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The square-net materials GdSb,Te,_,_s provide a platform for exploring the effects of charge density wave
(CDW) distortion and band filling on the topological electronic band structure. In this work we use infrared
spectroscopy to probe the temperature-dependent electronic excitations in GdSby s¢Te; 35 and GdSby 45Te; 5o
single crystals for different polarization directions parallel to the square-net layers. First-principles calculations
were also performed to study the electronic band structure and interband optical conductivity of stoichiometric
GdSbTe. For GdSby s¢Te; 35 the in-plane optical conductivity is independent of the polarization direction and
contains a small Drude term, indicating a weak metallic character, and a pronounced near-infrared absorption
band, which may be due to excitations across the CDW gap. Upon cooling, the optical response shows no
significant temperature dependence within the experimental uncertainty, and no signatures associated with
magnetic ordering are detected. In comparison, for GdSby 45Te; 5o we observe an in-plane anisotropy and strongly
reduced low-frequency optical conductivity, with small temperature dependence. Possible signatures of Dirac
fermion excitations in the optical conductivity spectra are also analyzed and discussed. Our results demonstrate
that small differences in the stoichiometry have a significant impact on the optical response of GdSb,Te,_,_5

4

materials.
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I. INTRODUCTION

The square-net materials MXZ (M = Zr, Hf, or lan-
thanides; X = Si, Ge, Sn, or Sb; Z = O, S, Se, or Te) provide
a unique platform for exploring exotic physics induced by
the interplay of nontrivial band topology, magnetism, Kondo
effect, and charge-density-wave distortions [1]. Among them,
nonmagnetic ZrSiS raised tremendous attention as a prototype
nodal-line semimetal [2-7], whose characteristic features in
the electronic band structure can be manipulated by the chem-
ical pressure effect in ZrXZ compounds [8—10]. GdSbTe,
another member of the M X Z material family, contains slabs of
five square nets, with a stacking sequence (Te-Gd-Sb-Gd-Te)
[see Fig. 1(a)] [8]. The Sb square net is sandwiched between
two Gd square nets, where each Sb has bonding to four Gd
atoms in tetrahedral coordination. The slabs are terminated
by Te square nets on the two sides of the quintuple layer.
As compared to ZrSiS, the presence of f electrons of the
Gd atoms can lead to additional phenomena such as magnetic
order and Kondo effect [1,11-13].

Indeed, GdSbTe has garnered significant attention recently
due to its unique electronic and magnetic properties, such

2469-9950/2026/113(15)/155141(11)

155141-1

as a Dirac-like state robust against magnetic ordering with
multiple Fermi surface pockets, making it an ideal platform
to study the interplay of magnetism and topological states
[14,15]. The band structure near Ep is characterized by linear
band crossings, primarily originating from the Sb p, and p,
orbitals. In the absence of SOC, these linear band crossing
points (Dirac nodes) connect to form a diamond-shaped Fermi
pocket around the I' point of the Brillouin zone [16,17].
There is an additional Dirac nodal line (NL) along the X-U
direction, whose nodal points at the high-symmetry X and
U points are not gapped by SOC due to nonsymmorphic
symmetry protection [16]. The low-temperature magnetic
transition is driven by the alignment of localized magnetic
moments of the 4f electrons, which can form one of four
possible antiferromagnetic (AFM) spin configurations below
Tn ~ 12K. In Fig. 1(a) we illustrate one suggested spin
configuration, i.e., an antiferromagnetically coupled ferro-
magnetic zigzag chain structure (AFM-A) [15]. Despite the
similarities in crystal structure and electronic band struc-
ture with the nonmagnetic materials ZrSiS [6] and LaSbTe
[18], Ref. [15] reports drastically different electrical trans-
port properties of GdSbTe, namely an overall reduced dc

©2026 American Physical Society
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FIG. 1. (a) PbFCl-type crystal structure of GdSbTe with space group P4/nmm. The solid black line denotes the unit cell. The proposed
AFM spin configuration below Ty ~ 12 K, depicted by pink arrows, illustrates the spins aligned along the ab plane according to Ref. [15].
(b) Square-net lattice of Sb atoms along the ab plane in tetragonal GdSbTe without structural distortions. The unit cell is given by the black
square. (c) Corresponding square-net lattice of orthorhombic GdSby 45Te; 50 (space group Pmmn) with CDW formation along the a direction,
where the Sb sites are partially vacant or occupied by Te atoms according to Ref. [16]. The supercell is indicated by the black rectangle.

conductivity with a nonmetallic temperature dependence,
likely influenced by 7/2 Gd-spin scattering [19]. The origin
of the localization of charge carriers in GdSbTe is still under
discussion.

Generally, the square-net configuration of atoms is con-
ducive to crystal lattice distortions with the formation of
charge density waves (CDWs), a collective electronic state
characterized by periodic modulations of the charge den-
sity [20,21]. Due to the quasi-two-dimensional nature of
square-net structures, the electrons are more confined in cer-
tain directions, which amplifies fluctuations that favor CDW
formation [22,23]. The development of CDWs has been ob-
served in the square-net rare-earth ditellurides LnTe, (Ln =
lanthanide element) [1,24-30], and this phenomenon might
contribute to the rich physical properties of GdSbTe as well
[17,31,32]. CDW formation has been suggested for several
LnSbTe compounds including GdSbTe [17,31,33]. In partic-
ular, recent studies report a well-developed CDW already at
room temperature in GdSbg 4¢Te; 43, with a high CDW tran-
sition temperature of 7¢c ~ 950K [16]. Furthermore, it was
shown that nonstoichiometric materials GdSb,Te,_,_s with
x < 0.85 (with § indicating the vacancy level) exhibit CDWs
that significantly alter their electronic and magnetic properties
[16,34-36].

In GdSb,Te,_,_s the Sb sites are partially vacant or oc-
cupied by Te atoms and a periodic lattice modulation arises
concomitant with the emergence of CDWs, as illustrated in
Fig. 1(c) for GdSbg 45Te; 5 [16]. X-ray diffraction (XRD) and
transmission electron microscopy (TEM) measurements on
various GdSb,Te,_,_s solid solutions reveal the transition
from a simple tetragonal square-net structure [see Fig. 1(b)]
to more complex superstructures as the concentration of Sb
changes. GdSbgsTe;.1s, which crystallizes in a tetragonal
crystal symmetry, undergoes an antiferromagnetic phase tran-
sition. In contrast, compounds with lower Sb content and
orthorhombic symmetry exhibit multiple magnetic transi-
tions [35]. The evolution in crystal structure thus coincides
with modifications in magnetic ordering, indicating an in-
tricate interplay of crystal symmetry, CDW distortions, and
magnetism [35].

The effect of CDW distortions on the electronic properties
of GdSb,Te,_,_;s includes the opening of energy gaps in the
electronic band structure, particularly around the Fermi level,
while preserving the nonsymmorphically protected Dirac
nodes. This preservation is significant because it suggests that
the topological properties of the material are robust against
the perturbations caused by the CDW as long as the nonsym-
morphic symmetry is intact [34]. The Sb content x not only
determines the lattice distortions but also the position of the
Fermi level and hence the electronic band filling.

In order to further explore the effect of CDW distortions on
the electronic properties in nonstoichiometric GdSb, Te,_,_s
compounds, we studied the optical response of two repre-
sentatives, GdSby s¢Te; 35 and GdSbg 45Te; 50, and compared
it to that of the nodal-line semimetals GdSbTe and Zr-
SiS reported in the literature. To this end, we carried out
polarization-dependent and temperature-dependent reflectiv-
ity measurements on single crystals, for obtaining the optical
conductivity over a broad frequency range. The experimental
results are supplemented by first-principles calculations of the
electronic band structure and interband optical conductivity
of stoichiometric GdSbTe. Our results demonstrate the sen-
sitivity of the optical properties of GdSb,Te,_,_s materials
regarding small differences in their stoichiometry. We also
discuss possible signatures of Dirac fermion excitations in the
measured optical conductivity spectra.

II. METHODS

GdSby s¢Te; 35 single crystals were grown by the chemical
vapor transport method as reported in Ref. [15]. The sam-
ples had ab surface areas of 1 x 2 mm and were polished
by using 0.1 um diamond abrasive paper. The stoichiometry
of the crystals was determined by energy-dispersive x-ray
spectroscopy. DC magnetic susceptibility x (T) measurements
were performed in the temperature range of 2-300 K using a
superconducting quantum interference device (SQUID) mag-
netometer (Quantum Design magnetic property measurement
system, MPMS). GdSby s¢Te| 35 shows two magnetic phase
transitions as depicted in Fig. 2: The transition at Ty ~ 12K
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FIG. 2. Magnetic susceptibility of GdSbgs¢Te; 35 as a function
of temperature, showing an AFM phase transition at Ty ~ 12K and
spin reorientation transition at ~7.5 K.

corresponds to the AFM ordering of Gd spins, while the sec-
ond transition at Tsg ~ 7.5 K is attributed to spin reorientation
[15].

GdSbg4sTe; 5o single crystals were grown by chemi-
cal vapor transport and characterized by x-ray diffraction,
energy-dispersive x-ray spectroscopy, magnetic susceptibility,
transition electron microscopy, and electrical transport mea-
surements as described in detail in Refs. [16,35].

Reflectivity measurements were conducted using an in-
frared microscope (Bruker Hyperion) with a 15x Cassegrain
objective connected to a Bruker Vertex 80v FT-IR spectrome-
ter in the frequency range 150-23 000 cm~!. Polarizers were
inserted into the beam path, in order to produce linearly po-
larized electromagnetic radiation for probing the anisotropic
optical response within the ab plane, i.e., parallel to the
square-net layer. The beam spot size amounted to ~80 um
in the midinfrared frequency range, whereas ~200 um in the
other measured ranges. At ambient temperature, a commercial
Al mirror served as the reference. For reflectivity measure-
ments at temperatures ranging from 300 to 4 K a CryoVac
Konti cryostat was employed. The temperature difference be-
tween the cold finger and the sample remained small over the
entire range, amounting to 0.4 K at room temperature, 0.3 K
at 150 K, and 0.1 K at 4 K. Half of the surface of the freshly
polished sample was coated with a layer of gold, serving as the
reference for obtaining the absolute reflectivity. Positioned on
a sample holder within the cryostat, the ab sample surface was
aligned perpendicular to the incoming infrared beam. The data
were measured for the far-infrared to visible frequency range
(150-16000 cm ™).

All measured reflectivity spectra were extrapolated to
low frequencies based on a Drude-Lorentz fit, while the
high-frequency domains were extended using X-ray atomic
scattering functions. Further, the optical functions were
determined through the Kramers-Kronig (KK) relations, em-
ploying software programs developed by Tanner [37]. The
optical spectra were then analyzed using the Drude-Lorentz
model and the software REFFIT for fitting [38].

First-principles calculations were performed within the
framework of density functional theory (DFT), employing the
projector augmented wave (PAW) method as implemented
in the Vienna ab initio simulation package (VASP) [39,40].
The exchange-correlation potential was described using the
Perdew-Burke-Ernzerhof (PBE) formulation of the general-
ized gradient approximation (GGA) [41]. A plane-wave cutoff
energy of 500 eV was used throughout the calculations. To
account for the on-site Coulomb interaction, the GGA + U
approach was adopted, with Hubbard U values of 4, 6, and
8 eV applied to the Gd-f electrons. To better reflect the
symmetry of the experimental crystal structure, a slight distor-
tion was introduced by allowing the a and b lattice constants
to differ. A 2 x 2 x 1 supercell was constructed to calcu-
late the AFM-A/AFM-I magnetic configuration. The Brillouin
zone was sampled using a uniform 8 x 8 x 4 k-point mesh
for the primitive cell and a 4 x 4 x 4 mesh for the super-
cell. Maximally localized WANNIER functions (MLWFs) were
constructed using the WANNIER90 code [42], based on the
first-principles electronic structure obtained from VASP. The
optical conductivity was calculated using the WANNIERBERRI
code [43].

III. RESULTS AND DISCUSSION

A. Optical response of GdSby s¢Te; 35

The  reflectivity  spectrum  of  single-crystalline
GdSby s¢Te; 35 is presented in Fig. 3(a) for the highest
and lowest measured temperature. The optical response
shows no polarization dependence within the ab plane.
The moderately high reflectivity level at low frequencies
and the presence of a broad plasma edge at ~500cm™!
suggest the semimetallic nature of the material. Above
2000 cm ™! the reflectivity remains approximately constant up
to ~6000cm!, exhibiting a plateaulike behavior, followed
by a steady decrease. It is important to note that a smooth,
polished surface minimizes scattering and removes any
surface contaminants or oxidation layers that might alter
the optical response, as demonstrated by the comparison
between the reflectivity spectra measured on an as-grown and
a polished surface [see inset of Fig. 3(a)].

The corresponding optical conductivity spectra oy, as ob-
tained from the measured reflectivity through KK analysis, are
shown in Fig. 3(b). The metallic character of GdSbg s¢Te; 35 is
weak, as evidenced by the low value of the optical conductiv-
ity (o7 < 700 Q 'em™!) below ~500cm™~! for all measured
temperatures. For higher energies, we observe a pronounced
near-infrared (NIR) absorption band located at ~6000 cm™ !,
which has an almost linear-in-frequency behavior on its low-
energy side. Above 12000 cm~! oy is almost flat.

Upon cooling, the optical response remains largely temper-
ature independent over the entire investigated energy range.
Only very small variations are observed: the low-energy
optical conductivity shows a marginal reduction, while a
correspondingly weak increase is found in the NIR range,
indicative of a minor redistribution of spectral weight, while
the total spectral weight is conserved within the visible range,
as shown in Fig. S11 in the Supplemental Material [45].
No systematic energy shift of the NIR absorption feature
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FIG. 3. (a) Reflectivity and (b) optical conductivity o; spectra
of GdSby s¢Te; 35 along the square-net layers (ab plane) for 298 and
4 K. For comparison, we include in (b) the optical conductivity
spectrum of ZrSiS at 5 K from Ref. [44]. Inset in (a): Reflectiv-
ity spectra of GdSbys¢Te; 35 measured on as-grown and polished
surfaces.

is detected. Moreover, no anomalies are observed at the
magnetic phase transition, indicating the absence of a mea-
surable coupling between magnetic and charge degrees of
freedom.

For further analysis, we performed a quantitative analysis
of our data by a simultaneous fit of both reflectivity and optical

conductivity using the Drude-Lorentz model according to [46]
o 2
A7 (I'p — iw)

J w
o= Tkt
where the first term accounts for intraband transitions (Drude
term), while the second term represents interband excitations
(Lorentz oscillators). w, and I'p are the plasma frequency and
width of the Drude term, respectively, whereas ¥;, I';, and
wy, ; are the oscillator strength, width, and resonant frequency
of the j-th Lorentz oscillator, respectively. As an example,
we show in Fig. 4 the fit of the o spectrum at 4 K to-
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FIG. 4. Real part of the optical conductivity o; of GdSby s¢Te; 35
at 4 K, together with the total Drude-Lorentz fit and the various fit
contributions: one Drude (D) and six Lorentz (L) oscillators. The
Lorentz term L6* denotes the sum of higher-energy excitations.

gether with the Drude and Lorentz contributions. The data
can be reasonably well fitted by implementing one Drude
and five Lorentz terms in the measured frequency range for
all temperatures. Fits excluding the Drude contribution were
also tested; however, they result in pronounced deviations in
the low-energy FIR range (see Supplemental Material [45]).
The pronounced NIR absorption band is mainly captured
by the L2 and L3 Lorentz oscillator .

Upon cooling, the dc conductivity reduces from
~600 2 cm~! at 298 K to ~500 Q2 'ecm~! at 4 K, which
is in agreement with resistivity measurements in Ref. [16].
The plasma frequency wy of the Drude contribution, whose
oscillator strength is proportional to a)gl, decreases from the

value 5795cm™! (0.72 eV) at 298 K to 5060 cm ™! (0.63 eV)
at4 K.

B. Optical response of GdSby 45Te; 50

The polarization-dependent reflectivity spectra of
GdSbg 45Te; 50 are presented in Fig. 5(a) for two selected
temperatures (300 and 5 K). For comparison, we inserted the
reflectivity spectrum of GdSby s¢Te;3s at 5 K. Although the
overall shape of the spectrum remains similar, the reflectivity
of the GdSby 45Te; 50 is lower over the entire studied spectral
range compared to GdSbgseTe;3s. In particular, in the
far-infrared range the reflectivity level is at least 20%
below that of GdSbyse¢Te; 35. For GdSbg 45Te; so only slight
variations in the reflectivity spectrum are observed during
cooling.

The corresponding polarization-dependent optical conduc-
tivity spectra o are shown in Fig. 5(b). In comparison to
GdSbg seTe; 35 (wp=0.63 eV at 4 K), the low-energy o; of
GdSbg45Tey 50 is strongly reduced (wp < 0.19eV and wp <
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FIG. 5. (a) Reflectivity and (b) optical conductivity (o}) spectra
of GdSby 45Te; 50 for E|la (CDW direction) and E||/ at 300 and 5 K,
as compared to GdSby s¢Te, 35 at 4 K for the polarization E||ab.

0.28 ¢V for E|la and E||b, respectively; please see the Sup-
plemental Material for more information [45]). We assign the
polarization direction with the stronger suppression of the
low-energy optical conductivity to the E|la direction, along
which the CDW is developed [see Fig. 1(c)]. Furthermore, the
almost linear-in-frequency increase in the optical conductivity
spectra for both compounds is followed by an NIR absorp-
tion band, which is located at 5400 cm~! for GdSby s¢Teq 35
and 7200 cm™' for GdSbg 4sTe; 5o for E||b. Along the CDW
direction, E||a, no clear NIR absorption band is present, but
the linear-in-frequency increase is followed by an almost flat
behavior. For both directions the o spectrum evidences non-
metallic behavior with an energy gap of the size 0.9-1.1 eV.
The absence of itinerant carrier excitations in the optical
response is in agreement with the nonmetallic temperature
dependence of the dc resistivity, with an increase with de-
creasing temperature following a power law [16]. On the other
hand, ARPES data in the same study show ungapped Dirac
nodes protected by nonsymmorphic symmetry at several high
symmetry points of the Brillouin zone and in close vicinity

Photon energy (eV)
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FIG. 6. Optical conductivity oy of GdSbg4sTe; sy for E||b and
E|la (CDW direction) at 5 K, together with the total Drude-Lorentz
fit and the individual fit contributions. The fitting model follows the
approach used for GdSby s¢Te; 35, with the omission of L1 and L5
and the addition of an LO* oscillator in the far-infrared range.

to Ep, which should cause low-frequency electronic excita-
tions in the optical conductivity spectra, in contrast to our
findings.

The optical response of GdSby 45Te so was analyzed using
a similar Drude-Lorentz fitting model as for GdSby s¢Te; 35,
but omitting L1 and LS5 oscillators, which indicates the ab-
sence of corresponding interband excitations, respectively
(see Fig. 6). An additional Lorentzian term, LO*, was intro-
duced in the far-infrared range to capture the emerging small
peak, which might be due to a damped phonon mode. Further-
more, all remaining oscillators within the measured frequency
range exhibit a blueshift as compared to GdSby s¢Te; 35. It
is interesting to note that the optical conductivity shows a
flat behavior in the high-energy range for both polarization
directions [see Fig. 5(b)]. Generally, a flat optical conductivity
is suggestive for two-dimensional (2D) Dirac fermion excita-
tions related to NL, as will be discussed in more detail below.
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C. Signatures of CDW formation in GdSby s¢Te; 35
and GdSb0,45Te1‘50

The profiles of the optical conductivity of GdSby s¢Teq 35
and GdSby 45Te; 59 are markedly different from that of GdS-
bTe, which has a higher overall optical conductivity and
higher oy, values ranging from ~12 400 to ~30 100 Q~'cm™!
at 300 and 10 K, respectively, as reported in Ref. [33]. Clearly,
the excitations of itinerant charge carriers are much more
pronounced in GdSbTe: Here, two Drude terms were imple-
mented in the fit model, yielding a total plasma frequency
of wp ~ 21600 cm~! (2.68 eV) and 4. ~ 30100 Q2 'em™!
at 10 K. The optical conductivity spectrum of GdSbTe
also contains absorption peaks, which are located at a
slightly lower frequency ~3000cm~! at 10 K with a much
more pronounced temperature dependence (blueshift dur-
ing cooling). These midinfrared (MIR) absorption peaks
have been interpreted in terms of excitations across CDW
gaps [33].

The possible presence of CDWs in “stoichiometric”
LnSbTe compounds, including GdSbTe, was suggested in sev-
eral earlier reports [17,33]. According to angle-resolved pho-
toemission experiments on CeSbTe combined with density-
functional-theory calculations [31], the Fermi surface of
CeSbTe shows nesting, i.e., the Fermi surface contains parallel
sheets, which can be connected by a wave vector. In the
presence of strong electron-phonon coupling, this can lead
to the development of a CDW accompanied by crystal lattice
distortion [20]. As a consequence, an energy gap opens at the
Fermi surface. Superstructure peaks in low-energy electron
diffraction patterns confirm the presence of a CDW in CeSbTe
in a wide temperature range (12-338 K) [31].

In general, the CDW formation is expected to have a
big impact on the profile of the optical conductivity spec-
trum: The opening of a CDW gap reduces the free charge
carrier density, causing a reduction or suppression of the
Drude peak in the low-energy optical conductivity spectrum.
This will also result in the transfer of spectral weight from
the Drude peak to higher frequencies, typically in the MIR
and NIR ranges, indicative of the energy required to break
the CDW state and excite electrons across the CDW gap
[21,47-50]. As the temperature decreases, the CDW gap
widens, causing the MIR/NIR peaks to shift to higher frequen-
cies, reflecting the increasing energy needed for excitations
across the gap [51]. In contrast to one-dimensional systems,
in higher-dimensional materials not all electronic bands might
be affected by the CDW formation, leading to a partial
gap opening only. Prominent examples of materials show-
ing the development of CDWs are the quasi-1D blue bronze
Ko3MoOs [21,52,53], quasi-1D (TaSeq4),1 [54,55], and the
square-net rare-earth ditellurides (LnTe;) [1,24-30]. Also for
LnSbTe with Ln= La, Ce, Gd, Ho it was suggested that the
MIR absorption peaks in the optical conductivity spectra are
signatures of CDW gaps [17,33].

It is, however, important to note that for stoichiometric
GdSbTe the development of CDWs is not expected, since no
direct experimental evidence for lattice distortions related to
CDWs has been reported according to our knowledge [35].
Besides, GdSbTe is isostructural to the prototype nodal-line
semimetal ZrSiS and to LaSbTe. The three materials show
strong similarities in their electronic band structure, even

when SOC is taken into account [3,10,13,56]. Accordingly,
similarities in their optical responses are expected. For com-
parison, the optical conductivity spectrum of ZrSiS at 5 K is
depicted in Fig. 3(b). It has a characteristic U shape related
to excitations of the topologically nontrivial electronic bands
followed by a peak at high energy due to transitions between
parallel bands [44]. An MIR absorption band as reported for
GdSbTe [33] is, however, not observed.

In contrast, for nonstoichiometric  compounds
GdSb, Te,_,_s with Sb content x smaller than 0.85 the
presence of CDWs has been evidenced by x-ray diffraction
and transmission electron microscopy (TEM) [16,35].
The optical conductivity spectra of GdSbgsecTe;ss and
GdSby4sTe; 50 are consistent with the presence of CDWs:
As compared to ZrSiS, the optical conductivity is drastically
reduced [see Fig. 3(b)]. Furthermore, both materials exhibit
a small low-frequency conductivity and a pronounced NIR
absorption band in the optical spectrum, which could be, at
least partially, attributed to excitations across the CDW gap.
It needs to be noted that the slight temperature dependence
of the | spectrum of GdSby 4s5Te; sy for E|la [see Fig. 5(b)]
is not consistent with the general CDW picture, since a shift
of spectral weight to higher frequencies with decreasing
temperature would be expected (though other exceptions have
been reported in the literature [57]). A possible reason is that
the absorption feature may also contain contributions from
electronic bands close to Eg, which are not affected by the
CDW formation, as has been pointed out previously [16].

The interrelation between stoichiometry and structural,
electronic, and magnetic properties has been discussed in
detail in Refs. [16,35]. For x < 0.85 the crystal symmetry
is orthorhombic (space group Pmmn) with slight differ-
ences in the in-plane lattice parameters a and b. Five
representative compounds were characterized for possible
CDW related superstructure modulations by TEM: The re-
sults revealed superstructure reflections for GdSby gsTe; sz,
GdSby»; Te; 79, and GdSbg 45Te; 53, but not for GdSbg 79 Te | 29
and GdSby g5 Te; 3. Concomitant with the presence of a CDW
for reduced Sb content are energy gaps in the electronic band
structure close to Er and a shift of the Fermi level to higher
energies. ARPES studies combined with DFT calculations
on GdSbg 4¢Te; 43 revealed the presence of a CDW gap in
several bands, while the nonsymmorphic symmetry preserves
the Dirac crossings at high symmetry points and the NL along
the X-U direction [16].

Accordingly, in the case of the two compositions stud-
ied here, we expect that the CDW formation related to
the complex interplay between Fermi surface nesting and
the momentum and orbital-dependent electron-phonon cou-
pling [35] is more clearly developed for GdSby4sTe; 5o as
compared to GdSbgsecTe;ss. This is consistent with our
findings: For GdSbg4s5Te; 59 the Drude contribution related
to itinerant charge carriers is much more suppressed and
the in-plane optical response is anisotropic, as compared
to GdSby s¢Te; 35 [Fig. 5(b)]. The size of the CDW gap is
enhanced from ~5400cm™! (~0.67eV) for GdSbg ssTe; 35
to the values ~7100cm~! (~0.88eV) and ~8700cm™!
(~1.08 eV) for GdSby 45Te 59. According to our optical data,
the band structure is fully gapped at Er in the case of
GdSbg 45Tej 50.
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FIG. 7. (a) Schematic representation of the bulk Brillouin zone with the high-symmetry points. Green line indicates the NL along X-U
and Y-T. (b) Electronic band structure with spin-orbit coupling (SOC) and Hubbard U = 6 eV for the AFM-A configuration. (c) Optical
conductivity (o,,) spectra of the AFM-A configuration at different Fermi energy shifts (AE), compared with the optical conductivity spectra
of GdSby 56Ge, 35. Here, AE = E — Er denotes the energy difference relative to the calculated Fermi level of GdSbTe.

Finally, we would like to comment on the observed differ-
ence in the polarization dependence of the optical responses
between GdSbys¢Te;ss (no polarization dependence) and
GdSby 45Tey 50 (polarization dependence). According to previ-
ous studies, the system often features multiple CDW domains,
which can obscure anisotropic optical responses. In single
crystals of GdSb,Te,_,_s, CDW domains can reach widths
of up to ~100 um [16,34], depending on the Sb content, x.
For x 2 0.2, the domain size tends to increase as the Sb
content decreases, in accordance with an increasing difference
between the two in-plane lattice constants: a and b. Therefore,
larger CDW domains are expected for GdSbg4sTe; so than
for GdSbys¢Te;35. Given our measurement geometry, with
a beam spot size of ~200 um), it is not guaranteed that the
measurement was conducted on a single CDW domain. In the
case of GdSby s¢Te; 35, where the domain width is ~10 pum,
the measured response effectively averages over multiple do-
mains with perpendicular CDW wave vectors, leading to a
cancellation of polarization dependence. While in case of
GdSby 45Te; 50, the optical measurements can access a larger
area of one type of CDW domain than the other, thereby
preserving polarization-dependent features in the optical
response.

D. Theoretical optical conductivity

Calculations of interband optical conductivity based on
electronic band structures provide valuable theoretical in-
sights. Although achieving a quantitative description of opti-
cal conductivity remains challenging in semimetallic systems,
theoretical results can still offer qualitative agreement with
experimental observations [58—60]. Here, we consider several
possible magnetic configurations of GdSbTe, as illustrated in
Fig. S1 in the Supplemental Material [45], including AFM-
A, antiferromagnetic coupling along the in-plane direction
(AFM-I), and antiferromagnetic coupling along the out-of-
plane direction (AFM-Z). According to previous studies, the
AFM-A configuration is most consistent with experimental
magnetic susceptibility measurements [14,15]. Consequently,
we focus on this configuration and calculate the corresponding
electronic band structure, as shown in Fig. 7(b). The magnetic

moment of the Gd atom was calculated to be 7.0 u; per
atom, in good agreement with the reported values [15]. The
calculated electronic band structure confirms that the AFM
compound GdSbTe is semimetallic. As depicted in Figs. S2
and S3 in the Supplemental Material [45], variations in the
magnetic configuration have no significant effect on the band
structure. Using the d and f orbitals of Gd atoms and the s
and p orbitals of Sb and Te atoms as the basis set, we con-
structed the WANNIER Hamiltonian from first-principles results
via the WANNIER9O code [42]. This WANNIER Hamiltonian
successfully reproduces the first-principles band structure, as
plotted in Fig. S5 in the Supplemental Material [45]. Using the
WANNIERBERRI code, the interband optical conductivity o (w)
is evaluated based on the Kubo-Greenwood formula [42,43],

ie’h )3 Fo(T) = fu(T)
k

oup(w) =
op Nch Emk — Enk

% <wnk|va |wmk><l/fmk|v,3|1/fnk>

; 2
Emk — &nk — (how +in)

where «, 8 denote Cartesian directions, €2. is the cell volume,
Ny is the number of k points used for sampling the Brillouin
zone, and f,;(T) is the Fermi-Dirac distribution function at
temperature 7', which is set to 0 K in our calculations. fiw is
the optical frequency, and 1 is a smearing parameter set to
0.1 eV.

Since the calculations are based on a stoichiometric struc-
ture, the Fermi level of the actual compound GdSby s¢Te; 35,
which is affected by doping, is expected to shift to a higher
energy region. Therefore, we calculated the interband opti-
cal conductivity for several shifted Fermi levels, as shown
in Fig. 7(c) with solid lines. For the calculated Fermi level
corresponding to the undoped system, the interband con-
ductivity shows a large value in the low-frequency region,
indicating abundant low-energy interband transitions. As the
Fermi level is increased, the low-frequency interband conduc-
tivity decreases significantly, showing better agreement with
the experimental results. In the higher-frequency region, the
calculated conductivity exhibits an almost flat behavior, which
is in agreement with the experimental features. Additionally,
the optical conductivity was calculated for various magnetic
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FIG. 8. (a) Illustration of the Dirac nodal line (NL) with length ky in GdSby s¢Te; 35 along the X-U direction of the Brillouin zone. The
maximum shift of the NL away from the Fermi energy Ef is given by Ey.x/2. (b) Interband optical conductivity o jnerbana Of @ dispersive NL
with the levels 1500 and 2000 Q~'cm™~!, which correspond to the length k; of the NL according to Eq. (3). (c) Optical conductivity o} of
GdSby s¢Te; 35 at 4 K, together with the total NL-Drude-Lorentz fit and the various fit contributions, including the nodal-line term with the

level 2000 Q2 'em ™.

configurations, as shown in Figs. S2 and S3 in the Supple-
mental Material [45]. These results indicate that the optical
response of GdSbTe is insensitive to the magnetic ordering.

E. Signatures of Dirac fermion excitations in GdSb ssTe; 35?2

Similar to the closely related compound ZrSiS, GdSbTe is
considered as a nodal-line semimetal, where Dirac fermion
excitations are expected to contribute to the optical response.
Interband transitions in Dirac cones will lead to a character-
istic shape of the optical conductivity spectrum, following a
distinct power law according to o (w) @2, depending on
the dimensionality d of the Dirac bands [61-64]. Hence, for
three-dimensional (3D) Dirac fermions, a linear-in-frequency
behavior, o)(w) x w, is expected. As the Dirac fermions
in nodal-line semimetals are effectively 2D, a frequency-
independent (flat) optical conductivity is expected, whose
level can serve as an estimate for the length ko of the NL in
reciprocal space according to

€2k0
16h

where a circular NL oriented perpendicular to the electric
field of the incoming electromagnetic radiation is considered
[65-67].

For a dispersive NL, which is the case in GdSbTe, the
low-energy optical conductivity due to interband transitions
resembles that of isolated 3D Dirac cones, following a linear-
in-frequency behavior o(w) x @ [63]. Above the energy
Erax, Which is twice the maximum shift of the NL away
from the Fermi energy, the optical conductivity becomes flat
and resembles that of a dispersionless NL [63]. The level of
the frequency-independent part of o (w) again can serve as a
rough estimate of the length &y of the NL according to Eq. (3).

The existence of a dispersive NL in nonstoichimetric
GdSby 46Te 45 is confirmed by the studies of Lei er al. [16],
a combination of theoretical calculations and angle-resolved
photoemission spectroscopy measurements. Moreover, the
nonsymmorphic Dirac points at X and U are considered as
stable in both the antiferromagnetic and paramagnetic phases

3

01 flat =

[14,15]. These linear band touching points are symmetry
protected from SOC gapping. For the nonstoichimetric com-
pound GdSby 46 Te; 43 the CDW preserves the nonsymmorphic
symmetry, and therefore the NL along X-U is barely affected
by the CDW distortions of the crystal lattice [16]. Thus, we
may apply the above formalism, in order to estimate the nodal
line length in nonstoichiometric GdSbTe based on our optical
data.

As sketched in Fig. 8(a), the Dirac crossing points at the
X and U points of the Brillouin zone are connected by a
dispersive NL crossing the Fermi level Er. For GdSbTe the
maximum shift of the NL away from Er occurs at the U point
and amounts to 0.4 eV. For GdSby 4¢Te) 45, EF is shifted up
and is located at the Dirac node at U [16]. In the case of
GdSby 5¢Te; 35 with slightly larger Sb content we assume a
Fermi level ~0.1eV below this Dirac node, resulting in the
value Ex = 0.8 eV. In Fig. 8(b) we simulate the contribution
to the optical conductivity resulting from interband excitations
of the dispersive NL in GdSbgs¢Te; 35 with Epx = 0.8eV
and two different lengths &y corresponding to two different
o1.4at levels 1500 and 2000 Q lem™! [see Eq. (3)].

We incorporated the contributions of interband transitions
of the dispersive NL in the Drude-Lorentz fit model, in order
to describe the total optical conductivity o of GdSbg s¢Te; 35
at 4 K. A good fit of the experimental data can be achieved
with a maximum o7 g, level of 1800-2000 Q2 'cm~!. For
higher levels, the total fit is significantly worse, as shown in
Fig. SO in the Supplemental Material [45]. This result sets a
maximum length kg = 1.2-1.3 A1 of the dispersive NL.
To validate this result further, we compared komax With the
value derived from band structure calculations based on the
lattice parameters of our material. The nodal line is expected
to extend along the X-U direction, forming an approximately
straight line parallel to the [001] direction. From the cor-
responding Brillouin zone dimensions, we can estimate the
nodal-line length to be ko ~ 0.69 A~!. Although this value
is smaller than the komax value determined experimentally,
it lies within the same order of magnitude, thus confirming
the plausibility of our findings. It is furthermore interesting
to note, that studies by Schilling et al. estimated a nodal-line
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length of ky = 4.3 A~! for ZrSiS [68], whereas Shao et al.
obtained ko = 0.2 A~! for the dispersive NL in NbAs, [63].
Compared to these findings, our estimated maximum NL
length is intermediate and of the same order of magnitude.

Finally, we note that a linear-in-frequency increase fol-
lowed by a rather flat behavior is also present and even
more clearly seen in the optical conductivity spectrum of
GdSbg4sTe; 50, especially along the CDW direction [see
Fig. 5(b)]. From the level o7 gy ~ 2000 Q2 'cm™! we esti-
mate a maximum length kg m.x =~ 1.3 A~! of the dispersive
NL according to Eq. (3), which is close to the value for
GdSby s¢Te 35. This result is also in agreement with the find-
ings in Ref. [16] for GdSby4¢Te; 45 (i.e., with a very similar
composition), which evidence the presence of a dispersive
NL close to Er in nonstoichiometric compounds, while other
trivial electronic bands being removed as a result of the CDW
lattice distortion. In analogy to GdSby 4¢Te; 43, We expect the
NL in GdSby 45Te; 50 to cross Er at the U point of the Bril-
louin zone. In this case the onset of the linear-in-frequency
behavior of o7 would occur at zero frequency. According to
our experimental results the onset occurs above approximately
2500cm™~! (0.31 eV), which means that the electronic band
structure is fully gapped at Eg, including the NL states, due to
the CDW distortions.

IV. CONCLUSION

In conclusion, we studied the in-plane optical conductivity
of the Dirac semimetals GdSbyseTe 35 and GdSbg.sTe; 50
as a function of temperature and polarization direction of
the radiation. According to our results, already small dif-
ferences in stoichiometry have a big impact on the optical
response: While GdSby s¢Te; 35 shows no in-plane anisotropy
and a weak metallic character, in GdSbg 45Te; 5o the optical re-
sponse is polarization dependent and the metallic character is
strongly reduced. For both materials the optical conductivity
spectrum contains a NIR absorption band, which we interpret
in terms of excitations across a CDW gap. For GdSby s¢Te| 35
the optical response exhibits no significant temperature depen-

dence and no signatures associated with magnetic ordering
are detected, indicating a negligible coupling between mag-
netic and charge degrees of freedom. Our DFT calculations
of the interband optical conductivity qualitatively capture the
main experimental features and demonstrate that the optical
response of GdSbTe is robust against magnetic ordering. We
also analyzed the optical conductivity spectra in terms of
excitations of Dirac fermion excitations and estimate the max-
imum length of the dispersive nodal line. Our findings call for
further investigations on the interplay of charge-density-wave
distortion, magnetism, and band topology in LnSb,Te,_,_s
materials.
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