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ABSTRACT

Rare-earth intermetallics, especially Gd-based compounds, are of great interest due to their diverse magnetic ground states and intriguing
topological properties. Using first-principles calculations, we investigate the magnetic, electronic, and phononic properties of GdAuSn. Our
results identify the C-type antiferromagnetic configuration as the lowest energy state, with a critical temperature of 25 K estimated using the
Heisenberg spin model and mean-field approximation. The electronic band structure reveals nodal surfaces and Dirac points, highlighting
the material’s non-trivial topology. In the magnetically ordered state, GdAuSn exhibits positive transverse magnetoresistance, increasing to
~25% at 3.5T and 10K, with Hall resistivity analysis confirming electron-dominated transport. Additionally, phonon dispersion analysis
uncovers topological phononic states with nodal surfaces. These findings provide insights into the interplay of magnetism, topology, and
transport in GdAuSn, establishing its potential for fundamental research and topological antiferromagnetic spintronics.
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I. INTRODUCTION intersections between valence and conduction states. Their transport

The intricate relationship between the electronic configuration properties include a high carrier mobility, an extremely large magne-

e . . . toresistance (MR), and a negative longitudinal MR.'*~
and topology within materials guarantees a wide range of topological Within thi ’ f  h 1t ’ h
conditions. These encompass diverse states such as topological semi- 1thin this ramelwo%‘ > exagonat erne.lry rare e?ar cor.n—
metals, topological insulators, and topological superconductors.' pounds have garnered significant attention owing to their potential
. . > : s . to manifest diverse topological states. Of particular interest are

Topological semimetals are presently garnering significant interest . . L2 .

ithin the topological materials field. owine to thei e f materials that exhibit an intricate interplay between topology and
Wé 1 de‘ :;p ° (,)agllc ¥1a erials IZ > owing Of et pror.msefuor magnetism. For instance, strongly correlated Yb-based compounds
advancec In uan app 1ce}t:(;ns and as avenues lor ploneering Iun- such as YbCdX (X = Ge and Sn) have been found to show interest-
damental scientific studies. > Extensive research has delved into the

‘ > - ; - ing topological and magnetotransport properties.”””" Among these
topological states present in nonmagnetic materials, which adhere to compounds, Eu- and Gd-based intermetallics stand out due to the

time reversal symmetry (7).’ However, in magnetic systems, spe- presence of Gd>* and Eu?* oxidation states, characterized by a
cific topological classes undergo significant transformations due to half-filled f shell with electron configuration 4f7, making them par-
the absence of .7, resulting in diverse topological states. These topo- ticularly intriguing. The magnetic properties of these compounds
logical non-trivialities are protected by certain crystalline or space or originate from the f orbitals, while the low-energy bands around
point symmetry groups. Magnetic materials have been observed to  the Fermi level arise from the dispersive s or p orbitals of other
manifest various topological insulating states, Weyl points, and Dirac constituents. This configuration helps in clarifying topological fea-
points.''~'® These semimetals exhibit distinctive responses to both tures and improving carrier mobility. For example, the antiferro-

electric and magnetic fields and feature symmetry-protected band magnetic (AFM) Dirac semimetal EuAgAs displays a chiral
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anomaly induced negative longitudinal MR and a significant topo-
logical Hall effect.”” Magnetotransport and electronic band struc-
ture analyses have revealed substantial negative MR in EuAuAs,
where a Dirac nodal line is present.'® In Gd-based compounds,
GdAgGe exhibits positive transverse MR, which increases with
decreasing temperature and increasing field, featuring a nodal line
with drumhead surface states associated with a nonzero Berry
phase.'” Another interesting compound, GdAuGe, demonstrates
large positive MR and significant anomalous Hall conductivity at
low temperatures, accompanied by the presence of a Dirac nodal
line."

In this study, we have explored the physical characteristics of
GdAuSn, a member of a diverse group of ternary intermetallics fea-
turing Gd, a rare earth element, and Au, a transition element.
GdAuSn crystallizes in a hexagonal LiGaGe-type crystal structure
with the space group P63mc.”® The magnetism of GdAuSn was ini-
tially investigated by Oesterreicher through ac-susceptibility mea-
surements, revealing an AFM ordering below the Neel temperature,
Ty = 35K.”” Recent studies have reported slightly different Ty
values of 23, 26,”” and 25K.”” Here, employing first-principles
calculations, we have delved into the structural, magnetic, elec-
tronic, and dynamic properties of GdAuSn. Our investigation has
unveiled the ground state magnetic configuration and determined
exchange interactions using the Heisenberg spin model. We found
that the ground state of GdAuSn exhibits a C-type AFM order with
Ty = 25K, consistent with experimental observations.” Electronic
band structure analysis has revealed the presence of nodal surfaces
in the absence of spin-orbit coupling (SOC) and a Dirac point
upon including SOC. The non-trivial nature of our compound has
been corroborated through the calculation of the Z, invariant.
Additionally, GdAuSn displays topological features in its phonon
dispersion. Our findings suggest that GdAuSn holds promise as a
candidate for an AFM topological semimetal, encompassing both
electron and phonon topology.

The organization of this paper is as follows: Sec. II provides a
detailed description of the computational techniques employed.
Following that, in Sec. III A, there is an in-depth discussion of the
structural and magnetic properties. Section III B is dedicated to
presenting the exchange interactions. The discussion on electronic
properties is given in Sec. III C. The magnetoresistance explana-
tions are provided in Sec. III D, and topological phonon properties
can be found in Sec. III E. Finally, the paper is concluded in
Sec. IV with a summary of our findings.

Il. COMPUTATIONAL DETAILS

Using the Vienna Ab Initio Simulation Package (VASP), we
conducted thorough geometry optimizations of the compound
employing the generalized gradient approximation GGA-PBE.”"*”
The results obtained with GGA-PBE closely match experimental
parameters. Our computations strictly adhere to self-consistency
principles, ensuring energy and force convergence to within
107°eV and 1072 eV A3, respectively. We selected a 6 x 12 x 6
k-mesh to generate a unique k-mesh within the irreducible
Brillouin zone (BZ) using the Monkhorst-Pack approach.”
Integration of the BZ is carried out using the tetrahedron approach,
with an energy cutoff point set at 500eV. To account for the
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correlation effects of Gd-f states, a Hubbard parameter (U) of 6 eV
was employed.”’m””"35 For phonon dispersion computations, we
employed the density functional perturbation method in VASP,
along with Phonopy.”® Phonon calculations were performed using
a dense k-mesh (12 x 24 x 12) and a 10~% eV energy convergence
criterion. To assess the topological nature, we integrated the tight-
binding Hamiltonian with the Wannier90 package.”” The topologi-
cal properties of the compound, as per the tight-binding model,
were investigated utilizing the iterative Green’s function technique,
available in the WANNIERTOOLS package.’*’ Magnetoresistance
was calculated by combining Boltzmann transport theory with the
Fermi surface derived from first-principles calculations,”’ utilizing
the open-source software package WANNIERTOOLS.*

I1l. RESULTS AND DISCUSSION
A. Structural and magnetic properties

Gd, Au, and Sn atoms are located at Wyckoff positions 2a, 2b,
and 2b, respectively, forming the unit cell of GdAuSn, comprising
a total of six atoms. This compound crystallizes in a LiGaGe-type
hexagonal structure with space group P6s;mc (186), as depicted in
Fig. 1(a). Additionally, it exhibits twofold screw rotational symme-
try, denoted as S, = {sz|00%}, and features three vertical mirror
planes, specifically M, = {Mx;,\OO%}, ]N\/Im = {szy|00%}, and M.

In order to deduce the magnetic properties of our compound,
we have considered different magnetic configurations. The mag-
netic cells are constructed by doubling the unit cell along the
a-axis. The ferromagnetic (FM) and AFM (including A-, C-,
G-type AFM) configurations are shown in Fig. 2. The calculated
ground state energies for all these possible configurations are listed
in Table I. Upon a thorough comparison of the energies attributed
to various magnetic orders, facilitated by the PBE+U approach,
Table I clearly highlights the C-AFM configuration as the one with
the lowest energy. In the C-AFM configuration, we observe AFM
coupling along the a-axis and FM coupling along the b and ¢ axes.
To further corroborate the spin orientations within the C-AFM
case, we performed calculations for the ground state energies along
different spin alignments such as [001], [010], [100], [011], [101],
and [110]. The configuration with spins aligned along the [001]
direction yields the minimum ground state energy.

FIG. 1. (a) The crystal structure of GdAuSn. (b) The irreducible Brillouin zone
of the bulk along with the (001) projected surface.
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FIG. 2. Magnetic configurations for 2 x 1 x 1 supercell of GdAuSn with Gd
spins. (a) FM, (b) A-AFM, (c) C-AFM, and (d) G-AFM. Blue and green arrows
denote the spin-up and spin-down, respectively.

B. Exchange interaction

To comprehend the inherent magnetic properties at the
ground state level, we harnessed the capabilities of the DFT to sim-
ulate an array of magnetic spin configurations. Within the realm of
magnetic spin alignments, our exploration encompassed the FM,
A-AFM, C-AFM, and G-AFM, as visually represented in Fig. 2.
The exchange interactions can be approximated by correlating the
total energies of different spin configurations obtained through
DFT with the underlying Heisenberg spin model. This correlation
involves expressing the Heisenberg spin model as

1
H==2>JiS$) ey
-

where Jj; represents the exchange interaction between sites i and j
and Sj;) denotes the respective spin at those sites. Figure 2 illus-
trates the different magnetic arrangements that were employed for
the computation of exchange constants. The total energies for four
formula units can be stated as follows using the Heisenberg
Hamiltonian for all magnetic configurations,

F= S8+ 245 @)

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

Configuration M A-AFM C-AFM G-AFM

Energy (meV) 22.52 12.43 0 11.22

ARTICLE pubs.aip.org/aip/jap
1
A= —552[ — 8J1 +24),], (3)
1 2
C= _ES (81 — 8LL], (4)
1 2
GZ—ES [ -8 — 8], (5)

where F, A, C, and G represent FM, A-AFM, C-AFM, and G-AFM,
respectively. The exchange constants J; and J, correspond to inter-
actions between spins at varying distances: first-nearest-neighbor
and second-nearest-neighbor. These exchange constants can be
obtained from Eq. (5) using

1
]1 = *@[C* G]: (6)
= ! F-C 7)
fzf—ﬁ[ -,

where we assume S = Z, in accordance with the calculated magnetic
moment per Gd ion. The calculated exchange interactions for
GdAuSn are J; = 0.172 and J, = —0.585 meV. The results indicate
that an FM coupling is favored along the ¢ direction and AFM cou-
pling in ab plane.

The critical (Neel) temperature can be estimated using the
mean-field expression as”’

S(S+1)
Iy = 3% (Z:Zi]z), (8)

where kg represents the Boltzmann constant and z; represents the ;

number of closest neighbors. Here, z; = 2 and z, = 6 are the
number of nearest neighbors in GdAuSn. The determined value of

Ty is 25 K, which is consistent with the experimental result.””

C. Electronic properties

We calculated the total density of states (DOS) and the pro-
jected density of states (PDOS) for the C-AFM case to elucidate the
behavior of Gd, Au, and Sn elements. The results are visualized in
Fig. 3(a). In the valence band region, contributions from Gd, Au,
and Sn atoms are approximately equal. However, in both spin
channels, the conduction region is predominantly governed by Gd.
We also explored the properties of electronic band structure.
Figure 3(b) illustrates the electronic band structure, with the
spin-up bands (in red) and the spin-down bands (in blue). Both
the electronic band structure and density of states indicate that
GdAuSn displays metallic characteristics.

In the absence of SOC, the electronic band structure shows
interesting band crossings and degenerate bands. We can see that
the doubly degenerate bands are present along k-path A-L-H-A
on the k; = 0.5 plane, as shown in Fig. 3(b). In fact, we check that
all the bands in the k, = 0.5 plane are doubly degenerate. The
degeneracy is due to the linear crossing between two bands along
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FIG. 3. (a) Total and projected density of states of GdAuSn. (b) Electronic band structure along I'-M-K-I"-A-L-H-A path without SOC. (c) Electronic band structure with
SOC. (d) The BZ of the bulk with selected k-points. In (d), R and E are the midpoints of the paths A-L and I"-M, respectively, while Z and Y denote the midpoints of the
planes A-L-H-A and T"-M-K-T", respectively. (€) The calculated band structure along the five paths perpendicular to the k, = 7 plane.
the k, direction. The doubly degenerate band on the k, = 0.5 plane is a non-symmorphic symmetry involving a half-translation along

may be part of the nodal surface (NS). This NS is identified as a its rotation axis. In momentum space, S,, reverses k. and k, while
class-II NS, supported by a detailed symmetry analysis. The space leaving k, unchanged. In the absence of SOC, the relation (S,,)?
group of our investigated system possesses the S,, symmetry, which = Too1 = e~ holds, where Ty, denotes a translation along the z
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axis by one lattice constant. The ~ operator, being antiunitary,
reverses k and satisfies 7% = 1. As a result, the combined symme-
try operator .7 S, is antiunitary and acts only to invert k.. Since I~
and S,, commute, the operator 7S, satisfies (7 $y)? = e ke,
Crucially, every point on the k, = 7 plane is invariant under 7 S,..
According to the preceding relation, the antiunitary symmetry sat-
isfies (7S5,)> = —1 on the entire plane, leading to a twofold
Kramers degeneracy at all points within this plane. However, this
degeneracy is generally lifted outside the plane due to the loss of
symmetry protection, resulting in the emergence of a class-II NS at
the k, = & plane. To further understand the formation mechanism
of the NS in the k, = 0.5 plane, we have also calculated the band
dispersions along several k-paths perpendicular to the plane [see
Fig. 3(d)]. The results are shown in Fig. 3(e). The generic k-points
Y and Z refer to the center positions of the triangles K-I'-M and
H-A-L. We have also added two high-symmetry k-points R and E
at the midpoint of the A-L and I'-M lines. We can clearly observe
that the two bands have a linear crossing along all these

(a)

(©)

(e)

ARTICLE pubs.aip.org/aip/jap

perpendicular k-paths. The analysis of the bands reveals a notewor-
thy observation: the point at which bands intersect along every
k-path is consistently positioned at the midpoint of the path. The
presence of this linear band crossing along k-paths perpendicular
to the k, = 0.5 plane serves as evidence for the twofold band degen-
eracy occurring between the valence and conduction bands at the
k, = 0.5 plane. The above results confirm that the bands on the k,
= 0.5 plane are NSs, which are protected by the combination of 7
and S,, symmetries.

We have done a thorough analysis of the band crossings along
the T'-A direction (corresponding to the k, axis) in the presence of
SOC. It is worth noting that each band along the k, axis (specifi-
cally along the I'-A path) exhibits double degeneracy due to the
anticommutation relation between S,, and M, symmetries. We can
see that three distinct twofold degenerate bands intersect at specific
points denoted as DP1, DP2, and DP3. DP1 and DP2 emerge as a
result of accidental band crossings and are located precisely on the
rotation axis. Conversely, DP3 represents an essential band crossing

(b)

(d)

4]

FIG. 4. (a—f) The Fermi surfaces of GdAuSn in the presence of SOC.

02550 920z Asenuer g1

J. Appl. Phys. 136, 243902 (2024); doi: 10.1063/5.0243956
© Author(s) 2024

136, 243902-5


https://pubs.aip.org/aip/jap

Journal of
Applied Physics

point, dictated by the non-symmorphic symmetries inherent in the
space group. Consequently, all three band crossings along the I'-A
direction manifest as four-fold degenerate Dirac points.
Significantly, Dirac band crossings are typically forbidden in non-
centrosymmetric materials due to the breaking of inversion symme-
try. However, our study reveals that GdAuSn stands out as a
unique non-centrosymmetric system that exhibits Dirac points in
its electronic structure. This distinct feature adds to its intriguing
electronic properties. Taking into account the effective J symme-
try, we computed the Z, invariants. The calculated Z, invariants,
(0; 1 1 1), indicate that GdAuSn is a weak topological material.
Next, we have discussed the Fermi surface with the inclusion
of SOC. The recent studies on Fermi surface topology signified its

ARTICLE pubs.aip.org/aip/jap

band crossing the Fermi level from the conduction band to the
valence band. The first four closed Fermi surfaces are correspond-
ing to the bands that cross the Fermi level around I" and A points,
which are shown in Figs. 4(a)-4(d). Next two Fermi plots are corre-
sponding to the bands that cross the Fermi level around K point.

D. Magnetoresistance

The intriguing electronic properties of GdAuSn discussed
earlier motivate us to investigate the effect of the magnetic field on
its electrical resistivity using the Boltzmann transport theory within
the relaxation time approximation. In this study, six bands crossing
the Fermi level, all of which are electron-like as shown in Fig. 4,

importance in magneto-transport properties like magnetoresis-
tance.’ The Fermi surface plots for six bands are shown in Fig. 4.
All these Fermi surfaces exhibit electronic character due to the

have been analyzed for their impact on total resistivity and MR.
We calculated the Hall resistivity (p,,) as a function of the mag-
netic field. Figure 5(a) presents the field-dependent p,, data at

(a) 0 (b) 2.0

1.9

— 10K
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FIG. 5. (a) Hall resistivity, (b) the longitudinal (p,,) and transverse (p,,) electrical resistivity, and (c) the longitudinal (MR,,) and transverse (MR,x) magnetoresistance as a
function of magnetic field. In (c), the inset figure presents MR,.

J. Appl. Phys. 136, 243902 (2024); doi: 10.1063/5.0243956
© Author(s) 2024

136, 243902-6


https://pubs.aip.org/aip/jap

Journal of
Applied Physics

various temperatures ranging from 10 to 30K. The Psy data
exhibit a negative linear dependence on the magnetic field, indi-
cating the presence of electron charge carriers in the electrical
transport of GdAuSn, which is consistent with our Fermi surface
calculations. Next, we computed the electrical resistivity along the
x and z directions to observe the transverse and longitudinal
effects of the applied magnetic field. The calculated electrical
resistivities, both transverse (p,,) and longitudinal (p,,), are pre-
sented in Fig. 5(b). It is evident that p,, values are larger than p,
across all temperatures, namely, 10, 20, and 30K. The
temperature-dependent resistivity exhibits a metallic-like increase
in zero magnetic field. Furthermore, it is noticeable that p,,
increases with increasing magnetic field strength, but it begins to
decrease after reaching a field strength of approximately 3.5T.
Conversely, the value of p_, is observed to remain nearly constant
with magnetic field strength.

The magnetic field-dependent MR corresponding to these
resistivities is presented in Fig. 5(c). From Fig. 5(c), we can see that
the transverse MR values (MR,,) are higher than the longitudinal
MR values (MR,,). If we observe the variation of MR,, with a

ARTICLE pubs.aip.org/aip/jap

change in magnetic field, initially it increases with an increase in
field value and starts decreasing later on, while the values of MR,
remain nearly constant. A similar positive trend in MR has been
observed in the isostructural compound GdAuGe, known as a
Dirac material."”

E. Phononic properties

To explore the dynamical stability of our compound, we con-
ducted phonon dispersion calculations and generated a plot along
the high-symmetry path [see Fig. 1(b)]. Figure 6(a) reveals that the
acoustic branches predominantly resided in the positive frequency
region, signifying the robust dynamical stability of GdAuSn. Due to
the non-equivalent atomic masses of the constituents, we observed
less interaction between the acoustic and optical modes in the
phonon dispersion curve. To gain further insights into the atomic
contributions to phonons, we computed the phonon density of
states which is shown in Fig. 6(b). The resulting plot indicated that
the low-frequency phonon modes were influenced by the Au atoms
whereas the higher-frequency optical modes received contributions

(@ 5 N30 —Towal

e = —ai

N 4 S~ 25} — Au

E 8 — Sn

= 820}

> N

9 — 15}

% 2¢ o 1 8

on T — 10t

O T 1 c

=N Y/ 2. P S

— et 1ok g St

P P S
0 Lo J/ L é 0 . :
I' MK I'A LH A 0 1 2 3 4 5
Frequency (THz)

(c)2.88 2.71 2.79 2.88 2.88
gy
N
T
b 2.85¢ 2701 2.76¢ 2.85} 2.85¢
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Q
5
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3

2 28 T w2 % Tk 2 e 2Ny

FIG. 6. (a) Phonon dispersion along the high-symmetry path. (b) Total and projected phonon density of states. (c) Phonon dispersion along the selected k-path as shown

in Fig. 3(d).
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from Sn atoms. The frequency region between the low- and high-
frequency region mainly contributed by Gd atoms.

Similar to the electronic band structure, here also we can see
the twofold band degeneracy along the k, = 0.5 plane. To illustrate
this phenomenon, we deliberately present the band dispersion
along several k-paths perpendicular to the plane [see Fig. 3(d)].
The clear observation of the linear crossing on these selected paths
confirms the presence of NSs along k, = 0.5 plane. This observation
aligns seamlessly with the previously mentioned argument that the
antiunitary symmetry ' S,, plays a pivotal role in ensuring the
presence of a nodal surface at the k, = 0.5 plane.

IV. CONCLUSION

In summary, our study explores the fascinating properties of
the rare-earth intermetallic compound GdAuSn through compre-
hensive computational analyses. We identify its C-type antiferro-
magnetic configuration with a critical temperature of 25K. Our
electronic analysis reveals topological features, including Dirac
points and nodal surfaces, highlighting the compound’s potential
for novel electronic applications. Additionally, we investigate the
magnetoresistance behavior, showing how external magnetic fields
influence the material’s transport properties. Phonon dispersion
analysis uncovers topological nodal surfaces, while the calculated
Z, invariants confirm the material as a non-trivial topological anti-
ferromagnetic system. Overall, our findings contribute to the
understanding of rare-earth-based intermetallic compounds and
their potential applications in electronics and magnetism.
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