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Electronic structure of the Gd-based intermetallics GdCu2Ge2 and GdCuAl3
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We present a temperature-dependent reflectivity study of single crystals of the ternary intermetallic compounds
GdCu2Ge2 and GdCuAl3 over a broad spectral range (100–18 000 cm−1, equivalent to 12 meV–2.23 eV) down to
13 K. Below 2000 cm−1, the optical spectra are dominated by the response of itinerant charge carriers exhibiting
two distinct scattering rates. While the response of the highly damped charge carriers shows negligible tempera-
ture dependence, the weakly damped carriers closely follow the dc resistivity and are significantly suppressed in
GdCuAl3, consistent with its higher resistivity. Supported by density-functional theory calculations, we further
show that elemental substitution from GdCu2Ge2 to GdCuAl3 tunes the X-site p-orbital character (X = Ge, Al)
of the low-energy electronic structure, while preserving key features such as linearly dispersing bands and saddle
points despite the accompanying structural modifications. The reduced experimental plasma frequency of both
compounds signals enhanced electronic correlations, which induce moderate band-energy renormalization.

DOI: 10.1103/mrpm-nkms

I. INTRODUCTION

f -electron–based intermetallic compounds form a remark-
ably rich platform in condensed matter physics, where subtle
changes in chemical composition can significantly alter both
the magnetic and electronic properties of the system [1–10].
Within this broad material landscape, ternary compounds de-
rived from the layered tetragonal BaAl4 structure provide a
vital playground for studying the interplay between localized
4 f magnetic moments and itinerant s, p, and d electrons.
Based on the stacking sequence, these materials crystallize
in three different space groups including the centrosymmetric
I4/mmm (ThCr2Si2 structure) and P4/nmm (CaBe2Ge2 struc-
ture) groups and the noncentrosymmetric I4mm space group
(BaNiSn3 structure), with broken inversion symmetry [2,11].
These intermetallic ternary compounds display a wide variety
of intriguing phenomena, such as unconventional supercon-
ductivity [12–17], heavy fermion physics [18–22], non-Fermi
liquid behavior [1,23,24], density waves [25,26], as well as
topologically nontrivial electronic states [12,27,28].

Because of their half-filled 4 f shell, Gd-based ternary in-
termetallics feature strongly localized 4 f electrons and thus
provide ideal systems to study these physical phenomena in
the absence of additional complications such as Kondo ef-
fects, Jahn–Teller distortion, or crystal-electric-field effects
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[29–32]. Dominated by RKKY interactions, these compounds
typically exhibit well-defined magnetic ordering tempera-
tures, displaying a large variety of magnetic ground states
ranging from conventional ferromagnetism to helical and
modulated antiferromagnetic orders [4,29,33–36]. Recently,
magnetic-field-induced emergent skyrmion lattices have been
reported in the noncentrosymmetric EuNiGe3 [37,38] (tri-
angular skyrmion lattice), as well as in centrosymmetric
GdRu2Si2 [39,40] and Gd2PdSi3 [41,42] (square skyrmion
lattice), both in the absence of geometrical frustration and
with negligible or even vanishing Dzyaloshinskii–Moriya in-
teraction in the latter cases.

Here, we address the modifications in the electronic struc-
ture of the ternary intermetallic compounds GdCu2Ge2 and
GdCuAl3 arising from elemental substitution and, in the lat-
ter case, the loss of centrosymmetry [see crystal structures
in Figs. 1(a) and 1(b)]. Using Fourier-transform infrared
spectroscopy as a bulk-sensitive probe together with density-
functional theory (DFT) calculations, we unveil an intraband
response with two distinct scattering rates and demon-
strate robust band topology with tunable orbital character in
ternary compounds derived from the layered tetragonal BaAl4

structure.

II. METHODS

A. Synthesis and characterization

High-purity ingots of Gd, Cu, and Al were cut and weighed
according to a 1:1:3 stoichiometry in a glove box. The ele-
ments were then transferred into a fused silica ampule, which
was sealed under vacuum. The ampule was placed in a vertical
tube furnace and heated from room temperature at 100 °C/h to
1190 °C, where the temperature was held for 2 h. The furnace

2469-9950/2026/114(17)/175119(8) 175119-1 Published by the American Physical Society

https://orcid.org/0000-0002-5181-4325
https://orcid.org/0000-0003-1907-052X
https://orcid.org/0000-0003-3574-2170
https://orcid.org/0009-0000-8813-2080
https://ror.org/04vnq7t77
https://ror.org/01d5jce07
https://ror.org/005bk2339
https://crossmark.crossref.org/dialog/?doi=10.1103/mrpm-nkms&domain=pdf&date_stamp=2026-09-14
https://doi.org/10.1103/mrpm-nkms
https://creativecommons.org/licenses/by/4.0/
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FIG. 1. (a), (b) Crystal structures of GdCu2Ge2 and GdCuAl3,
respectively, visualized with VESTA [43]. (c), (d) Photographs of the
single crystals used in the optical experiments prior to polishing.
Backscattered x-ray Laue images of the same crystals are given in
panels (e)–(h), confirming the tetragonal symmetry.

was then slowly cooled at 5 °C/h to 900 °C. The elongated
boule was cracked and shiny crystals of typically 1 mm were
extracted in air.

For GdCu2Ge2, a GdCuGe3 Sn-flux growth was attempted
by mixing 0.22361 g Gd, 0.09036 g Cu, 0.30988 g Ge, and
3.37614 g Sn in a glove box and loading the mixture into a
Canfield crucible set of two crucibles separated by a sieve.
These were sealed in a fused silica ampule under vacuum.

Afterward, the ampule was heated to 1000 °C at 100 °C/h,
and the temperature was held for 24 h. The furnace was
slowly cooled at 1 °C/h to 550 °C, at which point the Sn flux
was centrifuged through sieves. The ampules were opened in
air and crystals of Gd2CuGe6 and GdCu2Ge2 with sizes of
several millimeters were obtained.

The single crystals were characterized by single-crystal
XRD. We found Gd-Cu-Ge to crystallize in the ThCr2Si2-type
structure (space group I4/mmm), while GdCuAl3 crystallizes
in the GdNiSn3-type structure (space group I4mm). The cor-
responding Fourier maps are shown in Figs. 1(e)–1(h) and the
single-crystal refinement results are summarized in Table I
(see the Supplemental Material [44] for CIF files). The crys-
tals were oriented during this process and polished for optical
characterization.

Four-probe resistivity measurements were performed on
the same crystals used in the optical experiments [see
Figs. 1(c) and 1(d)]. The low dc resistivity values shown
in Figs. 2(a) and 2(b) indicate the highly metallic nature of
these samples. The kinks observed around TN = 10 K and
12 K in the resistivity curves of GdCu2Ge2 and GdCuAl3,
respectively, correspond to the antiferromagnetic transitions,
consistent with previous Mössbauer spectroscopy studies
[45,46].

B. Optical measurements

Temperature-dependent reflectivity measurements were
performed on optically polished samples in the isotropic
ab plane down to 13 K (T > TN), covering a broad fre-
quency range 100–18 000 cm−1 (12 meV–2.23 eV). For the
high-energy range (ω > 600 cm−1), a Bruker Vertex 80v
spectrometer coupled with a Hyperion IR microscope was
used, while the low-energy range (ω < 600 cm−1) was mea-
sured with a Bruker IFS113v spectrometer and a custom-built
cryostat. Freshly evaporated gold mirrors served as reference
in these measurements. The absolute value of the reflectivity
was obtained by an in situ gold-overcoating technique in the
far-infrared range, as described in Ref. [47].

Below 100 cm−1, we use standard Hagen–Rubens extrapo-
lations, considering the metallic nature of our samples, while
for the high-energy range we utilize x-ray scattering functions
to extrapolate the data [48]. The optical conductivity is then
calculated from the measured reflectivity via Kramers–Kronig
analysis [49].

TABLE I. Structural parameters extracted from single-crystal refinement. GdCuAl3 crystallizes in I4mm with lattice constants a = b =
4.1412(3) Å and c = 10.6232(16) Å, with Rall = 0.0490 and wRgt = 0.1208. GdCu2Ge2, on the other hand, crystallizes in I4/mmm with
lattice constants a = b = 4.0591(11) Å and c = 10.233(3) Å, with Rall = 0.0487 and wRgt = 0.0941. Note that U23 = U13 = U12 = 0.

Atom x y z Ueq U11 U22 U33

Gd1 1 1 0.57795(5) 0.0125(6) 0.0103(6) 0.0103(6) 0.0169(9)
Cu2 1/2 1/2 0.4503(3) 0.0138(13) 0.0126(17) 0.0126(17) 0.016(3)
Al3 1/2 0 0.3281(8) 0.0131(11) 0.015(7) 0.012(7) 0.013(2)
Al4 1/2 1/2 0.6704(11) 0.015(3) 0.015(4) 0.015(4) 0.016(6)
Gd1 1 1 1/2 0.0090(4) 0.0112(5) 0.0112(5) 0.0046(7)
Ge2 1/2 1/2 0.61955(16) 0.0101(4) 0.0138(5) 0.0138(5) 0.0027(8)
Cu3 0 1/2 3/4 0.0120(5) 0.0155(6) 0.0155(6) 0.0050(10)
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FIG. 2. DC resistivity curves of GdCu2Ge2(a) and GdCuAl3

(b) measured in the ab plane and normalized to the resistivity values
obtained from our optical measurements via Hagen–Rubens fits. The
kinks at low temperatures, highlighted in the insets, correspond to the
antiferromagnetic transitions at TN = 10 K and 12 K of GdCu2Ge2

and GdCuAl3, respectively. Panels (c) and (d) show the in-plane
reflectivity of GdCu2Ge2 and GdCuAl3 at selected temperatures,
while (e) and (f) present the corresponding calculated real part of
the optical conductivity.

C. Computational

Density-functional theory (DFT) calculations of the band
structure and optical conductivity were performed using the
Wien2K [50,51] code with the Perdew–Burke–Ernzerhof fla-
vor of the exchange-correlation potential [52]. Experimentally
determined structural parameters given in Table I were used
in the calculations. Fully relativistic self-consistent calcula-
tions were converged on a 12 × 12 × 12 k mesh. For the
nonmagnetic calculations presented in the main text, the
open-core approximation was employed, in which the Gd 4 f
electrons were treated as core states. Alternatively, a Hub-
bard U = 10 eV was added to the 4 f shell of Gd within the
DFT + U framework, using the FLL (fully localized limit)
double-counting correction to push the minority 4 f states
well above the Fermi level. In this approach, an in-plane

antiferromagnetic order of the Gd atoms was imposed, neces-
sary to stabilize the Gd3+ ground state (see the Supplemental
Material [44]). The optical conductivity was calculated us-
ing the OPTIC module [53] on a denser k mesh with up to
100 × 100 × 100 points.

III. RESULTS AND DISCUSSION

Figures 2(c) and 2(d) display the temperature-dependent
reflectivity of GdCu2Ge2 and GdCuAl3, respectively. At low
frequencies, the high reflectivity values together with the
Drude-like increase in the optical conductivities, presented
in Figs. 2(e) and 2(f), demonstrate the highly metallic nature
of the samples. Conductivity values in the ω → 0 limit are
obtained from the Hagen–Rubens fit of the reflectivity and
match well with our four-probe dc resistivity measurements
performed on the same samples, as shown in Figs. 2(a) and
2(b).

To gain further insight into the different electronic con-
tributions to the spectra, we perform a Drude–Lorentz fit by
simultaneously modeling the measured reflectivity and the
complex optical response obtained from the Kramers–Kronig
analysis,

ε̃(ω) = ε∞ − ω2
p,Drude

ω2 + iω/τDrude
+

∑
j

�2
j

ω2
0, j − ω2 − iωγ j

. (1)

Here, ε∞ accounts for the high-energy contributions to the real
part of the dielectric permittivity [ε̃ = ε1 + iε2], and ωp,Drude

and 1/τDrude are the plasma frequency and the scattering
rate of the itinerant carriers, respectively. ω0, j , � j , and γ j

describe the resonance frequency, width, and strength of the
jth excitation, respectively. The complex optical conductivity
[σ̃ = σ1 + iσ2] is then calculated as

σ̃ (ω) = −iω[ε̃ − ε∞]/4π. (2)

The decomposed experimental optical conductivities of
GdCu2Ge2 and GdCuAl3 at 13 K are shown in Figs. 3(a)
and 3(b), respectively (see the decomposed optical spectra
at other selected temperatures in the Supplemental Material
[44]). At high frequencies (ω > 2000 cm−1), temperature-
independent interband transitions are modeled by a total of
five Lorentzians, shown in orange. At lower frequencies (ω <

2000 cm−1), the spectra exhibit a broad intraband contribu-
tion that, in the case of GdCu2Ge2, cannot be adequately
described by a single Drude term. Although less apparent
within the measured spectral range of GdCuAl3, a second
Drude component (shown in blue in Fig. 3) with significantly
reduced spectral weight is required here as well to model
the slight upturn below ∼200 cm−1, as well as to reproduce
the dc conductivity obtained from the four-contact transport
measurements.

The occurrence of two Drude contributions with markedly
different scattering rates is commonly observed in multiband
systems, including topological materials such as Dirac and
Weyl semimetals, as well as iron pnictides with the ThCr2Si2

structure [54–60]. While the exact interpretation varies among
different material classes, many of these systems host lin-
early dispersing bands that give rise to highly mobile carriers,
whereas carriers associated with nonlinear bands tend to
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FIG. 3. Optical conductivity of GdCu2Ge2 (a) and GdCuAl3

(b) at 13 K, modeled using two Drude contributions (blue and green)
and five Lorentzians above 2000 cm−1, describing the interband
transitions (orange).

exhibit lower mobility. This picture is consistent with the
electronic structure of the intermetallic compounds investi-
gated here, as discussed below. At the same time, it should
be noted that the two Drude components may also reflect two
inherently different scattering channels rather than carriers
originating from specific electronic bands [59,61–63].

As summarized in Fig. 4, the dc conductivity associated
with the broad Drude term (Drude 2) remains temperature
independent and exhibits similar scattering rates in both com-
pounds within the error bars of our fits. In contrast, the dc
conductivity of the narrow Drude term (Drude 1) closely fol-
lows the temperature dependence of the measured resistivity
and is significantly enhanced in GdCu2Ge2, consistent with its
lower resistivity.

The strength of the electronic correlations can be gauged
by comparing the experimental and DFT-based plasma fre-
quencies [64–66]. Here, the ratio ω2

p,exp/ω
2
p,DFT is close to

1 for uncorrelated systems, while it approaches 0 for Mott
insulators, indicating the full suppression of itinerant charge
carriers. Given the presence of two Drude contributions in our
spectra, the total experimental plasma frequency is calculated

by ωp,exp =
√

ω2
p,Drude1 + ω2

p,Drude2. Using the experimental

and DFT-derived plasma frequencies listed in Table II, we

FIG. 4. (a), (b) Temperature-dependent dc conductivities of the
Drude fits overlaid with the values obtained from the measured dc
resistivity for GdCu2Ge2 and GdCuAl3, respectively. The associated
scattering rates are plotted in (c) for GdCu2Ge2 and (d) for GdCuAl3.

calculate a ratio of 0.47 for both compounds at 13 K,
indicating the presence of enhanced correlations. The deter-
mined ratios are highly robust with increasing temperature,
as demonstrated by the comparable values obtained at room
temperature and reported in Table II.

Further insight into the role of structural changes and
differences in bonding on the low-energy electronic struc-
ture is obtained through a comparison between experimental
and DFT-derived interband optical transitions summarized in
Fig. 5. Panels (a) and (b) display the experimental interband
optical conductivity of GdCu2Ge2 and GdCuAl3, respectively,
obtained by subtracting the modeled Drude contributions from
the data. For GdCu2Ge2, the interband absorption above 1 eV
is well reproduced by the DFT calculations shown in gray in
the same panel. At lower energies, however, the experimental

TABLE II. Drude fit parameters at 13 K and 295 K together with
the calculated plasma frequencies as well as the ratio ω2

p,exp/ω
2
p,DFT

used as a gauge of electronic correlations.

GdCu2Ge2 GdCuAl3

13 K 295 K 13 K 295 K

σ0,1 (�−1cm−1) 37162 2925 4619 679
σ0,2 (�−1cm−1) 10370 11121 11365 9800
τ−1

1 (cm−1) 96 169 76 96
τ−1

2 (cm−1) 836 1044 1013 1257
ωp,Drude1 (cm−1) 14633 5446 4603 1979
ωp,Drude2 (cm−1) 22808 26394 26284 27191
ωp,exp (cm−1) 27098 26950 26684 27263
ωp,DFT (cm−1) 39733 39059
ω2

p,exp/ω
2
p,DFT 0.47 0.46 0.47 0.49
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FIG. 5. (a), (b) Experimental interband optical transitions of
GdCu2Ge2 and GdCuAl3 at 13 K (colored scatter), respectively,
obtained by subtracting the Drude contributions from the spectra,
overlaid with the DFT-calculated optical conductivities (gray solid
line). Note that a broadening of up to 0.1 eV was applied to the
calculated spectra above 5000 cm−1 to facilitate direct comparison
with the experimental data. Furthermore, the energy axis of the
theoretical optical conductivity of GdCuAl3 is rescaled by a factor of
1.5. Band structures of GdCu2Ge2 and GdCuAl3 are given in (c) and
(d), respectively, with colored dots representing contributions from
different atomic orbitals.

data reveal a step-like onset whose spectral weight is strongly
suppressed in the DFT-derived optical conductivity. As re-
vealed by our band-resolved calculations in Fig. S2 within the
Supplemental Material [44], these low-energy interband exci-
tations arise predominantly from transitions between linearly
dispersing bands crossing the Fermi energy along N–X , N–P,
and P–Z (see Fig. 5 for the band structures).

For GdCuAl3, the best agreement between the experimen-
tal and DFT-derived optical spectra is obtained by rescaling
the calculated energies by a factor of 1.5, as shown in
Fig. 5(b). Such a rescaling is commonly observed in cor-
related materials and indicates a moderate renormalization
of the band energies [67–69]. A similar renormalization of
band energies can also be envisaged for GdCu2Ge2, where
the possible effect would primarily concern bands “B” and
“C” in close proximity to the Fermi level (see Fig. S2 within
the Supplemental Material [44]) and would consequently shift
the onset of interband transitions involving these two bands to
lower energies.

In both compounds, the band structure is dominated by
strongly hybridized Gd 5d , Cu 3d , and Al/Ge p states, as
demonstrated in Figs. 5(c) and 5(d). The overall electronic
structure exhibits a multiband nature, comprising linearly
dispersing bands and saddle points, and remains largely
unchanged upon chemical substitution, highlighting its ro-
bustness against structural modifications. This renders these

Gd-based intermetallics promising platforms for tuning elec-
tronic properties through controlled chemical substitution
or carrier doping while preserving their characteristic low-
energy band features. Notably, the electronic structure of
GdCuAl3 exhibits substantially enhanced contributions from
Al 3p states, resulting in an upward shift of the Al 3p-derived
bands. As shown in Fig. S2 within the Supplemental Mate-
rial [44], these shifts do not crucially alter the shape of the
interband transitions across the measured energy range. Such
tunability provides an avenue for exploring filling-dependent
electronic and magnetic phases, including high-temperature
superconductivity and topological spin textures such as
skyrmions [3,70–73].

Furthermore, this upward shift of the 3p states leads to
the formation of band saddle points along 	–Z–N that lie in
close proximity to the Fermi level. Together with the overall
enhanced Al 3p contribution to the Fermi surface, this may
account for changes in the scattering mechanism, resulting in
the dampened Drude response and the overall higher resistiv-
ity observed in GdCuAl3. Finally, the loss of centrosymmetry
in GdCuAl3 gives rise to small spin–orbit-coupling-induced
band splittings on the order of ∼20 meV along certain k
directions (see Fig. S3 within the Supplemental Material
[44]). These splittings do not produce additional interband
transitions with sufficient spectral weight to be resolved in
the optical spectra, consistent with the DFT-derived optical
conductivity.

IV. CONCLUSIONS

We studied the broadband in-plane optical conductiv-
ity of single crystals of two Gd-based ternary intermetallic
compounds: centrosymmetric GdCu2Ge2 and noncentrosym-
metric GdCuAl3. The response of free carriers reveals two
distinct scattering rates, which can be interpreted in terms
of highly damped and weakly damped charge carriers, with
the latter being the dominant contribution to the temperature
dependence of the dc transport. The electronic structures of
both compounds exhibit highly similar band dispersions and
enhanced electronic correlations, evidenced by reduced exper-
imental plasma frequencies and band-energy renormalization.
In GdCuAl3, the augmented Al 3p contribution modifies the
orbital character near the Fermi surface, leading to band sad-
dle points at the Fermi level and an overall upward shift
of bands with strong Al 3p contribution. The loss of cen-
trosymmetry in GdCuAl3, on the other hand, has only a
minor effect on the overall electronic structure, producing
spin–orbit-coupling-induced splittings of several tens of meV
without introducing additional interband optical transitions.
These results highlight the robustness of the electronic struc-
ture in ternary intermetallics against chemical substitution,
making them promising platforms for future band-filling tun-
ing and exploration of emergent electronic and magnetic
phases. The coexistence of itinerant carriers with two distinct
scattering rates motivates Hall-effect measurements to further
disentangle their contributions to the transport properties.

DATA AVAILABILITY

The data that support the findings of this article are
not publicly available upon publication because it is not
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technically feasible and/or the cost of preparing, depositing,
and hosting the data would be prohibitive within the terms of

this research project. The data are available from the authors
upon reasonable request.

[1] Y. Lai, J. Y. Chan, and R. E. Baumbach, Electronic landscape
of the f -electron intermetallics with the ThCr2Si2 structure, Sci.
Adv. 8, eabp8264 (2022).

[2] M. Shatruk, ThCr2Si2 structure type: The “perovskite” of inter-
metallics, J. Solid State Chem. 272, 198 (2019).

[3] D. Johrendt, C. Felser, O. Jepsen, O. K. Andersen, A. Mewis,
and J. Rouxel, LMTO band structure calculations of ThCr2Si2-
type transition metal compounds, J. Solid State Chem. 130, 254
(1997).

[4] A. Szytuła and J. Leciejewicz, Magnetic properties of ternary
intermetallic compounds of the RT2X2 type, in Handbook on
the Physics and Chemistry of Rare Earths, Vol. 12, edited by
K. A. Gschneidner, Jr. and L. Eyring (Elsevier, Amsterdam,
1989), pp. 133–211.

[5] X. Tan, Z. P. Tener, and M. Shatruk, Correlating itinerant mag-
netism in RCo2Pn2 pnictides (R = La, Ce, Pr, Nd, Eu, Ca;
Pn = P, As) to their crystal and electronic structures, Acc.
Chem. Res. 51, 230 (2018).

[6] L. Petit, D. Paudyal, Y. Mudryk, K. A. Gschneidner, V. K.
Pecharsky, M. Lüders, Z. Szotek, R. Banerjee, and J. B.
Staunton, Complex magnetism of lanthanide intermetallics and
the role of their valence electrons: Ab initio theory and experi-
ment, Phys. Rev. Lett. 115, 207201 (2015).

[7] C. Pfleiderer, Superconducting phases of f -electron com-
pounds, Rev. Mod. Phys. 81, 1551 (2009).

[8] M. Dzero, K. Sun, V. Galitski, and P. Coleman, Topological
Kondo insulators, Phys. Rev. Lett. 104, 106408 (2010).

[9] P. Puphal, V. Pomjakushin, N. Kanazawa, V. Ukleev, D. J.
Gawryluk, J. Ma, M. Naamneh, N. C. Plumb, L. Keller, R.
Cubitt, E. Pomjakushina, and J. S. White, Topological magnetic
phase in the candidate Weyl semimetal CeAlGe, Phys. Rev.
Lett. 124, 017202 (2020).

[10] U. Häussermann, S. Amerioun, L. Eriksson, C.-S. Lee, and
G. J. Miller, The s-p bonded representatives of the prominent
BaAl4 structure type: A case study on structural stability of
polar intermetallic network structures, J. Am. Chem. Soc. 124,
4371 (2002).

[11] E. Parthé, B. Chabot, H. F. Braun, and N. Engel, Ternary BaAl4-
type derivative structures, Acta Cryst. B 39, 588 (1983).

[12] S. Khim, J. F. Landaeta, J. Banda, N. Bannor, M. Brando,
P. M. R. Brydon, D. Hafner, R. Küchler, R. Cardoso-Gil, U.
Stockert, et al., Field-induced transition within the supercon-
ducting state of CeRh2As2, Science 373, 1012 (2021).

[13] K. Nogaki, A. Daido, J. Ishizuka, and Y. Yanase, Topologi-
cal crystalline superconductivity in locally noncentrosymmetric
CeRh2As2, Phys. Rev. Res. 3, L032071 (2021).

[14] H. Q. Yuan, F. M. Grosche, M. Deppe, C. Geibel, G. Sparn, and
F. Steglich, Observation of two distinct superconducting phases
in CeCu2Si2, Science 302, 2104 (2003).

[15] E. Schuberth, M. Tippmann, L. Steinke, S. Lausberg, A.
Steppke, M. Brando, C. Krellner, C. Geibel, R. Yu, Q.
Si, and F. Steglich, Emergence of superconductivity in the
canonical heavy-electron metal YbRh2Si2, Science 351, 485
(2016).

[16] F. Steglich, Unconventional superconductivity in the Kondo-
lattice system CeCu2Si2—A personal perspective, New Phys.:
Sae Mulli 73, 1067 (2023).

[17] B. White, J. Thompson, and M. Maple, Unconventional super-
conductivity in heavy-fermion compounds, Physica C 514, 246
(2015).

[18] N. Kimura and I. Bonalde, Non-centrosymmetric heavy-
fermion superconductors, in Non-Centrosymmetric Supercon-
ductors: Introduction and Overview, edited by E. Bauer and M.
Sigrist (Springer, Berlin, 2012), pp. 35–79.

[19] V. K. Anand, D. T. Adroja, A. Bhattacharyya, B. Klemke, and
B. Lake, Kondo lattice heavy fermion behavior in CeRh2Ga2, J.
Phys.: Condens. Matter 29, 135601 (2017).

[20] R. Lefévre and F. O. von Rohr, A heavy fermion Zn-deficient
CaBe2Ge2-type phase with rare Ce-based ferromagnetism and
large magnetoresistance, Chem. Mater. 34, 2352 (2022).

[21] L. C. Gupta, D. E. MacLaughlin, C. Tien, C. Godart, M. A.
Edwards, and R. D. Parks, Magnetic behavior of the Kondo-
lattice system CeRu2Si2, Phys. Rev. B 28, 3673 (1983).

[22] G. Knebel, M. Brando, J. Hemberger, M. Nicklas, W. Trinkl,
and A. Loidl, Magnetic, calorimetric, and transport properties
of Ce(Pd1−xNix )2Ge2 and CeNi2(Ge1−ySiy )2, Phys. Rev. B 59,
12390 (1999).

[23] M. Mihalik, M. Diviš, and V. Sechovský, Electronic and crystal
structure of α- and β-CeIr2Si2, Physica B 404, 3191 (2009).

[24] P. Gegenwart, C. Langhammer, C. Geibel, R. Helfrich, M.
Lang, G. Sparn, F. Steglich, R. Horn, L. Donnevert, A. Link, and
W. Assmus, Breakup of heavy fermions on the brink of “phase
A” in CeCu2Si2, Phys. Rev. Lett. 81, 1501 (1998).

[25] J. Lee, K. Prokeš, S. Park, I. Zaliznyak, S. Dissanayake, M.
Matsuda, M. Frontzek, S. Stoupin, G. L. Chappell, R. E.
Baumbach, C. Park, J. A. Mydosh, G. E. Granroth, and J. P. C.
Ruff, Charge density wave with anomalous temperature depen-
dence in UPt2Si2, Phys. Rev. B 102, 041112(R) (2020).

[26] J. A. Mydosh, P. M. Oppeneer, and P. S. Riseborough, Hidden
order and beyond: An experimental–theoretical overview of the
multifaceted behavior of URu2Si2, J. Phys.: Condens. Matter
32, 143002 (2020).

[27] V. Ivanov, X. Wan, and S. Y. Savrasov, Renormalized quasi-
particles, topological monopoles, and superconducting line
nodes in heavy-fermion CeT X3 compounds, Phys. Rev. B 103,
L041112 (2021).

[28] A. K. Kundu, T. Roy, S. Pakhira, Z.-B. Wu, M. Tsujikawa, M.
Shirai, D. C. Johnston, A. N. Pasupathy, and T. Valla, Topo-
logical electronic structure of YbMg2Bi2 and CaMg2Bi2, npj
Quantum Mater. 7, 67 (2022).

[29] R. Mallik and E. V. Sampathkumaran, Magnetic precursor
effects, electrical and magnetoresistance anomalies, and heat-
capacity behavior of Gd alloys, Phys. Rev. B 58, 9178 (1998).

[30] M. Güttler, A. Generalov, M. M. Otrokov, K. Kummer, K.
Kliemt, A. Fedorov, A. Chikina, S. Danzenbächer, S. Schulz,
E. V. Chulkov, et al., Robust and tunable itinerant ferromag-
netism at the silicon surface of the antiferromagnet GdRh2Si2,
Sci. Rep. 6, 24254 (2016).

175119-6

https://doi.org/10.1126/sciadv.abp8264
https://doi.org/10.1016/j.jssc.2019.02.012
https://doi.org/10.1006/jssc.1997.7300
https://doi.org/10.1021/acs.accounts.7b00533
https://doi.org/10.1103/PhysRevLett.115.207201
https://doi.org/10.1103/RevModPhys.81.1551
https://doi.org/10.1103/PhysRevLett.104.106408
https://doi.org/10.1103/PhysRevLett.124.017202
https://doi.org/10.1021/ja012392v
https://doi.org/10.1107/S010876818300302X
https://doi.org/10.1126/science.abe7518
https://doi.org/10.1103/PhysRevResearch.3.L032071
https://doi.org/10.1126/science.1091648
https://doi.org/10.1126/science.aaa9733
https://doi.org/10.3938/NPSM.73.1067
https://doi.org/10.1016/j.physc.2015.02.044
https://doi.org/10.1088/1361-648X/aa5b5d
https://doi.org/10.1021/acs.chemmater.1c04328
https://doi.org/10.1103/PhysRevB.28.3673
https://doi.org/10.1103/PhysRevB.59.12390
https://doi.org/10.1016/j.physb.2009.07.052
https://doi.org/10.1103/PhysRevLett.81.1501
https://doi.org/10.1103/PhysRevB.102.041112
https://doi.org/10.1088/1361-648X/ab5eba
https://doi.org/10.1103/PhysRevB.103.L041112
https://doi.org/10.1038/s41535-022-00474-2
https://doi.org/10.1103/PhysRevB.58.9178
https://doi.org/10.1038/srep24254


ELECTRONIC STRUCTURE OF THE GD-BASED … PHYSICAL REVIEW B 114, 175119 (2026)

[31] D. J. Garcia, J. G. Sereni, and A. A. Aligia, Specific heat of
Gd3+ and Eu2+-based magnetic compounds, arXiv:2410.23519.

[32] S. I. Kimura, J. Sichelschmidt, and S. Khim, Optical study
of the electronic structure of locally noncentrosymmetric
CeRh2As2, Phys. Rev. B 104, 245116 (2021).
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