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Electronic structure and physical properties of the candidate topological material GAAgGe
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We grew needle-shaped single crystals of GdAgGe, which crystallizes in a noncentrosymmetric hexagonal
crystal structure with space group P62m (189). The magnetic susceptibility data for H L ¢ reveal two pronounced
antiferromagnetic transitions at 7y; = 20 K and Ty, = 14.5 K. The magnetic susceptibility anomalies are less
prominent for H || c¢. The transition at Ty, is accompanied by a pronounced heat capacity anomaly confirming
the bulk nature of the magnetic transition. Below Ty, the electrical resistivity data follows a T°/> dependence.
In the magnetically ordered state, GdAgGe shows positive transverse magnetoresistance, which increases with
decreasing temperature and increasing field, reaching a value of ~27% at 9 T and 10 K. The Hall resistivity data
and electronic band structure calculations suggest that both the hole and the electron charge carriers contribute
to the transport properties. The electronic band structure displays linear band crossings near the Fermi level. The
calculations reveal that GdAgGe has a nodal line with drumhead surface states coupled with a nonzero Berry

phase, making it a nontrivial nodal-line semimetal.
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I. INTRODUCTION

Rare-earth-based intermetallic compounds are well known
for their complex and wide range of physical properties,
such as quantum critical point, field-induced first-order to
second-order phase transitions, non-Fermi-liquid behavior,
crystal electric-field interaction, spin and charge orderings,
valence fluctuation, heavy-fermion (Kondo) behavior, charge
density wave, superconductivity, etc. [1-7]. Recently, interest
has burgeoned in the rare-earth compounds due to the ob-
servation of nontrivial topological states. A special interest
is in those materials, which show interplay between topol-
ogy and magnetism. In these materials, the topological states
are protected by certain crystalline or point or space group
symmetry as they have either broken time-reversal symme-
try (TRS) or inversion symmetry (IS) or both [8]. It was
reported that broken TRS in combination with strong spin
orbit coupling (SOC) leads to a large anomalous Hall effect
(AHE) in antiferromagnetic Weyl semimetal GdPtBi [9]. In-
terestingly, besides AHE, another type of Hall effect, i.e.,
topological Hall effect (THE) arises in some topological
magnetic materials with a noncoplanar magnetization tex-
ture, defined by their nontrivial topology coupled with local
magnetization [10]. It was theoretically predicted that THE
can occur solely from Berry phase in the absence of SOC
as opposed to SOC-induced AHE, and it is favorable for
those systems having low carrier density, large spin split-
ting, and exchange interactions [11]. However, THE can
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also occur in higher carrier density ferromagnetic (FM) and
antiferromagnetic (AFM) materials crystallizing in different
lattice structures and is sensitive to several factors, such as
geometrical frustrations, spin chirality, thermal fluctuations,
antisymmetric Dzyaloshinskii-Moriya interaction, correlation
effects, and magnetic anisotropy [10,12—17]. Several differ-
ent families of materials, such as V,Sb,Tes [12], MnSi [13],
MnGe [14], MnsSi3 [15], Ca;_,Ce,MnO; [16], EuAgAs [17],
EuO [18], and Pr,Ir, 07 [19] were reported to display THE.
The rare-earth-based equiatomic ternary germanide com-
pounds can be very exciting from the perspective of topolog-
ical, magnetic, and transport properties due to their tunable
magnetic behavior, which could be manipulated by num-
ber of 4f electrons and external magnetic fields [10,20—
23]. Recently, type-I and type-II Weyl semimetal states were
theoretically predicted in some of the rare-earth-based alu-
minum germanides where the type of topological state can be
tuned by choice of the rare-earth element by breaking IS or
TRS [24]. The theoretical predictions made in Ref. [24] were
later confirmed by the experimental results in PrAlGe [25,26]
and CeAlGe [27]. Interestingly, both tetragonal compounds
were found to show anomalous transport associated with
nontrivial Berry phase for magnetic fields along the crystal-
lographic ¢ axis [25,28]. PrAlGe exhibits large AHE with
conductivity value ~680 Q1em™! [28], and CeAlGe shows
THE in the field range of 0.4—1.5 T at low temperatures [10].
PrAlGe was also reported to show enhanced AHE due to large
Berry curvature generated by Weyl nodes, when small mag-
netic fields polarize Pr local moments along the ¢ axis [26].
YbAgGe is another interesting compound, which exhibits
field-induced quantum criticality, non-Fermi-liquid behavior,
and anisotropic Hall effect [29-31]. All these interesting ob-
servations motivated us to further explore the equiatomic
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ternary rare-earth silver germanide systems in context of their
magnetic, thermodynamic, transport, and topological proper-
ties.

Here, we describe the results of our study of GAAgGe that
crystallizes in hexagonal crystal structure with space group
P62m (189) and orders antiferromagnetically below the Néel
temperature, Ty &~ 15.6 K as determined for polycrystalline
samples [21]. We grew the GdAgGe single crystals and in-
vestigated their physical properties by means of magnetic
susceptibility, heat capacity, electrical resistivity, Hall effect,
and magnetoresistance measurements, as well as electronic
band structure calculations.

II. EXPERIMENTAL DETAILS AND METHODS

Single crystals of GdAgGe were grown using Pb flux.
High-purity elements Gd (Alfa Aesar, 99.9%), Ag (Alfa Ae-
sar, 99.99%), Ge (Alfa Aesar, 99.999%), and Pb (Alfa Aesar,
99.99%) were weighed in a 1:1:1:10 molar ratio and put into
an alumina crucible. Then, the crucible was sealed inside a
quartz tube under argon atmosphere. Next, the whole assem-
bly was put into a furnace and subjected to heat treatment
at 1100 °C for 10 h. Subsequently, the furnace was slowly
cooled down to 700 °C at a rate 2 °C/h and at this temperature
flux was removed by centrifugation. The process resulted in
needleike shiny single crystals with typical dimensions of
3 x 0.3 x 0.4 mm®>.

The crystal structure and chemical composition of the
grown crystals were checked by x-ray diffraction (XRD) on
a PANalytical X Pert PRO diffractometer with Cu Ko radia-
tion, and energy-dispersive x-ray spectroscopy performed in a
JEOL JSM-6010LA scanning electron microscope. Transport
measurements were carried out in a Quantum Design physical
property measurement system (PPMS) using a standard four-
probe method. Heat capacity measurements were performed
using the conventional relaxation method in the same PPMS
platform. Magnetization measurements were carried out em-
ploying a Quantum Design magnetic property measurement
system.

The first-principles calculations were performed based on
the density functional theory (DFT) [32,33] with the pro-
jector augmented-wave [34] method as implemented in the
Vienna ab initio simulation package [35,36]. To account
for exchange-correlation effects, the generalized gradient ap-
proximation (GGA) with the Perdew-Burke-Ernzerhof [37]
parametrization was used. The significant correlation effects
of Gd-f states were handled by using a Hubbard U parameter
(GGA+U) of 6 eV [38,39]. All calculations were performed
with a plane-wave energy cutoff of 600 eV, and the energy
convergence criterion was chosen to be 10~° eV. The geome-
try optimization calculations were performed witha?2 x 2 x 2
supercell using dense k mesh as per the Monkhorst-Pack
technique [40]. For surface-state calculations, the WANNIER90
package [41] was employed to create a tight-binding Hamil-
tonian based on maximally localized Wannier functions. The
iterative Green’s function approach, which is implemented
in the WANNIERTOOLS package, was used to study topolog-
ical features of the compound based on the tight-binding
model [42,43].
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FIG. 1. (a) Powder x-ray diffraction pattern of crushed single
crystals of GdAgGe recorded at room temperature. (b) XRD pattern
of the GdAgGe single crystal. The inset shows the photograph of
needle-shaped single crystals grown along the ¢ axis.

III. RESULTS AND DISCUSSION

A. Crystal structure

Figure 1(a) shows the powder XRD pattern of crushed
single crystals of GdAgGe recorded at room temperature. It
reveals the single phase growth of GdAgGe crystals. Further-
more, we carried out Rietveld refinement of the powder XRD
data using the FULLPROF software. The refinement yielded the
hexagonal structure with space group P62m (189) and the
lattice parameters a = b = 7.170, and ¢ = 4.241 A, close to
those reported in the literature [20]. The single-crystal XRD
pattern measured on a flat surface of a needle-shaped crystal
is shown in Fig. 1(b). The presence of (/00) peaks in the
diffraction pattern indicates that a needle axis of the crystal
coincides with the crystallographic ¢ axis as shown in the
inset of Fig. 1(b). The chemical composition of needle-shaped
crystals was found to be very close to the ideal equiatomic
stoichiometry.

B. Magnetic properties

Figures 2(a) and 2(b) show the DC magnetization (M) as
a function of temperature (7') for various external fields (H)
applied perpendicular and parallel to the crystallographic ¢
axis. The data was taken in ZFC and FC modes, and it is
plotted as M(T)/H curves. For H 1L ¢, M/H curve shows
two very sharp peaks at Ty; = 20 and Ty, = 14.5 K, clearly
indicating the AFM ordering in the compound. It is worthy
to mention here that for the polycrystalline sample, only one
AFM transition was observed at ~15.6 K [21]. As is evident
from Fig. 2(a), an increase in field from 0.1 to 5 T shifts the
peaks towards lower temperatures, which is consistent with
the usual behavior exhibited by an antiferromagnet [44,45].
Furthermore, with the change in field direction from H L ¢
to H || ¢, the observed sharp peaks become quite broad and
less pronounced. The magnetization values observed for H
1 ¢ and H || ¢ do not differ significantly, suggesting small
magnetic anisotropy. For both configurations, ZFC and FC
curves show bifurcation below Ty,. This feature hints at the
possibility that the order-to-order magnetic phase transition in
GdAgGe involves small canting of the AFM moments.

The temperature dependencies of the inverse magnetic sus-
ceptibility (x ~! = M/H) measured in magnetic field puoH =
0.1 T with H L ¢ and H | ¢ are shown in the insets of
Figs. 2(a) and 2(b), respectively. Above 100 K, the data
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FIG. 2. The magnetization data of GdAgGe single crystals recorded for fields parallel and perpendicular to the crystallographic ¢ axis.
Magnetization, M/H as function of T measured in various fields of H = 0.1, 0.5, and 5 T in the zero-field cooled (ZFC) (open circles) and
field-cooled (FC) (filled circles) modes: (a) for H L ¢ and (b) for H || ¢. The insets of (a) and (b) show the temperature dependence of the
inverse magnetic susceptibility (1/x) for H L c and H || c in a field of H = 0.1 T, respectively. The green line is fit to Curie-Weiss law. (c) The
isothermal magnetization of GAAgGe for H L. cand H || catT = 1.7 K.

were fitted to the Curie-Weiss equation x(7) = C/(T — ®p),
where C and ®p are the Curie constant and the paramagnetic
Curie temperature, respectively. The fit yields the values of
®p ~ —56.4and —42.0 Kfor H L c and H || c, respectively.
The negative value of ®p conforms to the AFM order in the
compound. The frustration parameter f (=®p/Ty) estimated
for our crystal is ~2.82 (3.89) for Ty; (Ty2), which lies in
the moderate range [46]. The f value for the GdAgGe crystal
is much smaller than reported for strongly frustrated ger-
manide YbAgGe (~26) [47] but larger than for polycrystalline
GdAgGe (~1.77) and ErAgGe (~0.30) compounds [48]. The
effective magnetic moment, (.rr estimated from the Curie
constant for H L ¢ (H || ¢) is 7.99 (7.42) up, which compares
well with the theoretical value of ~7.94 1 for the Gd** ion.
Figure 2(c) shows the isothermal magnetization, M (H) of
GdAgGe measured at 1.7 K for H L ¢ and H || ¢ config-
urations. M increases linearly with H up to 7 T for both
field orientations. This kind of behavior is expected for AFM
systems with metamagnetic transition occurring in stronger
fields and reported before for other Gd-based ternary antifer-
romagnets, such as GdPtBi, GdAuGe, and GdAuln [9,20].

C. Heat capacity and entropy

The temperature dependence of the heat capacity (Cp)
at constant pressure is shown in Fig. 3. A clear A-shaped
anomaly near 20 K is observed, which confirms the AFM
ordering at Ty revealed in our magnetization measurements.
The other AFM transition, clearly visible at Ty, = 14.5 K in
the magnetic susceptibility data, does not manifest itself in
C,, however, its weak signature is visible in the temperature
derivative of the heat capacity (see the inset to Fig. 3). With
application of magnetic field, the anomaly at 7y is slightly
shifted towards lower temperatures with increasing field (not
shown here) as observed in the magnetic susceptibility data.
In the paramagnetic state, C,, increases continuously until it
gets saturated at a value of ~72.11 J mol~! K~! at the room
temperature. This value is close to the limit set by Dulong-
Petit law (C, = 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 temperature variation of C, above Ty can

be well described by a sum of electronic (yT), Debye (Cp),
and Einstein (Cg) contributions with the expression,

C(T) =yT + pCp(T) + (1 = p)Ce(T), ey

where p is the weight factor and y is the Sommerfeld coeffi-
cient. Cp(T) and Cg(T) are defined as

Co(T) = IR — 3f®D/T xe 6
R CTY N N e

and

Op\> O/

T 3

where ®p and ®f are the Debye and Einstein temperatures,
respectively. The obtained values of the fitting parameters are
y = 0.47 mJ mol™' K2, ®) = 164, O = 288 K, and p=
0.66. The large value of ®f suggests the contribution of high-
frequency optical modes to the heat capacity of GdAgGe.

By subtracting the phonon contribution to C,(T), deter-
mined from Eq. (1), the magnetic part of the heat capacity
C,, was derived and used to estimate the magnetic entropy
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FIG. 3. Temperature dependence of the heat capacity of GdAgGe
at zero field. The solid red line represents the fit to the experimental
data using the Einstein-Debye model. The inset shows the tempera-
ture derivative of the heat capacity.
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FIG. 4. (a) Temperature dependence of the electrical resistivity
of GdAgGe single crystals in zero magnetic field. The inset shows
the expanded view of the low-temperature resistivity data with a
power-law fit (shown by a red line) in the AFM ordering range.
(b) Transverse magnetoresistance (H L i) of GdAgGe single crystal
measured at several temperatures.

according to the formula S, = [ %d T. The magnitude of S,
is~11.5Tmol ' K~! at Ty1 = 20 K and saturates above 30 K
around 14.5 J mol~! K~!, which is about 84% of the value
Rin8 expected for S = 7/2.

D. Magnetotransport

Figure 4(a) shows the temperature dependence of the elec-
trical resistivity p of a GdAgGe single crystal measured along
the ¢ axis in zero magnetic field. The resistivity decreases
monotonically with decreasing 7 in a metallic manner, and
its magnitude is similar to those reported for GdPdSn and
GdPdGe [49]. Below 30 K, the resistivity decreases more
rapidly. The AFM transition at 7y; manifests itself as a knee
in p(T) and a clear minimum in the temperature derivative
of this curve (not shown here). This feature can be associated
with suppression of spin-disorder scattering in the magneti-
cally ordered state. Remarkably, o(T) does not exhibit any
clear anomaly at Ty, = 14.5 K as displayed in the inset to
Fig. 4(a). The measured resistivity was found to drop suddenly
near 7 K. This feature is likely extrinsic to GdAgGe and orig-
inates due to Pb flux residues trapped on the random sites of
the crystal surface [50], which become superconducting at this
temperature. The extrinsic character of the superconductivity
is confirmed by the absence of any corresponding anomaly in
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FIG. 5. Magnetic field dependence of Hall resistivity for
GdAgGe at various temperatures. The red and blue lines represent
the two-band [Eq. (4)] and single-band model fitting, respectively.
The inset shows variation of carrier concentrations and mobilities as
a function of temperature.

the heat capacity data. To determine the dominant scattering
mechanism in the AFM range (8§ K < T < 17 K), the low-
temperature resistivity data were fitted with the expression
p(T) = pg + AT™, where py and A represent the residual
resistivity and the scattering coefficient, respectively, and m is
the exponent representing the scattering mechanism. Usually,
in the AFM regime where conduction electrons are scattered
by AFM magnons, the exponent, m = 3 is expected [51]. In
the present case, we found m = 3/2, predicted by Moriya and
Takimoto to occur due to AFM spin fluctuations [52]. Similar
kind of p(T') behavior at low temperatures was reported in the
literature for RPdSi (R = Gd, Tb, and Dy) compounds [53].
The isothermal transverse magnetoresistance (H L i) of
GdAgGe is shown in Fig. 4(b), where MR is defined as MR =
[p(H) — p(0)]/p(0). In the ordered state, MR is positive and
increases with increasing field, reflecting the generic feature
of an antiferromagnet. The maximum MR value is ~27% at
9 T and 10 K. At the boundary of AFM to paramagnetic phase
transition, i.e., at 20 K, MR magnitude sharply decreases to
~4% at 9 T and becomes nearly zero in weak magnetic fields.
With further increase in temperature (T > Ty), MR is very
small in small fields and becomes negative in strong fields,
which can be attributed to field-induced alignment of the
Gd magnetic moments in the paramagnetic phase. Figure 5
shows the field dependence of Hall resistivity (poy,) in the
temperature range of 15-100 K. It is clearly observed that at
low temperatures (I" < 100 K), p, shows the nonlinear field
dependence, indicating the multiband character of electronic
transport. However, the sign of py, is positive below 30 K,
which suggests that the holes are the dominating charge carri-
ers. At somewhat higher temperatures (30 < 7 < 100 K), the
nonlinear behavior of py, persists with the electrons dominat-
ing charge transport. For T = 100 K, the p,, becomes linear
with complete dominance of electrons. The slope of the linear
fit provides the Hall coefficient Ry, which is used to estimate
electron carrier concentration (n), and the Hall mobility (1)
by using the relations n = 1/(eRy) and u = Ry /pw (H =
0). The estimated value of n and w is 2.04 x 10?! cm™3 and
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FIG. 6. (a) The crystal structure of GdAgGe where Gd and Ag
atoms are situated at the pyramidal and tetrahedral sites, respectively.
(b) AFM configuration for the 1 x 1 x 2 supercell of GdAgGe with
[001] directed magnetic moments. (c) The irreducible Brillouin zone
of the bulk along with the (001) projected surface. (d) AFM1 config-
uration for the 2 x 2 x 2 supercell with in- and out of plane AFM
interactions. (e) AFM2 configuration for the 2 x 2 x 2 supercell
with FM interactions on the ab plane and AFM interactions along
the ¢ axis.

118 cm? V~!s7!, respectively. To further extract information
about the charge carriers and their mobilities at low tempera-
tures (7' < 100 K), we use the semiclassical two-band model
where the Hall resistivity is given by the expression,

H (maj = nepg) + (ny — ne)uguph?
e (Nepte + nh,“«h)2 + (np — ne)zl/«gliin

Pxy = 4)
The two-band model fit in the temperature range of 15-50 K is
shown in Fig. 5. It is clearly evident that the two-band model
nicely fits the Hall data above 20 K. However, at 15 K, the
quality of fit is rather poor due to the magnetic ordering effects
on p,,. From the fitting, we estimate the carrier density of
~101_102! cm~> in the temperature range of 15-50 K. The
details of different charge-carrier densities and their mobilities
are shown in the inset of Fig. 5. The estimated carrier densi-
ties in GdAgGe are significantly higher than that of typical
Dirac/Weyl semimetals (n ~ 10'7-10'" cm~3) but compara-
ble to that reported in several nodal-line semimetals [54—57].
We do not observe the signature of THE down to 15 K. This
could be due to the fact that the Dirac node is not precisely lo-
cated at the Fermi level, and, hence, the contribution of Dirac
fermions is probably masked by the dominating conventional
charge carriers.

E. Electronic structure

GdAgGe crystallizes in a hexagonal system with noncen-
trosymmetric space group P62m (189), which is structurally
identical to ZrNiAl, a ternary ordered form of Fe,P as illus-
trated in Fig. 6(a). The space group has a threefold rotational
axis (Cs;) and a horizontal mirror plane mygg; but lacks in-
version symmetry. Our DFT calculations describe the crystal
structure with the lattice parameters a = b = 7.24, ¢ = 4.26
A, in good agreement with those determined experimentally.
Gd and Ag atoms are positioned at the pyramidal (3g) and
tetrahedral (3f) sites, respectively. From Fig. 6(a), it can be
seen that Gd + Ge and Ag 4 Ge atoms form the layers
that are separated along the ¢ axis. According to the exper-
imental results, GdAgGe is an AFM system. Thus, we used

TABLE 1. Calculated energies of different nonmagnetic and
magnetic configurations (in meV) with the reference energy consid-
ered to be 0 meV.

Configuration NM FM AFM1 AFM2

Energy (meV) 680 35.10 0 1.92

the 2 x 2 x 2 supercell to compute the ground-state energy
for nonmagnetic (NM), FM, and AFM configurations to gain
a better understanding of the magnetic characteristics. The
possible AFM configurations are shown in Figs. 6(d) and 6(e).
Here, the AFM1 configuration contains the AFM coupling of
magnetic moments in and out of plane, whereas AFM2 (A-
type AFM) configuration exhibit FM coupling in the ab plane
and AFM interactions along the ¢ axis. The calculated energy
differences among the different magnetic ordered states are
tabulated in Table I. As evident from Table I, AFM1 has the
lowest ground-state energy among the calculated structures,
and it is consistent with our experimental data. It should be
noted that the energy difference between AFM1 and AFM2
is very small and computed electronic band structures as well
as the topological features for both cases show no significant
differences at the Fermi level [see Figs. 7(a) and 7(b)]. To
further check the spin orientations of moments in AFMI
structure (which explain our experimental data), we have
calculated the ground-state energies for [001], [010], [100],
[011], [101], [110], and [111] configurations. The calcu-
lated energy differences are given in Table II, which shows
minimum ground-state energy for the [001] configuration.
As explained above, the energy difference between AFM1
and AFM2 is very minimal, and the calculated electronic
band structures for both configurations look alike as shown
in Figs. 7(a) and 7(b). Moreover, we have calculated the
Fermi surfaces for AFM1 configuration, which are depicted
in Fig. 7(c). We can see that the electron and hole pockets
are present at the Fermi level, which is in good agreement
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TABLEII. Calculated energies of different spin configurations in
the AFM1 state with the reference energy considered to be 0 ueV.

Configuration [001] [010] [100]

26.09 25.13 13.40 12.85 21.96 14.93

[011] [101] [110] ([111]

Energy (neV) 0.0

with the experimentally observed Hall resistivity. The investi-
gated compound’s electronic band structure displays the band
crossings on the k, = 0 plane, and it gives us a hint towards
the topological features. To further explore the topological
features, we have performed the electronic bands as well as
the surface analysis for the lower cell (1 x 1 x 2) of AFM
configuration [as shown in Fig. 6(b)] and such types of calcu-
lations for a bigger cell is beyond the scope of our paper.

In the next step, we have proceeded with the 1 x 1 x 2
supercell of the AFM configuration. Figure 8(a) shows the
band structure of GdAgGe with the spin-up (in red color)
and the spin-down (in blue color) channels. The examined
compound’s electronic properties demonstrate the semimetal-
lic nature. Figure 8(b) displays the total density of states
(DOS) along with atomic projected density of states. The
DOS values in both the conduction-band and the valence-band
regions around the Fermi level are almost same, which reflects
the semimetallic nature of the compound. Interestingly, the
conduction and valence bands cross each other in a linear
manner along the k, = 0 plane [marked in Fig. 8(a)]. These
Dirac-like crossings hint toward the presence of a nodal line,
which is protected by mirror symmetry located on the xy
plane. To check for a possible nontrivial nature of bands, we
calculated the orbital decomposed band structure [Fig. 8(c)],
which infers that Gd-d and Ge-p states are main contributors
to the bands forming the nodal line. Close inspections revealed
the Gd-d and Ge-p band inversion together with opposite
mirror eigenvalues +1 and —1, respectively, at the I" point.
To analyze these band crossings, we carefully examined the
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FIG. 8. (a) Electronic band structure along the I'-M-K-TI"-A-
L-H-A path without SOC. (b) Total and projected density of states
of GdAgGe. (c) The character bands Gd-d and Ge-p without SOC.
(d) Electronic band structure with SOC along the [001] direction.
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FIG. 9. (a) The illustration of the nodal line, where a—d are
equally spaced points between M and K. (b) Electronic band struc-
ture along the k paths as indicated in (a). (c) (001)-projected surface
states together with (d) energy gap plane, which show the nodal line.

band structure along equally spaced paths between M and
K, which is shown in Fig. 9(a). It can be seen that the band
crossings appear along I'-M /a/b/c/d /K paths, which infers
that a I'-centered nodal line should occur on the k, = 0
plane. To demonstrate the topological features in GdAgGe,
we calculated the surface states in the (001) direction using the
WANNIER package. Figure 9(c) illustrates the nodal line disper-
sions from bulk bands and emergent drumhead surface states
in the (001) projected surface state. In addition, the energy gap
plane and the Fermi surface corresponding to the band cross-
ings also confirm the occurrence of the nodal line in GdAgGe,
which is illustrated in Fig. 9(d). The topological invariant,
i.e., the Berry phase (a Z,-type invariant) along a closed path
encircling the nodal line, usually protects the nodal line struc-
ture of a topological nodal-line semimetal [58]. To confirm
this point, we have calculated the Berry phase and found a
nonzero quantized Berry phase, which confirms GdAgGe to
be a nontrivial nodal-line semimetal.

The presence of band inversion without SOC and nodal
line on the k, = 0 plane further lead us to include the SOC
effects here. The electronic band structure with SOC is shown
in Fig. 8(d), which reflects that the band crossings are nearly
unaffected. However, the inclusion of SOC opens negligible
band gaps of 5.7 and 5.9 meV along the I'-M and K-T" path,
respectively. These gap values are quite smaller than those
found in other reported nodal-line semimetals [56,59,60].

IV. CONCLUSIONS

We studied the physical properties of GdAgGe single
crystals by measuring the magnetic susceptibility, heat ca-
pacity, magnetoresistance, Hall effect, and by computing
the electronic band structure. The magnetic susceptibility
measurements in GAAgGe showed the two successive AFM
transitions at Ty; = 20 and Ty, = 14.5 K, which are most
prominent for fields perpendicular to the crystallographic ¢
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axis. In the heat capacity data, a clear A-shaped anomaly
confirms the bulk character of the AFM transition observed at
Tn1 = 20 K. The electrical resistivity shows a sharp drop be-
low Ty and T3/? dependence in the AFM state. The transverse
magnetoresistance is positive for 7 < Ty; and becomes neg-
ative in the paramagnetic region. It increases with increasing
field and reaches ~27% at 9 T and 10 K. The Hall resistivity
data show the multiband character of the compound, where
hole carriers are dominating at low temperatures and electron
carriers at high temperatures. The electronic band structure
calculations reveal the presence of a nodal line with drumhead
surface states on the k, = 0 plane, which is protected by the
reflection symmetry.
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