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Crystal engineering is a method for discovering new quantum materials and phases, which may
be achieved by external pressure or strain. Chemical pressure is unique in that it generates internal
pressure perpetually to the lattice. As an example, GdAISi from the rare-earth (R) RALX (X =
Si or Ge) family of Weyl semimetals is considered. Replacing Si with the larger isovalent element
Ge creates sufficiently large chemical pressure to induce a structural transition from the tetrag-
onal structure of GdAISi, compatible with a Weyl semimetallic state, to an orthorhombic phase
in GdAIGe, resulting in an inversion-symmetry-protected nodal-line metal. We find that GdAlGe
hosts an antiferromagnetic ground state with two successive orderings, at Tn1 = 35 K and Tne =
30 K. In-plane isothermal magnetization shows a magnetic field induced metamagnetic transition
at 6.2 T for 2 K. Furthermore, electron-hole compensation gives rise to a large magnetoresistance
of ~100% at 2 K and 14 T. Angle-resolved photoemission spectroscopy measurements and density
functional theory calculations reveal a Dirac-like linear band dispersion over an exceptionally large
energy range of ~ 1.5 eV with a high Fermi velocity of ~ 10° m/s, a rare feature not observed in

any magnetic topological materials.

I. INTRODUCTION

The interplay between topology and magnetism is a
thriving research area in condensed matter physics. The-
ory predicts that the coupling between local magnetic
moments in topological Weyl/Dirac semimetals can be
mediated by conducting Weyl/Dirac fermions through
the Ruderman-Kittel-Kasuya-Yosida (RKKY), Heisen-
berg, Kitaev, and Dzyaloshinskii-Moriya (DM) interac-
tions, that can lead to rich spin textures and complex
magnetism [1-4]; however, experimental evidence of such
couplings is limited.

A relevant family for investigating such phenomena
is RALX (R: Rare earth; X: Si or Ge). The mem-
bers of this family involving light rare-earth elements,
such as La, Ce, Pr, Nd, and Sm, crystallize in a non-
centrosymmetric LaPtSi-type tetragonal structure (space
group I4ymd) illustrated in Fig. 1(a). These com-
pounds are magnetic Weyl/Dirac semimetals exhibit-
ing such complex magnetic behaviors including helical
ferrimagnetic order, spiral magnetic order, and square-
coordinated multi-k magnetic phases [5-8|. In contrast,
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compounds involving heavy rare-earth elements, such as
Dy, Ho, Tm, and Lu, crystallize in a distinct centrosym-
metric orthorhombic structure (space group Cmem). [9-
13]. The topological properties and electronic structure
of the orthorhombic phase remains less explored for lack
of single crystals.

GdAILX is special, since Gd (4f7) sits in the middle of
the rare earth series that runs from La (4f°) to Lu (4f14).
Positioned between the compounds that adopt the non-
centrosymmetric tetragonal (light R) or centrosymmet-
ric orthorhombic (heavy R) phases of RALX regardless
the choice Si or Ge for X, it is the optimal situation for
chemical pressure to have an impact [9]. GdAlSi is known
to be tetragonal [14], and a metastable tetragonal phase
has been demonstrated in GdAlGe polycrystalline sam-
ples obtained by quenching from high temperature [15].
Here we demonstrate that single crystals of orthorhom-
bic GAAIGe can be obtained by slow cooling. This gives
us the opportunity to explore the properties of the cen-
trosymmetric phase.

As one might expect and as we will show, orthorhombic
GdAlGe has a different electronic band structure com-
pared to that of GdAISi. Instead of the Weyl nodes
observed in GdAIlSi [Fig.1(b)] [14], inversion-symmetry-
protected nodal lines are found in GdAlGe, as shown in
Fig. 1(d). Moreover, GdAlGe has a different magnetic
ground state from that of GdAlSi, leading to a new mag-
netic field versus temperature phase diagram. Two suc-
cessive antiferromagnetic orderings (at Tn1 = 35 K and
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Tn2 = 30 K) are observed in the in-plane magnetic sus-
ceptibility of GAAIGe, and in-plane magnetization shows
a metamagnetic transition at 6.2 T for T" = 2 K. The
ordering temperature Tn; = 35 K is the highest in the
RAIX family. Our results from angle-resolved photoelec-
tron spectroscopy (ARPES) show Dirac-like linear band
dispersion for binding energies extending from the Fermi
energy to 1.5 eV. Such a large energy range of Dirac dis-
persion is rare, and not observed in any magnetic topo-
logical materials.

II. METHODS
A. Experimental details

GdAIGe single crystals were grown by the standard self
flux method with excess Al as a flux [12, 14]. Gd ingot
(99.9%), Al ingot (99.999%), and Ge chips (99.999%) in
a molar ratio of 1:10:1 were mixed in an alumina crucible.
The crucible was then sealed into a quartz tube under a
partial pressure of argon gas. The content was heated to
1100°C, kept for 24 hours at that temperature, and then
cooled to 700°C at a rate of 2°C/hour. Plate-like sin-
gle crystals were extracted from the flux by centrifuging.
The typical size of the crystal is 3mmx2mmx0.5mm as
shown in the inset of Fig. 2(b). The crystal structure
and phase purity were investigated by x-ray diffraction
technique using Cu-K,, radiation in the Rigaku Smart-
lab diffractometer. The chemical compositions were con-
firmed by energy dispersive x-ray spectroscopy (EDS)
measurements in a a JEOL JSM-7600F scanning elec-
tron microscope. Magnetotransport measurements were
carried out in a physical property measurement system
(PPMS, Quantum Design) via the standard six-probe
method and magnetic measurements were carried out in a
magnetic property measurement system (MPMS, Quan-
tum Design).

ARPES experiments were performed at the Elec-
tron Spectro Microscopy (ESM) 21-ID-1 beamline of
the National Synchrotron Light Source II, located at
Brookhaven National Lab [16]. The beamline is equipped
with a Scienta DA30 electron analyzer, with base pres-
sure ~ 1x10~!! mbar. Prior to the ARPES experiments,
samples were cleaved using a post inside an ultra-high
vacuum chamber (UHV) at ~ 18 K. The total energy
and angular resolution during the ARPES measurements
were ~ 20 meV and ~ 0.2°, respectively.

B. Computational details

The density-functional-theory (DFT) calculations were
done using the VASP DFT package [17-19]. The Bril-
louin zone was sampled with a regular mesh of 11 x11 x5
k-points. In order to resolve the small energy differences
between various magnetic phases, we used a k-mesh of
up to 21 x 21 x 13. Perdew-Burke-Ernzerhof (PBE)
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Figure 1. A comparison of crystal structure and electronic
structure of GdAISi and GdAlGe. (a) Tetragonal crystal
structure of GdAISi. (b) Inversion symmetry broken tetrag-
onal crystal structure gives rise to the Weyl nodes in the
electronic structure [14] (c¢) Orthorhombic crystal structure
of GdAlGe. The star represents the point of inversion. (d)
Inversion symmetry protected orthorhombic phase gives rise
to nodal-lines in GdAlGe. (e) Buckled layer of Gd atoms in
GdAlIGe. The Gd atomic layer in GdAISi has no such buck-
ling structure. The arrow represents the spin configuration of
Gd-atoms.

exchange-correlation functional [20] within the general-
ized gradient approximation (GGA) was used in all the
calculations. The GGA + U.g method [21] was used
to handle the Gd-4f orbitals. Ueg of 6 eV [14, 22] was
chosen in our calculations. The calculations for the non-
magnetic phase were done within open-core approxima-
tion by freezing the Gd-4f states. The spin-orbit coupling
(SOC) was treated in the second variational method as
implemented in VASP.
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Figure 2. (a) Refined powder x-ray diffraction pattern of crushed GdAlGe single crystals, recorded at room temperature.
The observed intensity (red scattered points), Rietveld refinement fit (solid black line), difference between the experimentally
observed and calculated intensities (solid blue line), and Bragg peak positions (vertical green bars) are shown. (b) X-ray
diffraction pattern of single crystal. An image of a single crystal is shown in the inset (the grit scale: 1 mm). (c) Energy-
dispersive X-ray spectroscopy confirms the stoichiometry of the compound.

III. RESULTS

A. Crystal structure and sample characterization

Fig. 2(a) shows the Rietveld refinement of powder x-
ray diffraction data using the FULLPROF software pack-
age [23]. The refined pattern confirms that GdAlGe
crystallizes in a YAlGe-type orthorhombic structure with
space group Cmem (No. 63). The obtained lattice
parameters from the XRD refinement fitting are a=
4.06367(19) A | b = 5.8035(2) and ¢ = 10.5249(5) A.
No impurity phase was observed within our experimental
resolution. Figure 2(b) shows the x-ray diffraction pat-
tern for the c-axis of a crystal, which confirms that the
plate-like surface is ab-plane. The EDS spectrum con-
firms the single-phase nature and correct stoichiometry
of the grown crystals as shown in Fig. 2(c).

B. Magnetic properties

Magnetic susceptibility shows two successive antifer-
romagnetic transitions at Ty, = 35 K and Ty2 = 30
K for B || ab, whereas the second transition at Ty is
not observed for B || ¢ as shown in Fig.3(a). Such a
two step magnetic ordering was previously found in other
rare-earth based ternary compounds [5, 6, 24]. We note
that only one antiferromagnetic transition at 34 K was
observed in polycrystalline GdAlGe [25]. This compari-
son suggests that the two-step antiferromagnetic order-
ing is sensitive to the orientation of the applied field, even
though GdAlGe exhibits a very weak magnetocrystalline
anisotropy (X¢/Xab = 1.08).

No difference is observed between zero-field cooled
(ZFC) and field cooled (FC) magnetic susceptibility for
the temperature range 2 K — 300 K as shown in Fig. 3(b).
The effective magnetic moment of the Gd ions is esti-
mated by fitting the inverse susceptibility (1/x) with the
modified Curie-Weiss law, x(T) = xo + C/(T — 6,), in

the paramagnetic region 100 K — 300 K. Here, xq, C,
and 0p are the temperature-independent susceptibility,
Curie constant, and paramagnetic Curie temperature,
respectively. The fitted effective magnetic moment of
Gd3T is 8.16up, which is close to the theoretical value
of go/S(S+ Vup = 7.94up for S = 7/2. The fitted
value of the 0p is negative (~ —68K), which is consistent
with an AFM ground state in this compound. The esti-
mated frustration parameter f = —6p/Ty ~ 2 is mod-
erate compared to the strongly geometrically frustrated
magnets (f > 10) [26].

Isothermal magnetization M (B) shows linear field
dependence behavior without saturation as shown in
Fig. 3(c). Interestingly, we observe a sharp increase in
magnetization around a critical field of B, ~ 6.2 T at 2
K for B || ab [Fig. 3(d)], which indicates a field induced
metamagnetic transition. The slope of the M(B) curve
is changed after the metamagnetic transition as shown in
Fig. 3(c), which suggests a canted spin state above B, due
to field induced spin reorientation. Similar field-induced
spin reorientation has been previously reported in re-
lated compounds such as NdAlGe, NdAISi and SmAISi
[5, 6, 27, 28]. No such transition is observed in the M (B)
for B || ¢ up to our field limit of 7 T (the highest applied
magnetic field in our MPMS). The metamagnetic tran-
sition was missed in previous studies of polycrystalline
GdAIlGe samples where the highest applied field was lim-
ited to 5 T [25]. To obtain further insight, we have mea-
sured the field dependence of magnetization at several
temperatures from 2 K to 20 K, and the temperature
dependence of magnetization at several magnetic fields
from 6 T to 7 T [Fig. 3(d), 3(e)]. The critical field B,
gradually increases with increasing temperature, and it
reaches 7 T at around 14 K. The temperature dependence
of B, is consistent with that obtained from the sharp drop
in the temperature dependent magnetization as shown in
Fig. 3(e). For better visualization of the complex mag-
netism, we construct a temperature-magnetic field phase
diagram as shown in Fig. 3(f). Enhancement of B, upon
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Figure 3. (a) Temperature-dependent magnetic susceptibility in zero-field-cooled (ZFC) condition for B || ab, Tn1 and T2 are
two antiferromagnetic transition temperatures. Only one antiferromagnetic transition at Tn1 is observed for B || ¢ as shown
in the inset. (b) Temperature-dependent in-plane magnetic susceptibilities in zero-field-cooled (ZFC) and field-cooled (FC)
condition overlap with each other. The inverse magnetic susceptibility is fitted with Curie-Weiss law in the temperature range
100 K — 300 K. (c) Isothermal magnetization M (B) as a function of magnetic field for B || ab, The slope of the M (B) curve
is changed after the metamagnetic transition as indicted by dotted straight line. The inset shows M (B) vs. B for B || ¢. (d)
Isothermal M (B) curves show metamagnetic transition for B. > 6.2 T, B. is defined as the starting point for the sudden jump of
M(B). (e) Temperature-dependent magnetic susceptibility at various magnetic fields from 6 T to 7 T. (f) Temperature-magnetic
field phase diagram for B || ab. Three antiferromagnetic regions are denoted by AFM-1, AFM-2, and AFM-3; paramagnetic
region is denoted by PM. AFM-1 and AFM-2 regions are constructed by observing the field dependence behavior of Tn1 and
Tn2, AFM-3 regions is constructed from the temperature dependence of B.. The data taken from magnetization (M (T, B))
and electrical resistivity (pz«(7, B)) are denoted by hollow circle and solid circle respectively.

increasing temperature is widely seen in other metamag- SmAISi (RRR ~ 4.95) [5, 14, 27, 28]. Under zero field
g p y g b b b )

netic systems [29-31], which can be interpreted using the
molecular field theory [32]. Alternatively, the presence
of two magnetic transitions at zero field plus the meta-
magnetic transition shows a similarity to SmAISi, where
there is evidence of spiral magnetic order [6].

C. Electronic transport properties

The in-plane electrical resistivity, p,., decreases with
decreasing temperature, and reaches 2.1 pf2 cm at 2 K
[Fig. 4(a)]. This leads to a residual resistivity ratio
(RRR) of ~ 18, which is comparatively larger than that
observed in other members of this family such as GdAISi
(RRR ~ 3), NdAISi (RRR ~ 6), NdAlGe (RRR ~ 2), and

the temperature-dependent resistivity curve exhibits a
slope change at 35 K, followed by a pronounced decrease
below 30 K. These features correspond to two antiferro-
magnetic transitions (Ty1 and Tv2) as confirmed by the
magnetic susceptibility measurement. The p,, vs T data
series were taken at fixed magnetic fields for B || ab, with
the data at 0 and 7 T shown in the inset of Fig. 4(a) for
clarity. The transition temperature T is found to be
independent of the magnetic field, while Txo decreases
with increasing B, consistent with the observations from
magnetic susceptibility measurement for B || ab. The
field dependent behavior of Ty and T is illustrated in
the B ~ T phase diagram [Fig. 3(f)].

The p,, measurement for B || ab [Fig. 4(b)] exhibits
a sharp jump at a critical field B, =6 T at T = 2 K,
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(a) Electrical resistivity as a function of temperature. The residual resistivity ratio (RRR) = pu2(300 K)/pza(2

K) = 18. Two antiferromagnetic transitions (71 and Tn2) are demonstrated in the inset. (b) Magnetic field dependence of

magnetoresistance (MR) at various temperatures for B || ab, MR = [(pzz(B) — p22(0))/pez(0)] x 100%.

(¢) The resistivity

jumps due to the metamagnetic transition is observed from 2 K to 23 K for B || ab. (d) Electrical resistivity as a function of
temperature at various magnetic field for B || ¢. The inset shows that the MR deviates from quadratic field dependence above
9 T at 300 K. (e) Magnetic field dependence of magnetoresistance (MR) at various temperatures for B || c.

attributed to the metamagnetic transition as shown by
the magnetization measurements discussed earlier. In
Fig. 4(c), we present a series of resistivity data as a func-
tion of field near B, at various temperatures. We ob-
served the B, increases with increasing temperature up to
23 K. At 24 K, the metamagnetic transition is suppressed
with no jumps detected. The temperature dependence of
B.(T) derived from p,, ~ B measurements is consistent
with that observed in M ~ B measurements. The B.(T)
values determined from resistivity (solid circles) are plot-
ted alongside those from magnetization (hollow circles)
in the B ~ T phase diagram [Fig. 3(f)]. Additionally, a
substantial non-saturating magnetoresistance of ~ 120%
for B || ab and ~ 100% for B || ¢ are observed at 2 K and
14 T [Fig. 4(b) and 4(e)]. Such a non-saturating MR has
been reported in several topological materials having lin-
early dispersive bands and charge carrier compensations.
[33-39]. We note that the electron-hole compensation
effect may contribute to the large MR in GdAlGe, as
the carrier densities of the hole and electron pockets are
almost the same [see Fig. 8(c) and 8(d)]. Furthermore,

the topological protection associated with the nodal lines
(discussed later) can suppress certain types of backscat-
tering, thus lead to a large nonsaturating MR.

We also measured the temperature dependence of p,,
for B || ¢ under various magnetic fields, as shown in
Fig. 4(d). The kink at 35 K (T1), attributed to the an-
tiferromagnetic (AFM) ordering, remains unaffected by
the application of magnetic fields up to B = 14 T, indi-
cating a robust long range AFM order. The field depen-
dence of magnetoresistance for B || ¢ [Fig. 4(e)] reveals a
small anomaly (a subtle kink) at ~ 7 T for 2 K, which
might be related to the influence of the metamagnetic
transition. This anomaly is evident at temperatures up
to Tv1, and appears to be temperature-independent. It
is worth noting that in magnetization measurements for
B || ¢, the potential anomaly at 7 T could not be directly
examined, as 7 T is at upper limit of the magnetization
measurement range. A larger magnetic field is necessary
for spin reorientation along the c-axis compared to the
ab-plane, suggesting the ab-plane as the easy plane and
the c-axis as the hard axis.
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Figure 5. In-plane anisotropy: The resistivity is measured
along c-axis ( pz.) by rotating the magnetic field in the ab-
plane as shown in the schematic diagram. The magnetoresis-
tance (MR) as a function of rotating angle 6 for T' = 2 K and
B=3T.

Another intriguing property of orthorhombic crystals
is their in-plane anisotropy. To investigate this, we mea-
sured the resistivity along c-axis ( p..) by rotating the
magnetic field within the ab-plane, as illustrated in the
schematic diagram [Fig.5]. The magnetoresistance (MR)
exhibits a two-fold symmetric pattern, demonstrating
significant in-plane anisotropy. For instance, at T =2 K
and B = 3 T, the MR reaches its maximum at 0° (B || a)
and minimum at 90° (B || b), as shown in Fig.5. The
inequivalent a and b axes naturally lead to anisotropic
electronic band structures and Fermi surface geometries,
which in turn influence charge carrier scattering rates
differently along the two directions. Moreover, spin scat-
tering could be different along different crystallographic
axes. Thus, in-plane magnetoresistance anisotropy with
a two-fold symmetry reflects the intrinsic anisotropy in
both the lattice and the spin configuration.

To determine the charge carriers densities and mo-
bilities of GdAIGe, we measured magnetic field depen-
dence of Hall resistivity (py,) and longitudinal resistivity
(pzz) at various temperatures from 2 K to 300K. The
field dependence of p,, is not linear [Fig.6(a)], which in-
dicates that both electrons and holes contribute to the
transport. The longitudinal conductivity (o) and Hall
conductivity (o,) are obtained using the expressions
gy = %7 and o,y = ;ﬂchpllfmpfﬂ' The 04, and oy
are simultaneously fitted with the semiclassical two car-
riers model [40] as shown in Fig.6(b),
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Figure 6. (a) Hall resistivity (pyz) as function of B at various
temperatures. (b) Simultaneous fitting of longitudinal con-
ductivity (0zz) and Hall conductivity (ogy) with two carries
model (equ. 1 and equ. 2). (c) Hole (electron) density ns
(ne), and (d) mobility pp (pe) as a function of temperature.

+7%) from the two carriers model fitting are plotted as
a function of temperature in Fig.6(c) and 6(d). The ra-
tio np/ne is ~ 1+ 7%, which indicates the occurrence of
electron-hole compensation in this compound. No signif-
icant change in charge carrier density is observed across
the magnetic ordering temperatures. This is consistent
with the electronic band structure discussed in Section
D, which reveals that the band structures in the nonmag-
netic and antiferromagnetic phases are nearly identical.
The Hall mobility decreases with increasing temperature
due to increased carrier scattering at higher temperature.

D. Electronic band structure

In Fig. 7, we show different magnetic patterns stud-
ied in this work using DFT calculation. For each of
the patterns shown in Fig. 7, we studied both ferro-
magnetic (FM) as well as anti-ferromagnetic (AFM) pat-
terns in out-of-the-plane direction, which are indicated
by F and A subscripts. For example, Fr and F4 pat-
terns both have in-plane FM spin configuration; how-
ever, the spins linked by the shortest out-of-the-plane
Gd-Gd bonds align ferromagnetically and antiferromag-
netically, respectively. The G-type patterns have nearest
neighbour (nn) AFM configuration in the plane, whereas
C-type patterns have AFM interaction with second and
third nearest neighbour and requires unit cell of size
V2 x /2. Similary, E-type patterns have FM interac-
tion with nearest neighbours running along b-direction in
zig-zag manner and AFM interaction with nnn along a-
direction. Out of these magnetic configurations, we found



Er configuration to be the lowest in energy, whereas F 4
and C-type configurations are competing in energy as
shown in Table. I. By mapping the results from our DFT
energy calculations (Table. I) to a simplified Heisenberg
Hamiltonian, we found that while the first and third near-
est neighbors of Gd atoms have weak ferromagnetic inter-
actions, the second nearest neighbors have a strong anti-
ferromagnetic interaction. Similarly, nearest neighbor
out-of-plane coupling is ferromagnetic, whereas the next-
nearest coupling in the out-of-plane direction is strongly
antiferromagnetic. Such constraint is only satisfied by
E-type magnetic pattern with out-of-plane ferromagnetic
interaction. This analysis is indeed consistent with the
DFT calculations.

The fact that the calculated energy differences between
various AFM configurations is so small, comparable to
the Néel temperature, is reminiscent of the rich mag-
netic correlations in iron-based superconductors [41] and
suggests that a spiral character to the order is not ruled
out. By fitting the DFT energy values for different mag-
netic configurations to an isotropic Heisenberg Hamil-
tonian, we estimated the following isotropic Heisenberg
exchange interactions: J;5%2=-0.16, J»5%=1.8, J35°=-
0.23, J115%=-0.26,J,25%=0.84 and J,35%= 0.74 meV,
where J; (J11), J2 (J12), and Js (Ji3) denote three
nearest neighbor exchange coupling interactions along in-
plane (out-of-plane) directions. From these values of ex-
change coupling parameters, we estimated Néel temper-
ature (Tv) to be ~ 30 K [42]. This estimated value
corresponds to the onset of long range antiferromagnetic

Gr/Gy

Ew/Ea

(d) (e)

Figure 7. (a) Side view of crystal structure with only Gd
atoms showing in-plane and out-of-the-plane nearest neigh-
bour atomic coordination and corresponding exchange cou-
pling parameters. (b-e ) Top view of a single Gd-atomic layer
showing spin configurations for different magnetic patterns
studied in this work using DFT calculations. The red and
purple colors represent up and down spin configurations of
Gd-atoms. Both ferromagnetic and anti-ferromagnetic con-
figurations in out-of-the-plane direction has been considered
for each of the magnetic structures shown in the figure. See
text for details.

Table I. Calculated energy difference per formula unit in meV
for different magnetic patterns (see text). GGA+SOC+U cal-
culations are done only for the competing configurations, such
as E and F-types, where U = 6 eV.

Pattern GGA GGA+SOC GGA+SOC+U
Er 0 0 0

Ea 3.5 3.4 -

Fa 2.1 2.1 1.5

Fr (FM) 7.9 7.7 -

Ga 6.1 6.2 -

Gr 5.2 5.3 -

Ca/Cr 22 22 -

order in the system and is remarkably close to the exper-
imental T value of 35 K.

In the Er phase, the nearest neighbor 4 f-spins of Gd-
atoms running along the b-direction in zig-zag manner
are aligned parallel (ferromagnetically), whereas the next
nearest neighbor Gd-spins along a-direction are aligned
anti-parallel (antiferromagnetically). Similarly, the Gd-
spins, which are linked by the shortest bond in out-of-
plane are aligned ferromagnetically. The spins are as-
sumed to be collinear and pointed along the c-direction.
Since this magnetic structure requires doubling of the
unit cell in the a-direction, corresponding to a magnetic
ordering vector of (m,0,0). This is confirmed by examin-
ing the spin structure factor S(Q), which exhibits a peak
at the expected @ value.

In Fig. 8, we compare the DFT calculated electronic
structure of GdAlGe between non-magnetic (NM), Fy4
phase, and Er magnetic phases. The calculation for the
NM phase was done within the open-core approximation
where the Gd-4f states were frozen. Figure 8(a) shows
atom-projected electronic bands and density of states
which reveal that the states around the Fermi energy
are derived mainly from Gd-d and Ge-p hybridization.

The band structure shows metallic character with large
Fermi surface and density of states. The presence of
screw rotation in addition to the parity (P) and time
reversal (7') symmetry in the parent phase of GdAlGe
(non-magnetic) gives rise to symmetry protected nodal
lines on the Brillouin zone boundary. For example, at the
S point (k = %, %, k.), the screw symmetry S, enforces
a double degeneracy of bands, which combined with PT
symmetry, results in fourfold degeneracy. When k, = 0
(i.e. at R = (3,3, 3) point), the combined action of S,
and S, symmetry leads to an eightfold band degeneracy.
Similarly, along the S — X line, the bands are fourfold de-
generate when k, = 0.5 (corresponding to the R—U line)
due to the S, symmetry, whereas along S —Y at k,= 0.5
(i.e. the R — T line), the bands are eightfold degenerate
along the entire line because of the combined S, and S,
symmetries. Interestingly, along the high-symmetry line
from R = (3,1,1) to T = (0,1,3), the bands remain
eightfold degenerate due to these combined screw sym-
metries (S, and S.). Despite the lack of screw symmetry
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Figure 8. Electronic structure of GdAlGe. (a & b) Atom resolved electronic band structure and orbital resolved density of
states (DOS) with the inclusion of SOC for non-magnetic phase and F 4 magnetic phase of GdAlGe, respectively. (¢) Unfolded
electronic spectra of Ep type AFM pattern. The blue dotted circles in Figs. (a-c) highlight the nodal line features which are
partially gapped in F4 phase but remain intact in NM and Er phases. (d & e) k.-projected Fermi surface for the NM and F 4
phase. The red (blue) colored FS sheets show hole (electron) pockets. These figures show that the electronic structure of NM
phase is almost identical to the magnetic phase revealing weak coupling between conduction electron and Gd-moments.

along a—direction (where only a twofold rotation exists,
Sz = 2100), we find the bands at X point to also be four-
fold degenerate, likely due to an accidental degeneracy.
In the magnetic phases, although T symmetry is natu-
rally broken, the nodal line remains protected because
the combined PT symmetry is preserved through screw
rotational symmetry.

Figure 8(b) shows electronic structure for the F 4 mag-
netic pattern. Its electronic structure is very similar to
the NM phase except for small exchange splittings that
lift band degeneracies, such as at R and 7" high symme-
try points, which are highlighted by blue dotted circles.
The occupied Gd-f states are about 10 eV below the
Fermi energy. In Fig. 8(c), we show the unfolded elec-
tronic spectra of Ep type AFM pattern in the BZ of the
primitive unit cell for better comparison with Figs. 8(a)
and (b). The unfolded electronic spectra is very similar
to the previous cases. More importantly, the multi-fold

band degeneracies at R and T  high symmetry points that
were lifted by few meVs in the F 4 phase remain intact
in the Er phase, which indicates that nodal-line features
are protected in this magnetic phase. We did not ob-
serve any features of band folding in either transport or
ARPES measurements. This is consistent with DFT cal-
culations, which indicate a weak band-folding effect in
the magnetically ordered phase. The electronic structure
shows only a small difference between the two distinct
antiferromagnetic phases (F4 and Ep): while the Fu
phase opens a gap in the nodal-line dispersion at high-
symmetry points (highlighted by the dotted blue circles),
the Ep phase preserves the nodal-line feature [see Figs.
8(b) and 8(c)]. The Fermi surface plots for NM and F 4
phase are shown in panels 8(c) and 8(d), respectively.
As discussed before, the F'S for NM phase is very similar
to the mangetic phase. A larger hole-like FS is present
around the zone center whereas electron FS appears at
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the high symmetry path I'-X-I'-X-T" using a photon energy of 200 eV. (b) k. projected band structure from DFT. Arrows (red)
indicate the linear dispersive band crossing the Fermi energy. The solid green curves trace the parabolic band observed in the
ARPES spectrum, while the dashed green curve in panel (b) represents the same band shifted upward by 100 meV. The dashed
curve more closely aligns with the theoretical position of the parabolic band.(c) Multiple Dirac-like band crossing is found at
S point. The Dirac band with large energy range is marked by a red dashed rectangle. (d) ARPES spectrum (left) and DFT

(right) band structure along X-S-X. Arrows highlighting the Dirac-like bands (blue) and Dirac point (green).

the zone boundary.

The comparison between ARPES measured and DFT-
calculated band structure is shown in Fig. 9. Since there
are negligible differences between the electronic struc-
tures of NM and magnetic phases, for simplicity, we
compare ARPES spectra with NM dispersion. This is
further justified by the fact that the Kondo coupling be-
tween the 4f electrons and the conduction electrons is
very weak (Jx < 1 meV) [43]. In the low-energy region,
the ARPES spectrum [Fig. 9(a)] shows linearly dispersive
hole-like bands (indicated by red arrows) around I' that
cross the Fermi energy. These bands are more visible in
the second Brillouin zone than the first zone, possibly
due to the strong matrix element effect. The ARPES
spectrum also shows a high-intensity parabolic band (in-
dicated by green curve) with a bottom at —1.8 eV at .
The k. projected band structure calculations [Fig. 9(b)]

along the same path as the ARPES spectrum well cap-
tures the features seen in ARPES. Furthermore, DFT
calculations show multiple Dirac-like band crossing at
S point [Fig. 9(c)], which are further confirmed by our
ARPES results [Fig. 9(d)]. Interestingly, most of these
bands forming Dirac-like crossings in ARPES, including
the linearly dispersing band crossing the Fermi energy,
are formed by nodal lines along X-S direction [Figs. 8(a~
¢)]. Overall, most of the features in the ARPES spectrum
are well captured by our band structure calculations. It
is generally known that the Fermi energy in actual mate-
rials may be slightly different from the DFT calculations
and a small shift of Fermi energy is sometimes necessary
for the best fit between them. As seen from the ARPES
vs. DFT comparison, a downward shift of the DFT bands
by about 100 meV yields a better comparison with the
ARPES spectra. Indeed, when we shift the Fermi energy



by about 100 meV, we find that the electronic structure
is perfectly compensated, which could also explain the
experimentally observed large magnetoresistance. The
charge carrier compensation estimated from DFT is con-
sistent with that obtained from the two-carrier model
fitting of the transport data. A slight deviation from
the perfect fitting suggests the presence of other effects
contributing to the magnetoresistance [Fig. 6(b)]. In
conventional metals/semimetals, perfect charge carrier
compensation typically results in a quadratic magnetic
field dependence of MR. GdAlGe shows a deviation from
this typical quadratic behavior at high magnetic field [see
the inset of Fig.4(d)], likely due to the topologically pro-
tected linearly dispersive Dirac bands. Similar behav-
ior has been reported in the charge-compensated Weyl
semimetal WTey, where the magnetoresistance exhibits
a quadratic field dependence at low magnetic fields, tran-
sitioning to a linear field dependence at higher fields [44].

IV. DISCUSSIONS AND CONCLUSIONS

A notable feature of GdAlGe is the large energy range
of the linear band dispersion crossing the Fermi energy of-
ten associated with the Dirac bands. As seen in Fig. 9(c),
there is a linear band crossing the Fermi energy travers-
ing along the X — S direction with multi-fold band de-
generacies at the S point. However, along the k, direc-
tion (S —Y), the band is less dispersive, giving rise to
a nodal-line feature. Similarly, a highly dispersive lin-
ear band exists along I' — X direction [Fig.9(b)] whereas
along the I' — Y direction, the band is flatter. In this
sense, there is no three-dimensional Dirac cone present in
the band structure; thus, we call this band feature Dirac-
like. While most of the topological materials studied so
far exhibit linear band dispersion up to a few hundred
milli-electronvolts from the Dirac point, such as 0.3 eV
in CdsAsy [45], 0.8 €V in ZrTe; [46], 0.8 eV in NagBi
[47], 0.3 eV in MnBiyTey [48], and 0.4 eV in Co3SnsSs
[49]. In GdAIlGe, the range is observed to be as high as
~ 1.5 eV in some regions of the Brillouin zone. Such
an exceptionally large energy range (~ 1.5 eV) has been
observed in a non-magnetic Dirac semimetal ZrSiS [50],
but has not yet been reported in any magnetic topologi-
cal materials. From the ARPES results, we calculate the
Fermi velocity. Surprisingly, we obtain an exceptionally
high Fermi velocity of ~ 6.67 eVA(~ ¢/300, where c is
the speed of light) in GdAlGe, which is comparable with
the Fermi velocity reported in other well known Dirac
materials such as LaAlGe (~ 2.2 eVA) [51], ZrSiS (~ 6.7
eVA) [52] , CdsAsy (~ 9.8 eVA) [45] and ZrTes (~ 6.4
eVA) [46], all of them are non-magnetic.

To observe the effect of linearly dispersive bands on
electronic transport properties in topological semimetals,
the primary requirement is that the Fermi energy of the
material should remain within the linear dispersion re-
gion. In many real materials, the Fermi energy is rather
far away from the linear dispersive region. To bring the
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Fermi energy into the linear dispersive regime, very care-
ful and delicate synthesis procedures including doping are
often required. In contrast, a material with a large energy
range of linear band dispersion can be robust enough to
satisfy this requirement even when the Fermi energy of
the crystals is not close to the Dirac/Weyl nodes.

It is not clear if GAAlGe supports helical or spiral mag-
netism, which was proposed for GdAlSi [14], related to
a very weak magnetocrystalline anisotropy—a common
feature for both. To understand magnetism and its inter-
play with topological fermions in GdAIGe, it is necessary
to explore the nature of magnetic ordering in orthorhom-
bic Dirac nodal line metals, which interestingly has never
been investigated thus far. Since Gd is a strong neutron
absorber, resonant elastic x-ray scattering (REXS) may
be a suitable tool for exploration.

In summary, we find that replacing Si by Ge in GdAlSi
creates sufficient chemical pressure to change the crystal
structure from tetragonal, as in GdAISi, to orthorhom-
bic in GdAlGe. This structural change induced by chem-
ical pressure is unique in the RAIX family. Our crys-
tal engineering results in a transformation of electronic
state from Weyl semimetal (GdAISi) to nodal-line metal
(GdAlGe). The antiferromagnetic ordering temperature
(Tx1 = 35 K) observed in GdAlGe is the highest among
RAIX family of magnetic topological materials. All the
electronic bands that cross Fermi level in GdAlGe are
linearly dispersive Dirac-like bands, with the linear dis-
persion spans over an exceptionally large energy range
of ~ 1.5 eV along some directions. Dirac/Weyl fermions,
characterized by linear energy-momentum dispersion, are
topologically protected by chirality, enabling coherent
charge transport without dissipation [53, 54]. As a re-
sult, the electrical conductivity of topological materials
shows high robustness toward dimension scaling down to
nanoscale, which is a key requirement in selecting energy
efficient interconnecting materials for future microelec-
tronics [55]. Notably, GdAIlSi shows a high and scalable
electrical conductivity down to a single monolayer [56].
The bulk electrical resistivity of GAAlGe is three times
lower than that of GdAISi at room temperature, posi-
tioning GAAIGe as an even more attractive material for
nano scaled microelectronics applications.
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