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Heavy-fermion compounds frequently host emergent phases — most notably non-BCS superconductivity and uncon-
ventional quantum criticality — whose microscopic origins can invariably be traced to the entanglement of itinerant and
nearly localized electronic degrees of freedom. In this work, we carry out a systematic study on the electronic structure and
quasiparticle features of the antiferromagnetic intermetallic compound GdRhlns, utilizing high-resolution angle-resolved
photoemission spectroscopy (ARPES) measurements. Energy-dependent measurements reveal the coexistence of Fermi
surface topologies with both quasi-two-dimensional and three-dimensional characteristics. Notably, the quasiparticle bands
commonly observed in conventional cerium-based compounds are absent from the resonance data, likely due to the strong
localization nature of the Gd 4f states within the compound. Temperature-dependent studies, combined with density func-
tional theory (DFT) calculations, demonstrate that as temperature decreases, the electronic density of states (EDC) near
the Fermi level increases, while the peak position of the MDC associated with the 8 energy band shows a shrinking trend.
This systematic exploration of GdRhlIns’s electronic structure enhances our comprehension of the microscopic physical
properties not only of GdRhIns but also of the broader family of rare-earth-based 115 systems.
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1. Introduction

Materials featuring f-electron systems have long held the
interest of researchers, owing to their intricate many-body phe-
nomena, including heavy fermion states, unconventional su-
perconductivity, and quantum critical transitions.!'-% The col-
lective hybridization between localized f-electrons and con-
duction electrons gives rise to composite quasiparticles, char-
acterized by substantially enhanced effective masses and ex-
panded Fermi surface volumes.!”! The ground-state properties
of f-electron systems are governed by the competitive inter-
play between Kondo hybridization and the Ruderman—Kittel—
Kasuya—Yosida (RKKY) interaction.®-1% Notably, the dual
localized—itinerant character of f-electrons enables their si-
multaneous participation in both superconducting pairing and
competing ordered states.['!] Thus, a comprehensive under-
standing of the exotic behaviors in f-electron systems necessi-
tates detailed elucidation of their electronic structures via ad-
vanced spectroscopic investigations.

The RMlIns system constitutes a family of intermetallic
compounds, predominantly composed of rare-earth elements
(R) with 4f electronic configurations, paired with transition
metals (M) from the Co, Rh, and Ir groups. These materials
exhibit a broad spectrum of electronic and magnetic phenom-
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ena, encompassing heavy fermion behavior, unconventional
superconductivity, and complex magnetic states.'>=2% Such
properties are closely tied to the strong electronic correlations
in R 4f orbitals and the quasi-two-dimensional nature of their
Fermi surfaces. Particularly striking manifestations of these
phenomena are observed in cerium-based compounds within
this system.[21-24]

The compound investigated herein, GdRhIns, adopts the
prototypical HoCoGas-type tetragonal crystal structure and
undergoes antiferromagnetic ordering at a Néel temperature
(Tx) of 40.0 K.[%] Consistent with >3Gd Mossbauer spec-
troscopy data, resonant x-ray diffraction measurements on
GdRhlIns reveal a simple collinear antiferromagnetic struc-
ture, where Gd magnetic moments are aligned in or near
the basal plane./?®! Temperature-dependent magnetic suscep-
tibility [x(7)] measurements exhibit a distinct transition at
40 K, indicative of the onset of long-range antiferromag-

(271 In the paramagnetic regime, the suscepti-

netic ordering.
bility follows Curie-~Weiss behavior, with an effective mag-
netic moment (Ugr) of 8.40 up and a paramagnetic Curie tem-
perature 6, of —70 K. [28-311 Specific heat measurements dis-
close a sharp anomaly at the corresponding ordering temper-
ature, which can be successfully modeled using the Heisen-

berg model — considering only the first-nearest-neighbor
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coupling (J).3?! In contrast to compounds such as CeRhIns
and CeColns, detailed studies of the electronic structure of
GdRhlns remain relatively scarce.

Previously, both theoretical and experimental investiga-
tions into a series of gadolinium-based intermetallic com-
pounds have consistently demonstrated that the 4f electrons
of gadolinium exhibit strong localization characteristics. For
instance, in Gd,Co,Al[*31 LSDA + U (local spin density ap-
proximation with Hubbard U) calculations yield an extremely
In FP-
LAPW (full-potential linearized augmented plane wave) stud-
ies of GdAuX (where X = Mg, Cd, In),?* a narrow Gd 4f
peak is identified at —4.3 eV, which is explicitly character-

sharp, localized Gd 4f peak near the Fermi level.

ized as “localized and non-bonding” — reinforcing the lack
of significant hybridization with conduction bands. Even un-
der extreme conditions, such as 100 GPa of hydrostatic pres-
sure, FP-LAPW calculations on elemental gadolinium show
that the 4f states remain sharp and localized, with only min-
imal energy shifts; this confirms the robust localization of
Gd 4f electrons even under high compression.[*>! In magnetic

361 regearchers further assume localized

analyses of GdyCoy7,!
Gd 4f magnetic moments that couple indirectly via conduction
electrons — a model that aligns closely with experimental ob-
servations, providing additional evidence for 4f localization.
For the GdM1Ins5 family (M = Co, Rh, Ir), GGA 4 U (general-
ized gradient approximation with Hubbard U) calculations®’!
adopt a Hubbard U value of 6 eV for the Gd 4f shell. The
authors justify this parameter choice by stating that the strong
localization of the 4f electrons makes GGA + U appropriate.
Despite the extensive research that has been conducted on the
Ce-based 115 systems, investigations into Gd-based 115 sys-
tems — particularly studies focusing on their electronic struc-
tures — remain unreported.

In the present study, we successfully synthesized the
tetragonal compound GdRhlIns via the flux method and sys-
tematically investigated its electronic structure. Utilizing
high-resolution ARPES, we acquired well-resolved Fermi sur-
faces and complete band structures. These experimental re-
sults were then compared with DFT calculations that treated
Gd 4f electrons as localized — revealing two key findings: the
coexistence of quasi-two-dimensional and three-dimensional
Fermi surface topologies, and the strong localization of Gd 4f
states in GdRhIns. Temperature-dependent electronic struc-
ture measurements demonstrate that: while the spectral weight
associated with Gd 5d and In 5p orbitals diminishes with in-
creasing temperature, the localized nature of Gd 4f electrons
remains unchanged. Consistent with our measured resonance
data, no heavy quasiparticle bands nor significant f—c hy-
bridization behavior were observed near the Fermi level across
the entire temperature range investigated. Concurrently, the
peak position of the MDC near the 8 energy band shows an

increasing trend. This phenomenon is attributed to enhanced
spin fluctuations near 7y, which introduce additional scatter-
ing for conduction electrons and drive a redistribution of spec-
This
temperature evolution originates from the modulation of scat-

tral weight from coherent to incoherent components.

tering by magnetic fluctuations in the context of localized 4f
electrons, rather than from heavy-fermion behavior.

2. Experimental details

Single crystals of GdRhIns were grown using a self-flux
method with high-purity elemental constituents: Gd (99.9%),
Rh (99.95%), and In (99.999%). The starting materials were
combined in a non-stoichiometric ratio of Gd:Rh:In = 1:1:20
and loaded into an alumina crucible. This crucible assembly
was then sealed inside a quartz tube under an argon atmo-
sphere to prevent oxidation during heating. The crystal growth
process employed a three-stage thermal program: (1) heating
to 1150 °C, followed by a 10-hour isothermal hold to ensure
complete melting and homogenization of the precursor mix-
ture; (2) controlled cooling at a rate of 10 °C/h to 750 °C,
a step optimized to promote nucleation and oriented crystal
growth; (3) gradual temperature reduction at 1 °C/h down to
450 °C, minimizing thermal stress to avoid crystal cracking.
After growth, residual flux was removed by centrifuging the
quartz tube at the final growth temperature,*®! a standard tech-
nique to isolate high-quality single crystals from the molten In
flux.

Chemical composition of the as-synthesized GdRhlns
single crystals was verified using energy-dispersive spec-
troscopy (EDS). Structural characterization was carried out
via x-ray diffraction (XRD) measurements using a PANalyt-
ical X Pert Pro diffractometer with Cu Ko radiation, which
confirmed the compound’s tetragonal HoCoGas-type struc-
ture. Electrical transport properties were investigated over the
temperature range of 2-300 K using a physical property mea-
surement system (PPMS). The ARPES data presented in this
work were acquired at the BLO9U “Dreamline” beamline of
the Shanghai Synchrotron Radiation Facility (SSRF), using a
Scienta DA30 electron analyzer. The measurements were per-
formed with an energy resolution of 17 meV and an angular
resolution of 0.2°. The samples were cleaved along the c-axis
at 18 K under ultrahigh vacuum conditions before performing
the ARPES measurements. Throughout the measurement pro-
cess, the base pressure of the system was maintained below
2 x 10719 mbar.

The electronic band structures and Fermi surfaces of
GdRhIns were computed using the Vienna Ab initio Sim-
ulation Package (VASP) in conjunction with the projected
augmented-wave potential (PAW) method. The exchange—
correlation interactions were treated within the generalized
gradient approximation (GGA). The 4f electrons of Gd
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were put in the frozen core. Structural relaxations were per-
formed using the conjugate gradient algorithm with a plane-
wave cutoff energy of 520 eV. A Gamma-centered k-point grid
of 7 x 7 x 1 was used for sampling the Brillouin zone. The con-
vergence criterion for ionic steps was set to a maximum force
on any atom below 0.01 eV/A.

3. Results and discussion

The GdRhlns crystal exhibits lattice parameters of
a=b=40606 A and c = 7.439 A7l As illustrated in the
ball-and-stick model of the crystal structure [Fig. 1(a)], the
compound crystallizes in a tetragonal lattice, which can be de-
scribed as alternating RhIn; and GdIns planes stacked along
the c-axis. The transition metal Rh — acting as a linker be-
tween adjacent GdInz planes — plays a critical role in sta-
bilizing the material’s low-temperature phase.?”! Figure 1(b)
presents the corresponding Brillouin zone in the reciprocal

space, with the center plane (I'-M-X at k, = 0) and boundary
plane (Z-A-R at k, = m/c) explicitly labeled. Through peri-
odic fitting of k,-dependent ARPES data, we determined the
characteristic photon energies required to probe these planes:
84 eV for the center plane and 102 eV for the boundary plane.
The experimental configuration for our ARPES measurements
is schematically depicted in Fig. 1(c). Linear horizontal (LH)
polarization is oriented perpendicular to the plane defined by
the sample surface normal and the analyzer slit, while the lin-
ear vertical (LV) polarization lies parallel to this plane.'**! The
XRD patterns in Fig. 1(d) demonstrate that the natural cleav-
age plane corresponds to the (001) crystallographic orienta-
tion. The absence of impurity-related diffraction peaks further
verifies the high crystalline quality of the flux-grown GdRhIns
single crystals. Figure 1(e) shows the core-level spectrum
measured at hv = 108 eV. Within the 0-60 eV binding en-
ergy range, dominant peaks are observed, which correspond
to the Gd 4f and In 4d core states. These spectral features are
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Fig. 1. (a) Crystal structure of GdRhIns. Gd, In and Rh atoms correspond to blue, red and cyan spheres in the bat model, respectively. (b) The
Brillouin zone (BZ) of GdRhIns. (c) Experimental setup utilized for ARPES measurements. (d) Single-crystal XRD data of GdRhIns. Only
sharp (0 0 1) peaks can be observed. (e) The core energy level of GdRhIns measured at 7 = 12 K using photon energy v = 108 eV. (f) The
temperature dependence of resistivity shows an obvious kink in the curve at T = 40.3 K. (g) The photoelectron intensity map in the ' -X-R-Z
plane, photon energy range is 54 eV to 123 eV. In the case of an internal potential V = 17 eV, the relative position of the first Brillouin zone is
indicated by the red box. The momentum cuts made at 102 eV and 84 eV have been marked with white lines, which pass through the Z and I"

points, respectively.
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consistent with prior x-ray photoelectron spectroscopy (XPS)

40,411

measurements on Gd-In intermetallic compounds,[ con-

firming the material’s chemical identity. = Temperature-
dependent resistivity measurements [Fig. 1(f)] reveal a distinct
kink at the Néel temperature (T = 40.3 K), which aligns with
the resistivity transition temperature reported by Pagliuso et
al.'>) Below Ty, the resistivity follows a power law behav-
ior (p o< T?), indicative of dominant Fermi liquid-like scatter-
ing in the antiferromagnetically ordered metallic state.[*?! In
the paramagnetic regime, the linear temperature dependence
originates primarily from electron—phonon interactions.!?6->7]
In the ARPES experiments, the in-plane momentum (k”) can

be determined through the momentum conservation principle

k, (A™h)

k, (A7)

N
N ]

~1.0-05 0 05
k, (A

1.0

ky (A7)

in photoemission processes,*3! while the out-of-plane mo-
mentum (k;) is accessible by varying the incident photon
energy*+*1 — a standard approach for mapping 3D elec-
tronic structures. Figure 1(g) presents the photoelectron in-
tensity map along the I -X—R-Z plane acquired at 7 K. Unless
explicitly stated otherwise, all ARPES data in this work were
collected at this base temperature to minimize thermal broad-
ening of the spectral features. Based on the Brillouin zone
geometry and the measured dispersion of bands along the k,
direction, we estimate the inner potential of GdRhIns to be
17 eV. However, due to k,-broadening effects, it was not possi-
ble to resolve the precise dispersion relations of some specific
bands, such as the o band, along the k, direction.

Low mm High

0.98 (A1)

0.98 (A1)

ky (A™h

Fig. 2. (a) Experimental Fermi surface (FS) maps in the k,—k, plane, acquired using 84 eV photons (corresponding to k; ~ 0, the center plane
of the Brillouin zone). The intensity integration window is set to Ep =50 meV to isolate states crossing the Fermi level. (b) Calculated Fermi
surface of GdRhlIns at k; = 0, obtained from DFT simulations treating Gd 4f electrons as localized. (c)—(d) Experimental photoemission intensity
distributions along the high-symmetry paths (c) I'-X and (d) I'-M (both at k; = 0). Bright regions correspond to high spectral weight of
electronic states, with Er marked as the reference energy. (e) Calculated valence band structure of GdRhIns along I'-X and I'-M, overlaid with
the same energy scale as the experimental data in panels (c)—(d) for direct comparison. (f) Experimental k,—k, Fermi surface maps acquired
using 102 eV photons (corresponding to k; ~ 0.5, the boundary plane of the Brillouin zone). The intensity integration window is identical to (a)
(Er =50 meV). (g) Calculated Fermi surface of GdRhIns at k; = 0.5, matching the k, condition of the experimental data in panel (f). (h)—(i)
Experimental photoemission intensity distributions along the high-symmetry paths (h) Z-R and (i) Z-A, with Ef indicated as the zero-energy
reference. (j) Calculated valence band structure of GdRhIns along Z-R and Z-A, aligned to the energy scale of panels (h)—(i) to facilitate

comparison between calculation and experiment.

The three-dimensional electronic structure of GdRhlns
was measured by ARPES, with the experimental results com-
Figures 2(a) and 2(f)
present the Fermi surfaces of the I'-M-X plane (center

pared directly to DFT calculations.

plane, k;, ~ 0) and the Z-A—R plane (boundary plane, k, ~
0.5 m/c), measured at photon energies of 84 eV and 102 eV,
respectively. Black squares in these panels denote the pro-
jections of the Brillouin zone onto the corresponding planes;
this visualization reveals excellent alignment between the FS
contours and BZ boundaries in both planes, alongside distinct
fourfold rotational symmetry — consistent with the tetrago-
nal crystal structure of GdRhIns. Experimental band struc-

tures along high-symmetry directions (corresponding to the
photon energies above) are displayed in Figs. 2(c)-2(d) and
2(h)-2(i).
beled in these panels to clarify the connection between the I'—

Characteristic electronic bands are explicitly la-

M-X and Z-A-R planes, thereby mapping the 3D dispersion
of bands along the k, direction. The FS topology in the I'—
M-X plane [Fig. 2(a)] reveals four primary pockets. A small
square-shaped hole pocket centered at the I" point, formed by
the prominent hole-like ¥ band along the I'-X path. A larger
square hole pocket surrounding the I" point, arising from the
combined contributions of the § bands. A square electron
pocket encircling each M point, derived from the electron-
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like o band along the I'-M path. Two symmetric small rectan-
gular electron pockets located outside each X point. The FS of
the Z-A-R plane [Fig. 2(f)] is similar, with differences includ-
ing a circular electron pocket centered at each A point, formed
by the a band; additional spindle-shaped electron pockets ad-
jacent to the circular A-centered pockets. Notably, the ex-
perimental band structure of the o band [Figs. 2(d) and 2(i)]
shows a consistent V-shaped dispersion in both the I'-M (I"—
M-X plane) and Z-A (Z-A-R plane) directions. However, the
shape of the electron pockets formed by this ¢ band differs
drastically between the two planes — reflecting the 3D na-
ture of the FS. A key experimental consideration is the influ-
ence of k;-broadening: compared to the DFT-calculated FSs
[Figs. 2(b) and 2(g)], the experimental ARPES spectra exhibit
additional spectral weight contributions. These extra features
originate from electronic states at adjacent k, positions, which
are blurred into the measured plane due to k,-broadening (a
common artifact in ARPES arising from finite photon coher-
ence and surface inhomogeneities).[46] Furthermore, orbital-
resolved calculations presented in Fig. S1 of the supplemental
material confirm that the quasiparticle bands near the Fermi
level are predominantly composed of Gd 5d, Rh 4d, and In 5p
orbitals, with negligible contribution from Gd 4f states.

Prior studies have established that Gd 4f electrons in
gadolinium-based intermetallic compounds typically exhibit
strong localization characteristics'*3-371 — and our ARPES
measurements of GdRhIns further corroborate this finding.
The FS and band structure calculations presented in Fig. 2
were obtained via DFT calculations, using a theoretical frame-
work that treats Gd 4f electrons as fully localized. These DFT
results show good qualitative agreement with our experimen-
tal ARPES data; this consistency directly confirms that the
Gd 4f electrons in GdRhIns are indeed in a highly localized

() [ —X (g [ —X

state. Nevertheless, minor discrepancies between the DFT cal-
culations and our experimental results remain. Most notably,
along the I'-X and I'-M directions, the shape and momen-
tum position of the y band near the I'" point (see Fig. 2(e))
do not fully align with the experimental features shown in
Figs. 2(c)-2(d). Such deviations are commonly reported in
ARPES studies and are likely attributed to a combination of
factors not fully captured in the present theoretical framework,
including many-body interactions, surface relaxation effects,
spinorbit coupling, and the inherent limitations of the adopted
exchange-correlation functional.[4”]

Figure 3 presents high-resolution ARPES measurements
along the I'-X direction under selected photon energies.
A striking feature is the energy-dependent behavior of
the y band: it is clearly resolved at 87 eV but becomes un-
detectable at other energies (63 eV and 111 eV), a signature
of its three-dimensional character. In contrast, the f band
persists across the entire photon energy range with a consis-
tent in-plane momentum distribution, indicative of quasi-two-
dimensional behavior. Quantitative analysis via momentum
distribution curves (MDCs) in Fig. 3(g) confirms this distinc-
tion: well-defined Fermi momentum peaks are observed for
the B band across all energies (marked by the arrows), whereas
the y band exhibits a distinct peak only at 87 eV. Further ev-
idence for dimensionality comes from comparing Figs. 2(a)
and 2(f): the dispersion intensity at the Z point (probed at
102 eV) is substantially weaker than at the I" point (87 eV),
reinforcing the 3D nature of the y band and the quasi-2D char-
acter of the § band along the k, direction. These band dimen-
sionality characteristics are consistent with those observed in
CeRhlns,*8! highlighting a structural analogy within the 115
family.

(e) I X (@)

Intensity (arb. units)

ky (A7) ky (A7)

Fig. 3. (a), (c), and (e) Photoemission intensity distributions measured along I'-X at photon energies of 63 eV, 87 eV, and 111 eV, respectively.
(b), (d), and (f) Second-derivative images of the corresponding intensity distributions in panels (a), (c), (¢). Second-derivative processing is
employed to enhance weak or overlapping band dispersion features, facilitating the identification of subtle electronic structure details (e.g., faint
band edges or low-intensity states). (g) Momentum distribution curves (MDCs) extracted from photoemission intensity data across the photon
energies studied. Each MDC is obtained by integrating spectral intensity over an energy window of [0,—0.15 eV]. Peaks in the MDCs correspond
to the Fermi momentum (kp) of distinct bands, with arrow markers highlighting the 3 band’s persistent k across energies.
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A broader survey of Fermi surfaces and band structures
across high-symmetry planes of the 115 system (LaRhlns,
CeRhIns, SmColns) reveals shared features: all exhibit 3D
Fermi surfaces comprising both electron-type and hole-type
pockets, centered at the high-symmetry points. #4849 No-
tably, the Fermi surface shape evolves from the square-like
to circular-like around the M and A points across these
compounds. Despite these commonalities, the contribution
of rare-earth 4f electrons to the electronic structure varies
markedly among 115 compounds: LaRhIns lacks La 4f elec-
trons and features 3D Dirac points in its band structure,
though with trivial topology.!*®! In CeRhIns, Ce 4f electrons
Band-

dependent hybridization is observed along I'—M, where the

are partially localized, forming Kondo resonances.

quasi-2D o band shows negligible hybridization, while the
3D ¥ band exhibits the strongest hybridization.[*¥) SmColns
has predominantly localized Sm 4f electrons, with hybridiza-
tion limited to Co 3d/In Sp states at the Z and R points. A
global flat band composed of Co 3d states emerges near the
Fermi level, potentially arising from geometric frustration. [4°]
In our measured GdRhIns, Gd 4f electrons are highly local-
ized: no Dirac points are detected, nor are flat bands from
hybridization observed near the Fermi level. These obser-
vations suggest that the shared electronic structure features
of the 115 systems arise from their layered crystal struc-
ture, while differences are governed by the degree of rare-
earth 4f localization, crystal field splitting, and hybridization

strength. Our interpretation of GdRhIns’s 3D electronic con-

figuration benefits from comparative electronic structure stud-
ies of isostructural CeRhIns and first-principles calculations
on the parent compound GdIn3, which provide critical contex-
tual insights. [46-48-33]

To investigate the detailed f-band structure, we performed
resonant ARPES measurements on GdRhIns at the Gd 4f-4d
transition edge. On-resonance conditions (tuned to the Gd 4f
absorption edge) enhance the spectral weight of states with Gd
4f character, enabling selective probing of f-electron contribu-

1391 Figures 4(a) and 4(c) present a

tions to the band structure.
comparative analysis of ARPES data collected along the I'-X
direction, using LH-polarized light at resonant (150 eV) and
off-resonant (110 eV) photon energies, respectively. For ref-
erence, the resonance photoemission intensity map acquired
along the same I'-X direction with LV-polarized light (at
150 eV, the resonant energy) is shown in Fig. 4(b). Under
resonant conditions, the spectral weight of Gd 4f states is re-
markably enhanced. Two key observations confirm this. In the
photoemission intensity maps [Figs. 4(a) and 4(b)], a promi-
nent f-derived feature is clearly visible immediately below the
Fermi level; this feature is substantially attenuated or absent
in the off-resonant LH-polarized data [Fig. 4(c)], where con-
duction bands (Gd 5d, Rh 5d, In 5p) dominate. The angle-
integrated EDCs in Fig. 4(d) exhibit a distinct, sharp peak cor-
responding to the Gd 4f states — this peak is only pronounced
under resonant conditions, further validating the selective en-
hancement of f-electron spectral weight at 150 eV.

(a) (b) (c) Low E== High (d)
01 0 =150 ¢V LH
—150 ¢V LV
—3 —3 =110 eV LH
>
L 64
Bj‘ [ i A i
I -9
S
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—15 . . . . . . . . . . . . . . .
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Fig. 4. (a) Photoemission intensity distribution along the I'-X high-symmetry direction, acquired using on-resonance (150 eV) LH-polarized
light. On-resonance conditions (tuned to the Gd 4f absorption edge) enhance the spectral weight of states with Gd 4f character, enabling selective
probing of f-electron contributions to the band structure. (b) Photoemission intensity distribution along I'-X, collected with on-resonance
LV-polarized light. (c) Photoemission intensity distribution along I"-X, measured under off-resonance (110 eV) LH-polarized light. (d) Angle-
integrated EDCs extracted from the photoemission intensity data in panels (a)—(c).

Notably, the degree of Gd 4f state enhancement depends
strongly on light polarization: LH polarization [Fig. 4(a)] pro-
duces a significantly stronger signal for the f-band compared
to LV polarization [Fig. 4(b)]. This polarization sensitivity di-
rectly reflects the orbital symmetry of Gd 4f states in GdRhIns
— LH polarization preferentially couples to 4f orbitals with
symmetry aligned along the vertical axis of the sample, while
LV polarization interacts more weakly with these states. Such
polarization-dependent behavior is consistent with the local-

ized nature of the Gd 4f orbitals, whose spatial symmetry is

not averaged out by the itinerant hybridization (a key contrast
to partially itinerant Ce 4f states in CeRhlIns).

In contrast, resonant ARPES measurements of CeRhlns
(conducted at the Ce 4f resonance photon energy of 122 eV)
reveal three distinct flat bands near the Fermi level, each ex-
hibiting clear spectral dispersion. Among these, the band lo-
cated 2.32 eV below Ef is assigned to Ce 4f° (empty f-orbital)
states, while the bands at 0.27 eV below Efr and in the vicin-
ity of Ef correspond to Ce 4f% /2 and 4f§ P (singly occupied

f-orbital) states, respectively.[*3] These features are hallmarks
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of partial Ce 4f itinerancy and Kondo hybridization — key
characteristics that distinguish Ce-based 115 compounds from
Gd-based analogs. Systematic investigations of the broader
Ce,uM,Inz,, 2, family (where M = Co, Rh, Ir, Pt; m =1,
2; n =0, 1, 2) further demonstrate that 4f0 state features are
universal across all Ce-containing specimens, manifesting as

[54-621 Notably, both the energy po-

high-intensity flat bands.
sition and spectral intensity of these 4f° bands exhibit sub-
stantial material dependence, reflecting variations in Ce 4f-
conduction band hybridization strength driven by differences
in crystal structure and transition-metal (M) identity. Addi-
tionally, weakly dispersive heavy quasiparticle bands near Ef
— attributed to hybridized 417 , and 4f§ , states — show sig-
nificant intensity variations across this compound family, fur-
ther underscoring the tunability of Ce 4f itinerancy. Similar
weakly dispersive flat bands associated with f-electron hy-
bridization have also been observed in uranium-based heavy
fermion compounds such as USb,, highlighting a common
feature of partially itinerant f-electron systems.[%! In stark
contrast, Gd-based intermetallic compounds universally ex-
hibit Gd 4f states that are localized at deep binding ener-
gies, with minimal hybridization to conduction bands.!**! This
fundamental difference arises from the electronic configura-
tion of Gd*>* ions: the 4f shell is half-filled, yielding a to-
tal orbital angular momentum L = 0 and total spin angular
momentum J = § = 7/2. The absence of orbital angular
momentum (L = 0) suppresses crystal electric field effects,
as these effects arise from the interaction between the or-
bital magnetic moment and the lattice’s electrostatic potential.
With no crystal electric field splitting to destabilize the half-
filled shell, Gd 4f orbitals remain tightly localized around the
Gd nucleus. Consequently, in our ARPES measurements of
GdRhlns, we observe no evidence of the f-state hybridization
features (e.g., 4f°flat bands, heavy quasiparticle bands) that are
prominent near Er in CeRhlns. This absence directly confirms
the strong localization of Gd 4f electrons and their minimal
contribution to the low-energy electronic structure — consis-
tent with the broader trend of Gd 4f behavior in gadolinium-
based compounds.

In the study of the influence of antiferromagnetic order
on the electronic structure of GdRhlns, variable-temperature
ARPES experiments were carried out, with the temperature
gradually increased from 7 K to 100 K. At 7 K, significant
spectral weights from Gd 5d and In 5p states were observed
near the Fermi level, and the 7, B, and o bands were still
present at 100 K. The EDCs data near I'" [Fig. 5(b)] showed
that the spectral weights of Gd 5d and In 5p decreased with
increasing temperature, although the spectral-weight peaks re-
mained identifiable at 100 K. This phenomenon of decreas-
ing spectral weight with increasing temperature — more in-
tuitively illustrated by the blue line in Fig. 5(d) — is also

found in UFeGas and CeColns, but the underlying mecha-
nisms differ. In UFeGas, U 5f electrons become more itinerant
as the temperature decreases, and there are no heavy quasipar-
ticle bands due to f—c hybridization near Ef, indicating weak

B9 1n CeColns, there is obvious f—c hy-

electron correlation.
bridization, and Ce 4f electrons transform from localized to
partially itinerant states as the temperature decreases, form-
ing a heavy quasiparticle band near Ep. This results in an
increased electron density of states, Fermi-surface expansion,
and a significant enhancement of the effective mass, showing
typical heavy-fermion behavior.[°!! In GdRhlIns, the 4f elec-
trons are highly localized, and the energy bands near Ef re-
ceive minimal contribution from 4f states. The decrease in
spectral weight with increasing temperature may be due to the
modulation of Gd 5d/In 5p states by magnetic fluctuations,
rather than heavy-fermion behavior, and the inflection point
of the change rate [Fig. 5(d)] near 7Ty supports this hypoth-
esis. When the system approaches the antiferromagnetic or-
dering temperature 7y, the exchange interaction between local
magnetic moments causes the amplitude of spin fluctuations
to increase rapidly with rising temperature. These fluctuations
introduce additional scattering channels for the 5d/5p conduc-
tion electrons via s—d or p—d exchange coupling, directly short-
ening their quasiparticle lifetime.[®> The integrated ARPES
spectral weight is proportional to the quasiparticle peak inten-
sity, so it decreases monotonically as temperature rises and
fluctuations intensify. Once the temperature exceeds Ty and
the system enters the paramagnetic phase, the antiferromag-
netic correlation length decreases, %! and the modulatory ef-
fect of fluctuations on the 5d/5p states tends to saturate, lead-
ing to a reduced rate of spectral weight reduction. This behav-
ior originates from the modulation of conduction electron scat-
tering strength in the magnetic order-disorder crossover region
and does not involve the formation of heavy quasiparticles due
to hybridization between 4f and conduction bands.

In Fig. 5(c), within the energy window of —0.1 eV to
—0.2 eV, the peak position of the MDCs near the 3 band ex-
hibits a general shrink trend as the temperature decreases. This
phenomenon, as shown by the red line in Fig. 5(d), can be at-
tributed to the fluctuation-driven redistribution of coherent and
incoherent spectral weights. At low temperatures, long-range
antiferromagnetic order provides additional coherent scatter-
ing channels for Gd 5d/In 5p electrons, allowing ARPES to
predominantly detect sharp coherent peaks resulting from ex-
change splitting. As the temperature increases, the antifer-
romagnetic correlation length shortens, and the frequency of
spin fluctuations exceeds the coherent bandwidth, triggering a
redistribution of coherent and incoherent weights: electrons at
the same k-point experience rapid spin flips, the weight of the
coherent peak decreases, while the weight of the incoherent
spectral hump increases accordingly. This enlarges the separa-
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tion between the centers of gravity of the two spectral weights,
manifesting as peak position shift in the MDC spectrum. The
phenomenon of electronic structure changes caused by elec-

(a)

E—Eyg (eV)

tronic correlations and the evolution of order parameters has
been observed in ARPES studies of various quantum materi-
als, such as CrSBr, CeSb, FegGeTez.[67‘69]
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Fig. 5. (a) The temperature dependence of the photoemission intensity distributions of GdRhIns along the I'-X direction at a photon energy of
84 eV, where the temperature gradually increases from 7 K to 100 K. (b) The temperature dependent EDCs obtained by integrating the window
of [—0.40 A, 0.40 A]. (c) The temperature dependent MDCs obtained by integrating the window of [—0.20 eV, 0.02 eV]. (d) The blue line
represents the temperature dependence of the Gd 5d/In 5p spectral weight near Er, derived by integrating the main peak identified in panel (b)
over [—1.00 eV, —0.60 eV]. And the red line represents the temperature dependence of the spectral peak position near the 8 band, obtained by

extracting and fitting the right-side peak positions in panel (c).

4. Conclusion

To summarize, we conducted a systematic investiga-
tion into the electronic structure of GdRhIns utilizing high-
resolution ARPES. We observed dispersive energy bands that
incorporate Gd 4f electronic states and collectively form
the material’s Fermi surface. Energy-dependent measure-
ments further revealed the coexistence of both quasi-two-
dimensional and three-dimensional Fermi surface topologies.
Notably, the experimentally observed electronic structure ex-
hibits excellent agreement with DFT calculations in which Gd
4f electrons are treated as localized. This consistency indi-
cates that Gd 4f states contribute minimally to the electronic
structure near the Fermi level. Resonant ARPES measure-
ments confirmed that Gd 4f states are located deep in the va-
lence band, and do not form heavy quasiparticle bands near the
Fermi level — unlike the heavy fermion behavior observed in
cerium-based 115-series compounds. Temperature-dependent

ARPES measurements reveal that raising the temperature re-

duces the spectral weight of the Gd 5d/In 5p states and shifts
the MDC peak near the 8 band to higher binding energy. This
phenomenon arises from enhanced scattering and coherent-
incoherent spectral weight redistribution induced by spin fluc-
tuations near 7Ty, indicating magnetic fluctuation modulation
rather than heavy-fermion behavior. A comparative analysis
was conducted between GdRhIns and other compounds in the
“115” series, revealing that while the layered crystal structure
of RE-115 compounds provides a universal structural frame-
work, the degree of localization of rare-earth 4f electrons acts
as the critical determinant of the divergent electronic structures
observed across the series. Overall, our experimental findings
advance the microscopic understanding of GdRhlIns’s physical
properties and shed light on the broader family of rare-earth
115 systems, clarifying how rare-earth 4f electron localization
modulates electronic behavior in these strongly correlated ma-

terials.
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