inside a quartz tube un-
der partial argon gas atmosphere. Next, the whole assembly
was heated to 1050 °C and held for 24 h. The assembly was
slowly cooled down to 600 °C at a rate of 3°C/h. At this
temperature, the assembly was removed from the furnace and
centrifuged. Shiny hexagonal-like plate crystals with typical
dimensions 2x2x0.5 mm> were obtained, as shown in the
inset of Fig. 1(b).

The crystal structure and orientation of grown single
crystals were checked by x-ray diffraction (XRD) on a
PANalytical X’Pert PRO diffractometer with Cu K, ra-
diation. The chemical composition was determined using
energy-dispersive x-ray spectroscopy (EDS) using a JEOL
JSM-6010LA scanning electron microscope. The heat ca-
pacity measurement was performed by the conventional
relaxation method in a Quantum Design physical property
measurement system. Magnetic susceptibility and magneti-
zation measurements were conducted down to 2 K using
a Quantum Design magnetic property measurement system.
Magnetotransport measurements were performed using the
Cryogen Free Measurement System from Cryogenic Ltd.,
equipped with 12 T superconducting magnets, an integrated
variable-temperature sample space, and a Lakeshore M81
synchronous source measure unit by the standard four-probe
method in ac transport mode. All resistivity and MR measure-
ments were carried out by the electrical current being within
the hexagonal ab plane of the crystal, while the magnetic field
was applied along the crystallographic ¢ axis for transverse

magnetoresistance (TMR) and Hall resistivity and parallel to
the ab plane of crystal for longitudinal magnetoresistance
(LMR). All MR and Hall resistivity data were performed in
positive and negative magnetic fields to rule out the possi-
bility of erroneous resistivity contributions from misaligned
of probe contacts. For the magnetoresistivity p.,(H), a sym-
metrization approach was used to eliminate the erroneous
transverse contribution, as denoted by the formula p,(H) =
[oxx(H) + pxx(—H)]/2. In contrast, an antisymmetrization
approach was used to remove the erroneous longitudinal
contribution in the case of Hall resistivity ox,(H), where
ny(H) = [ny(H) - ony(_H)]/z

The electronic structure calculations were performed us-
ing density functional theory (DFT) [33,34]. The calculations
utilized a plane-wave basis set along with the projector aug-
mented wave method [35], as incorporated in the Vienna
ab initio simulation package (VASP) [36,37]. The exchange-
correlation functional was implemented through the applica-
tion of the Perdew, Burke, and Ernzerhof (PBE) parametrized
generalized gradient approximation (GGA) [38]. To address
the substantial correlation effects of Eu-f states, we incor-
porated an effective Hubbard U parameter (GGA+U) with
a value of U =7 eV [39,40]. For all computations, a plane
wave energy cutoff of 500 eV was employed, with an energy
convergence threshold of 107% eV. Geometry optimizations
were carried out by employing a dense k mesh in accordance
with the Monkhorst-Pack method [41]. The WANNIER90
package was used to obtain a tight-binding Hamiltonian based
on maximally localized Wannier functions for the surface
state calculations [42]. The topological features of the com-
pound were investigated using the iterative Green’s function
approach, which is implemented in the WANNIERTOOLS
package, based on the tight-binding model [43,44].

III. RESULTS AND DISCUSSION

A. Crystal structure

The room-temperature powder XRD pattern of crushed
single crystals of EuAuSb is shown in Fig. 1(a). The pow-
der XRD data are analyzed using Rietveld refinement in the
FULLPROF software. Our refinement yields the hexagonal
structure with space group P63/mmc (No. 194) and lattice
parameters a = b = 4.6678 A and ¢ = 8.4976 A. These lat-
tice parameters match well with the previously reported values
for polycrystalline samples [45-47]. Figure 1(b) displays the
XRD pattern measured on a hexagonal-shaped plate single
crystal. The presence of (00/) peaks in the diffraction pattern
suggests that the platelike surface is oriented perpendicular
to the ¢ axis. The EDS data are taken at multiple positions
and areas on the single crystal show the atomic ratio Eu : Au :
Sb=1.00£0.02:1.04 £ 0.02 : 1.03 £ 0.01, which is very
close to the stoichiometric ratio of EuAuSb.

B. Magnetic properties

Figures 2(a) and 2(b) show temperature-dependent mag-
netic susceptibility (x = M/H) at various magnetic fields for
parallel and perpendicular to the c¢ axis, respectively. The
x (T) data are taken under zero-field cooled (ZFC) and field-
cooled (FC) mode for both field orientations H || cand H L c,

155152-2



MAGNETOTRANSPORT AND ELECTRONIC STRUCTURE OF .

PHYSICAL REVIEW B 109, 155152 (2024)

(a) — 30} (b) = (c) U= e e e anncnmnmenmes]
E 30t - ,
I £ =1T 13} g MH=1T ] b -
0.05 T 5 21 " ] gt 3 20 or Foll 1
coop TR, E L 1= 10.05T % g Hlc L4y H
g W T g poagy ¢ <10t = H| e ’
3 0.01Te = —Modified CWFit| | £ 1,0} 9 ¥ ) . N
. =6 L L = 1T o e —Modified CW Fit oL 1
=) 100 200 0] g 0.0 0 4
T(K) %y @, 0 100 200 300/ A _
= = g, © 2 e I N
0.6F J T (K) S Holly
E . g o S 07 ] E &
g R »\,\;“ ; N R oL 3:_:2- Hlc ]
®%05, 99;“‘-\. St
© 0 o %00 o = HpH (T)
03¢ 000 04 00 1 R T i
! L L L L o7 %00p 0 L L L L
3 6 9 12 12 0 1 2 3 4 5
T(K) £l (T)

FIG. 2. The temperature-dependent magnetic susceptibility (M/H) measured under various magnetic fields for (a) H || ¢ and (b) H L c.
Insets of (a) and (b) show the inverse magnetic susceptibility as a function of temperature for H || ¢ and H L c, respectively. The solid brown
line represents the Curie-Weiss fit above 100 K. (c) The isothermal magnetization as a function of magnetic field at 2 K for H || cand H L c.
The inset of (c) displays the derivative of magnetization data for H L c.

which show no difference between ZFC and FC data (here not
shown). At uoH = 0.005 T, x(7T) data for both field orien-
tations clearly show a cusp at Ty = 3.3 K, which is close to
Ty (=4.1 K) of a polycrystalline sample reported earlier in
Ref. [47]. As the magnetic field strength increases from 0.005
to 1 T, the Ty shifts to a lower temperature of 3.0 K; this
is a general characteristic of antiferromagnets [48-50]. The
inverse magnetic susceptibility [x ~'(7')] data at uoH =1 T
are plotted as a function of temperature and are shown in
insets of Figs. 2(a) and 2(b) for H || cand H L c, respectively.
The x ~'(T') can be described by the modified Curie-Weiss ex-
pression x(T) = xo + C/(T — ©p) in the temperature range
100-300 K, where xo is the temperature-independent mag-
netic susceptibility, and C and ®p are the Curie constant
and paramagnetic Curie temperature, respectively. The least-
squares fitting yields values of ®p = —2.1 and —1.1 K;
X0 = 5.40x10™* and yo = 2.56x10~* emu/mol for H || ¢
and H L c, respectively. The negative values of ®p indicate
the presence of AFM interactions in the system. The estimated
value of effective magnetic moment pt.ry = 8.28 pp/Eu (for
H | ¢) and 8.05 up/Eu (for H L ¢), which are close to the
theoretical value of g/J(J + 1) up = 7.94 up for the Eu?t
ion (J =7/2 and g; = 2).

To have further insight on the magnetic behavior, we have
measured the field-dependent isothermal magnetization M(H)
at 2 K for H || c and H L ¢, as displayed in Fig. 2(c). The
M(H) first increases almost linearly with increasing field up
to pnoHS =3.8 and uoH™® =2.9 T for H || c and H L c,
respectively. The M(H) starts to saturate at poH; and Monb
with saturation value ~6.84 and 6.82 up/Eu for H || ¢ and
H 1 c, respectively. These values are very close to the the-
oretical value g;J ugp = 7 up for a free Eu”t ion, indicating
all spins of Eu’* are aligned along the direction of applied
magnetic field. The M(H) data for H L ¢ show a small kink
at MOH,flb = 0.95 T [see clear peak in dM/dH vs H curve,
as displayed in inset of Fig. 2(c)], which suggests a metam-
agnetic (MM) transition in the ab plane. However, the MM
transition is not observed for H || ¢, suggesting that moments
of Eu?* lie in the hexagonal ab plane of crystal with some
canting. The overall magnetic behavior of EuAuSb is similar
to that observed of isostructural ternary compounds, such as
EuCuAs [51], EuAuAs [31], and EuAgAs [4].

C. Heat capacity and entropy

Figure 3 displays the heat capacity C, of the EuAuSb
single crystal measured at constant pressure in the temper-
ature range of 2-50 K. The C,(T) data show a pronounced
A-shaped peak around 7y = 3.3 K, which is confirming the
bulk nature of AFM ordering. Further, we have plotted C,/T
as a function of T2 (see the top inset of Fig. 3), which is fitted
using the Debye model Cp,(T) = yT + BT? in temperature
8 < T < 15 K, where y is the Sommerfeld coefficient and
B is the coefficient of phonon contribution to heat capacity.
The so-obtained parameters are y = 91(2) mJ mol~! K=2 and
B = 1.53(1) mJ mol~! K~*. The Debye temperature ®, of
~156 K is derived from B. Such values of y and ®p were
also observed in many other Eu-based compounds like Eu-
AuAs [31], EuBiTes [27], and EuAgAs [4]. The large value of
y may come from magnon contributions due to the ordering of
Eu moments. According to the mean-field theory, the amount
of jump at Ty in C,(T) data can be used to distinguish between
two possible magnetic structures: (i) equal moment (EM) at
all sites and (ii) periodically varying moments (amplitude
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FIG. 3. Temperature-dependent heat capacity (C,) of EuAuSb
single crystal. Top inset shows a plotting of C,/T vs T2. The red
line fits the expression C,;,/T = y + BT2. Bottom inset displays the
magnetic entropy S,, as a function of temperature.
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FIG. 4. (a) The temperature-dependent electrical resistivity of EuAuSb single crystal. The inset shows electrical resistivity with various
fields up to 10 T. Panels (b) and (c) represent the field-dependent transverse and longitudinal magnetoresistance at selective temperatures,

respectively.

modulated, AM). For J = 7/2, the amount of jump expected
is ACgy =20.15 J/(mol K) and ACupy = 13.43 J/(mol
K) for EM and AM structure, respectively [52-54]. The
amount of jump in C,(T) is determined using AC/Ty =
(Cp — Cpi)/Ty; the obtained value is AC = 12.84 J/(mol K).
This value is very close to the value of amplitude modulated
magnetic structure, suggesting a possible AM structure of
EuAuSb. To extract the magnetic heat capacity C,,, we sub-
tracted the lattice contribution Cpy, as calculated using C,;, =
yT + BT3. Further, we estimated the magnetic entropy by
the expression S, = f CTd T, as displayed in bottom inset of
Fig. 3. The magnetic entropy S, increases with increasing
temperature and saturates at 7 = 6 K. The saturation value
of S,,(T) is ~16.5 J/(mol K), which is about 95% of the
theoretical value RIn(2J + 1) & 17.3 J/(mol K) for Eu** ion.

D. Electrical resistivity and magnetoresistance

The temperature-dependent electrical resistivity p of the
EuAuSb single crystal measured in zero magnetic field is
presented in Fig. 4(a). The room-temperature resistivity is a
large value (~148 u2 cm) from typical metal, which is com-
parable to the value of a previous polycrystalline report [45] as
well as many Eu-based ternary compounds like EuAgAs [4],
EuAuAs [31], EuAuBi [32], and Euln;As; [19,55]. The p(T)
decreases in a metallic manner with decreasing temperature
down to 35 K. After that, it starts to increase and shows an
upturn due to the influence of short-range interactions and
reaches a maximum at 7y = 3.3 K, which corroborates with
the result of magnetic and heat capacity measurements. In the
magnetically ordered state, the p(7) sharply decreases due to
the reduction of spin-disorder scattering. A similar upturn at
low temperature in p(7) is also observed in other Eu-based
compounds [4,19,31]. Next, we have measured the p(7) with
selective transverse magnetic fields (H || ¢) up to 10 T, as
displayed in the inset of Fig. 4(a). As field strength increases,
the peak of Ty shifts towards the lower temperature; it is
completely suppressed under magnetic field 5 T. Above 5 T,
the p(T) smoothly decreases with decreasing temperature; it
does not show any upturn down to 2 K.

The isothermal TMR and LMR of the EuAuSb sin-
gle crystal measured at different temperatures are shown

in Figs. 4(b) and 4(c), respectively. The MR is defined as
MR (%) = [p(H) — p(0)]x100/p(0), where p(H) and p(0)
are the resistivity in the presence and absence of magnetic
field, respectively. At 2 K, both TMR and LMR increase with
increasing magnetic field and reach a maximum positive value
of 8% and 52% around poH{ = 3.8 and MoHn‘ib =095T
for H || c and H L c, respectively [see Fig. 2(c)]. After this
maximum value, both MRs drop rapidly and become negative
due to the suppression of spin-disorder scattering. TMR and
LMR approach saturation values of ~ —42% and —45% in
high fields, respectively, where magnetic moments of Eu’*
are completely aligned along the magnetic field direction and
become a spin-polarized ferromagnetic (FM) state. However,
the positive maximum in TMR and LMR moves to the lower
magnetic field as the temperature rises and disappears above
Ty. This positive MR below Ty results from the dominance
of spin scattering, as typically expected for antiferromag-
nets [4,31,55]. Interestingly, at T < Ty, the positive value
of LMR is higher than the TMR due to dominating spin
scattering in the ab plane. The negative values of TMR and
LMR initially increase with increasing temperature up to 7y,
then decrease and remain negative up to 40 K. After that, they
switch to a small positive value. Above 40 K, values of TMR
and LMR are not varying significantly with temperature and
remain between 5% and 7%. Furthermore, the TMR and LMR
exhibit a cusplike characteristic at low magnetic fields, which
is attributed to the WAL phenomenon, as observed in many
Eu-based compounds like EuBiTes [27] and EuAgAs [4]. The
feature of the WAL effect is more prominent in TMR.

E. Hall resistivity

Next, we have performed Hall resistivity (o.,) measure-
ments to quantitatively analyze charge carrier densities and
mobilities of electrical transport. Figures 5(a) and 5(c) repre-
sent the field-dependent p,,(H) data at various temperatures
2 to 20 K and 10 to 300 K, respectively. The p,,(H) data
exhibit a humplike anomaly at T < 10 K. This hump is no-
ticeable below Ty and completely disappears above 10 K. This
kind of anomaly in p,,(H) data has been reported in various
magnetic topological systems like GdPtBi [5], CeAlGe [56],
Gd,PdSi; [6], EuAly [22], and EuPtSi [57], which is attributed
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FIG. 5. Panels (a) and (c) present the Hall resistivity as a function of magnetic field at various temperatures from 2 to 300 K. (b) The
field dependence of Ap,, at various temperatures, obtained after subtracting the Hall resistivity at 20 K from the total Hall resistivity at low
temperatures (see the text). The red solid line in (c) is the fitting of the two-band model [Eq. (1)]. The temperature variation of (d) carrier

densities (n;, n.) and (e) mobilities (u, (e ).

to the THE resulting from topological spin texture. Above
10 K, the p.,(H) data show a nonlinear field dependence
without any hump, indicating that multiband charge carriers
are present in electrical transport of EuAuSb. We employ
the semiclassical two-band model to determine charge carrier
densities and mobilities. The Hall resistivity based two-band
model is given by the expression

e = H (mp — nepg) + (nw — ne)uguph?
Y e (Mepte A+ nuppn)? + (i — o) p2plH?’

ey

where ny, (n.) and up (u.) denote the carrier density and
mobility of the hole (electron), respectively. The two-band
model fitting of p,,(H) data in the temperature range of 10—
300 K is shown in Fig. 5(c). It is evident from Fig. 5(c)
that the two-band model is nicely fitted to the p,,(H) data
at T > 20 K. At T =20 K, the estimated carrier densities
are nj, = 5.86x10'° cm=3 and n, = 7.94x10'° cm—3, which
decrease as temperature rises, while mobilities are u, =
1200 cm? V! s7! and p, = 574 cm? V~! s~!. The mobility
of electrons remains essentially unchanged with temperature,
whereas the mobility of holes continuously decreases with
increasing temperatures. The temperature variations of charge
carrier densities and mobilities are displayed in Figs. 5(d)
and 5(e), respectively. The obtained carrier densities are also
comparable to those reported in typical Dirac semimetals
(n ~ 10'7-10" cm~?) [4,58,59], suggesting the semimetallic
nature of EuAuSb.

Next, we address the hump anomaly in p,,(H). In general,
the total Hall resistivity can be expressed as px, = /oxoV + Apyy

for magnetic materials, where ,oxoy is the ordinary Hall resistiv-
ity. Apy, refers to anomalous Hall resistivity, which includes

the intrinsic terms arising from the spin texture, the Berry
curvature due to nontrivial band topology, and the extrinsic
terms resulting from side jump and skew scattering [60]. Well
above Ty, the py, at T = 20 K is well fitted by the two-band
model [see Fig. 5(c)], indicating the ordinary Hall component
is only present in p,y at this temperature; we consider it p,;, ~
Pxy(20 K). Then, we calculate the hump anomaly using the ex-
pression Apy, = pyy — ,o;y(ZO K), where p)’cy(ZO K) is rescaled
to Hall resistivity data at that temperature [2,5]. The obtained
A pyy is shown in Fig. 5(b) for different temperatures, which is
more pronounced below Ty. At2 K, A p,, has maximum value
(peak) around 3.4 T. The peak moves towards a lower field and
becomes broader with increasing temperature. Further, Ap,,
can also be written as Aoy, = pj, + pJ,, where pf, and o]
are the conventional anomalous Hall resistivity and topologi-
cal Hall resistivity, respectively. The conventional anomalous
Hall resistivity can be either expressed as Syp2 M for the
dominant intrinsic scattering mechanism (for disordered sys-
tems) or Sy, oM for skew scattering (expected for ultraclean
systems), where Sy and S}, are material-dependent prefactors,
and p,, and M are field-dependent resistivity and isothermal
magnetization [22,24]. Here, both terms Sy p2 M and S}, p..M
are determined from magnetoresistivity and isothermal mag-
netization data, as shown in Fig. 6. The term Sy p2 M gives
slightly better proximity to the hump anomaly than S}, p.c M.
We are assuming that p¥ at 2 K is equal to the rescaled
Pxy(20 K) data (see Fig. 6). It is clear from Fig. 6 that the term
,Oxoy + Sup2.M does not reproduce the total Hall resistivity, in-
dicating the topological component ,oxTy also contributes to the
hump anomaly. The calculated topological Hall component
is displayed in the inset of Fig. 6, which has the maximum
around 3 T.
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FIG. 6. The red and blue solid lines present field-dependent ob-
served p, and calculated pf, + Sy p2.M, respectively. The ordinary
term is assumed to ,ofv(Z K) ~ p,,(20 K) (dotted orange line) after
rescaling. The solid green and dotted cyan line display p2 M and
pweM as a function of field, respectively. The inset shows field de-
pendence of topological Hall component. All these results are based
on the data of 2 K.

F. Electronic structure

EuAuSb crystallizes in a hexagonal structure with the cen-
trosymmetric space group P63/mmc (No. 194), as shown in
Fig. 7(a). The structural arrangement of EuAuSb involves
six atoms within the unit cell. In the structure, Au and Sb
collaborate to form parallel layers resembling a honeycomb
arrangement. Within each honeycomb layer, distinct atoms
occupy the A and B sites. As a result of this diverse atom
arrangement, these layers stack parallel to the z direction.
The Eu layer is sandwiched between two neighboring Au-Sb
layers, which maintain the inversion symmetry throughout
the structure. In the unit cell, Au (Sb) resides at position
2d (2c), while Eu occupies position 2a according to the
Wyckoff diagram. The lattice symmetry group is defined by
several generators: a threefold rotation (Cjs;), inversion (P),
a twofold rotation (C,,), a twofold screw rotation (S, =
{C22|00%}) with a half-translation along the z direction and
mirror symmetries M,, M,, and ]\71},, where My = {My|0()%}
represents a glide mirror operation. To explore potential mag-
netic arrangement of our investigated compound, we analyzed

@

‘Eu
@ Au b I |H
@ s q

M K %
’i=> kx
a b

FIG. 7. (a) The crystal structure of EuAuSb. (b) The irreducible
Brillouin zone of the bulk along with the (001) projected surface.

(a) (b) ()

AFM1 AFM2 AFM3

FIG. 8. (a)—(c) AFM configurations for 2x1x1 supercell with
Eu spins. Here, AFM1, AFM2, and AFM3 are A-, C-, and G-type
AFM, respectively. Blue and green arrows denote the spin-up and
spin-down, respectively.

distinct AFM configurations using a 2x 1 x 1 supercell. These
possible magnetic configurations are depicted in Fig. 8. The
computed ground state energies for each configuration are
listed in Table I. The results in Table I indicate that the
AFM2 configuration demonstrates the lowest energy, where
the AFM2 configuration showcases AFM coupling along the
a axis, while FM coupling occurs along the b and ¢ axes.
However, the calculated energy difference between AFM1
and AFM2 is very small (0.59 meV), so we have computed
the electronic band structure for both cases. The calculated
electronic band structures for both cases are found similar to
each other, which is shown in Fig. 9. In the absence of SOC,
both cases show Dirac-like crossing points along the k, = 0
plane. The presence of SOC reveals the fourfold degeneracy
at high-symmetry point A in both configurations. We can see
that both configurations exhibit similar topological features.
Furthermore, our field- and temperature-dependent magneti-
zation data suggest A-type AFM order due to lower values of
magnetization along the ¢ axis compared to the ab plane. The
discrepancy between DFT and experimental results may be
due to the temperature effect, as DFT calculations are valid at
0 K. Thus, we carried on with all DFT calculations using our
experimentally suggested magnetic structure (i.e., the AFM1
case). To further analyze our compound, we have computed
the electronic band structure and surface states for the lower
cell (1x1x1) of the AFM1 case. To provide additional valida-
tion for the spin orientations in the AFM1 case, we calculated
the ground state energies for various spin alignments, in-
cluding [001], [010], [100], [011], [101], [110], and [111].
Table II displays the computed discrepancies in the ground
state energies of different spin configurations. Notably, the
[110] spin configuration demonstrates the lowest ground state
energy, which is consistent with our experimental findings.
To depict the characteristics of Eu-f states, we calculated
the total density of states (DOS) and the projected density
of states, as shown in the Fig. 10(a). In both spin-up and
spin-down channels, the valence band is predominantly gov-
erned by Eu-f states, with minimal DOS observed at the
Fermi level, which confirms the semimetallic nature of the
compound. Furthermore, we explored the electronic band

TABLE 1. Calculated energies of different AFM configurations
(in meV) with the reference energy considered to be 0 meV.

Configuration AFM1 AFM2 AFM3

Energy (meV) 0.59 0.00 0.88
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FIG. 9. Electronic band structure along high-symmetry points
without SOC for (a) AFM1 and (c) AFM2 case. Electronic band
structure with SOC along [110] direction for (b) AFMI1 and
(d) AFM2 case.

structure properties. As depicted in Fig. 10(b), the electronic
band structure is illustrated for both spin-up (in red) and
spin-down (in blue) channels. The electronic band structure
holds significant interest due to the presence of Dirac-like
linearized points in close proximity to the Fermi level along
the M-I'-K path. This phenomenon potentially hints at the
existence of a nodal line. To confirm the presence of a nodal
line, we have done the symmetry analysis. Our calculations
of irreducible representations [61] indicate that the two bands
[see Fig. 10(c)] can be attributed to the I';” and F]*' irreducible
representations, respectively. As a consequence of their dif-
fering parity, we deduce the occurrence of band inversion,
ensuring the presence of a nodal line.

Figure 11(a) illustrates the surface states with Au termi-
nation. The plots depict both the nodal line and a drumhead
surface state connecting crossing points along M-I" and I'-K.
The nodal line is observable in the bulk band structure, po-
sitioned slightly below the Fermi level. To validate the nodal
line depicted in Fig. 11(a), we have performed the energy gap
plane calculations. The continuous I'-centered ring visible in
Fig. 11(b) ensures the presence of the nodal ring in the k, = 0
plane, which remains protected by mirror symmetry (M,).

We included SOC to confirm the nontrivial topology here
since the analyzed system has crossing points. Figure 10(d)
depicts the electronic band structure with SOC. We have done
a thorough analysis of the band crossings at high-symmetry
point A in the presence of SOC. Due to the presence of non-
symmorphic and inversion symmetries in the space group, the

TABLEII. Calculated energies of different spin configurations in
AFM1 state with the reference energy considered to be 0 peV.

Configuration [001] [010] [100] [O011] [101] [110] [111]

Energy (ueV) 181.08 0.01 049 9045 90.62 0.00 60.29
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FIG. 10. (a) Total and projected density of states of EuAuSb.
(b) Electronic band structure along high-symmetry points without
SOC. (c) Electronic band structure along M-I"-K path without SOC.
(d) Electronic band structure with SOC along [110] direction. Here,
inset shows the band structure along H-A-L path with a Dirac point at
A. (e) The Fermi surfaces, i.e., hole and electron pockets with SOC.

A point hosts fourfold degeneracy (known as the Dirac point).
The AFM topological material EuAgAs [4], EuAuAs [31],
which possesses both inversion and effective time-reversal
symmetry, is analogous to the system under investigation.
This observation prompts us to undertake calculations of the
Z, invariants, yielding values of (1;0 0 0). The presence of the
Dirac points along the I'-A path and the determined Z, invari-
ants collectively serve as compelling evidence to designate
EuAuSb as a strong nontrivial topological material. Addition-
ally, we have calculated the Fermi surfaces, which are shown
in Fig. 10(e). We can see that a large hole pocket and two
small electron pockets are present at the Fermi level, which
is in good accordance with the experimentally measured Hall
resistivity data.

—~
o
R
o
o

Energy (eV)
°
=3

0.0

M ; K 01970 -0.05 000 0.05 0.10
k. (1/A)

FIG. 11. (a) The surface states with Au termination and (b) the
corresponding energy gap plane in the k, = O plane.
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IV. CONCLUSIONS

In conclusion, we have presented a systematic study of
the EuAuSb single crystal using the magnetization, heat ca-
pacity, magnetotransport measurements, and electronic band
structure calculations. The powder XRD data reveal that
EuAuSb crystallizes in a hexagonal structure with space
group P63 /mmc. The compound EuAuSb undergoes an AFM
ordering below Ty = 3.3 K, verified through magnetic suscep-
tibility, heat capacity, and electrical resistivity measurements.
The p(T) shows a metallic behavior, following a sharp upturn
below 35 K, which is suppressed under applied magnetic field.
Below Ty, the TMR and LMR of EuAuSb exhibit a positive
value in low field up to poHS = 3.8 and poH® = 0.95 T,
respectively, after which both MRs drop rapidly to become
negative and saturate in high fields. Above Ty, TMR and LMR
become negative in the whole measured magnetic field range
until 40 K; after that, they switch to a small positive value
and remain up to 300 K. The Hall resistivity data exhibit a
hump anomaly below Ty, which is attributed to the THE. The

semiclassical two-band model nicely fits the Hall resistivity
data above 10 K, suggesting both electron and hole carriers
contribute to the electrical transport. The theoretical calcula-
tions unveiled the emergence of a nodal line in the absence
of SOC. This nodal line is positioned just below the Fermi
level and is protected by the mirror symmetry. Considering
the inclusion of SOC, EuAuSb emerges as a fresh contender
in the realm of AFM topological materials.
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