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CeOs4Sb12 (COS) and PrOs4Sb12 (POS) are two representative compounds that provide the ideal
vantage point to systematically study the physics of multi-f-electron systems. COS with Ce 4f1, and POS
with Pr 4f2 configurations show distinct properties of Kondo insulating and heavy fermion super-
conductivity, respectively. We unveiled the underlying microscopic origin by angle-resolved photoemission
spectroscopy studies. Their eV-scale band structure matches well, representing the common characters of
conduction electrons in ROs4Sb12 systems (R ¼ rare earth). However, f electrons interact differently with
conduction electrons in COS and POS. Strong hybridization between conduction electrons and f electrons
is observed in COS with band dependent hybridization gaps, and the development of a Kondo insulating
state is directly revealed. Although the ground state of POS is a singlet, finite but incoherent hybridization
exists, which can be explained by the Kondo scattering with the thermally excited triplet crystalline electric
field state. Our results help us to understand the intriguing properties in COS and POS, and provide a clean
demonstration of the microscopic differences in heavy fermion systems with 4f1 and 4f2 configurations.
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Linkingmaterials’ properties to composition and structure
is one of the central aims of materials research and, for
strongly correlated materials, presents a long-standing chal-
lenge. A particularly rich class of materials where strong
interactions play a decisive role is rare-earth intermetallic. At
high temperatures the rare-earth electrons are localized and
the interplay of electron localization vs itineracy at the
various energies results in complex general phase diagrams
with a wide range of possible ground states [1–3]. This
interplay has been systematically studied in CeTIn5
(T ¼ transitionmetal). By tuning the conduction electrons
through varying T among Co, Rh, and Ir, minute changes in
the hybridization between conduction electrons and f
electrons (c-f hybridization) lead to distinct ground states
[4–6]. Alternatively, tuning the f electrons by replacing rare-
earth elements also induces changes in physical properties
[7–10], but the underlying systematics is hardly explored. In
contrast to the intensively studied 4f1 system, even sys-
tematic experiments on the microscopic electronic behavior
of 4f2 systems are scarce. The key problem on how the
Kondo hybridization varies from 4f1 to 4f2 systems is yet to
be settled.

Rare-earth compounds in filled-skutterudite structure
(RT4X12, R ¼ rare-earth compounds, X ¼ pnictogen) offer
an ideal playground in studying the Kondo physics with
varied f electrons, which host various ground states and
novel physical properties, including superconductivity
[11], magnetism [12], non-Fermi liquid behavior [13,14],
and semiconducting behavior [15–17]. Particularly, uncon-
ventional superconductivity with transition temperature of
1.86 K and Kondo insulating behavior with TK around
90 K emerge out of the same lattice ROs4Sb12, in
PrOs4Sb12 (POS) [11,18] and CeOs4Sb12 (COS) [15],
respectively. Even after almost two decades of research,
the presence of Kondo physics and the origin of the distinct
ground states remain enigmatic. In POS, heavy fermion
(HF) superconductivity was inferred from the large specific
heat jump at superconductivity transition [18], the nodal
superconducting gap [19–21], and the time reversal
symmetry breaking [22]. The cyclotron effective mass
measured by de Haas–van Alphen (dHvA), however, is
only 2.4 ∼ 7.6me [23], questioning the participation of f
electrons in the ground states. The 4f2 ground state [24,25]
and the nonmonotonic temperature dependence of the
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effective mass [26] seem to contradict a conventional
magnetic Kondo scenario. These exotic behaviors were
suspected to involve extra degrees of freedom, e.g., like the
quadrupolar fluctuations of the Pr 4 f electrons [24,27],
whose effect on the electronic structure has not been
identified. In contrast, COS in the 4f1 configuration hosts
a ground state of antiferromagnetic (AFM) semiconducting
phase with an enhanced effective mass [15]. The reported
Kondo gap ranges from ∼1 meV to 70 meV [15,28,29],
which calls for further clarification via electronic structure
measurements. Moreover, the theoretically proposed Fermi
surface (FS) nesting [30,31] and nontrivial topological
nature [32] in COS require a systematic investigation from
an electronic structure perspective.
Angle-resolved photoemission spectroscopy (ARPES)

has played a key role in studying the electronic structure in
HF systems with layered structure [4–6,33,34]. In contrast,
ARPES study on filled skutterdites is lacking so far, as their
three-dimensional structure [Fig. 1(a)] poses significant
challenges to surface sensitive ARPES studies. Here,
combining the bulk sensitive soft x-ray (SX) ARPES
and high resolution vacuum ultraviolet (VUV) ARPES
studies, both with micrometer-sized beam spots (see
Supplemental Material, Sec. I for experimental details
[35]), we report the successful determination of the
momentum dependent electronic structures of POS and
COS, which directly reveals the distinctive interplay of
localization and itineracy in 4f1 and 4f2 systems.

SX-ARPES measurements on POS reveal similar FSs in
the kx-kz plane [Fig. 1(c)] and the equivalent kx-ky plane
[Fig. 1(d)], consistent with the body-centered cubic struc-
ture, confirming the bulk origin of the measured bands.
Along Γ-H, bands α and β cross the EF [Fig. 1(e)], forming
a hole pocket at Γ and an electron pocket at H, respectively
[Fig. 1(d)]. Band δ around the N point has its band top
barely touching EF [Fig. 1(f)]. The VUV-ARPES data
reveal a band structure that is distinct from the SX-ARPES
data, implying the existence of surface states. Two electron
bands η1 and η2 cross EF near H [Fig. 1(g)], forming two
elliptical pockets [Fig. 1(l)]. The 3D electronic structure of
COS is generally identical to that of POS. As shown in
Fig. 1(h), the FSs consist of a hole pocket (α) centered at Γ
and an electron pocket (β) centered at H. The photoemis-
sion spectra along the high symmetry directions of Γ-H and
Γ-N [Figs. 1(i)–1(j)] largely resemble those of POS.
Moreover, surface states η1 and η2 are also observed around
H with 102 eV photons in COS [Fig. 1(k)], which shows
two-fold symmetry in the kx-ky plane (see Supplemental
Material, Secs. II and III for details on extracting the bulk
band dispersions, and determination of the surfaces states,
respectively [35]). As summarized in Figs. 1(l)–1(n), COS
and POS show similar FSs and bandwidth, indicating the
same high-energy behavior in ROs4Sb12.
To detect the f-electron behavior contributed by Pr (Ce)

in POS (COS), we conducted resonant ARPES measure-
ments at M and N edges of Pr (Ce) elements, whose
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FIG. 1. (a) Crystal structure of the filled skutterudites. (b) Sketch of the Brillouin zone. The momentum spaces sampled in panels
(c) (magenta), (d) and (h) (green) are illustrated. (c) SX-ARPES intensity map of POS integrated over EF � 100 meV in the kx-kz plane,
using 400 to 800 eV photons. The inner potential is estimated to be 15 eV. (d) SX-ARPES intensity map of POS in the kx-ky plane
integrated over EF � 100 meV, collected with 490 eV photons [green curve in panel (c)]. (e)–(g) Photoemission spectra of POS along
cut P1, P2; and P3, respectively. (h) Same as panel (d) but for COS collected with 630 eV photons [blue curve in panel (c)]. (i)–(k) Same
as (e)–(g), but of COS along cut C1, C2, and C3, respectively. (l) and (m) are the sketches of FSs and cuts for POS and COS,
respectively. Fermi crossings were determined by local maxima in momentum distribution curves (MDCs). Black arrows indicate the
proposed nesting vector close to (1,0,0) [30,31,36]. (n) Comparison of the band dispersions of POS and COS. Solid and dashed lines
indicate bulk and surface states, respectively. SX-ARPES and VUV-ARPES data were taken at 19 K and 6.5 K, respectively.
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energies were determined by x-ray absorption spectroscopy
(XAS) measurements [35]. In POS, resonant enhancement
of photoemission signals are observed near EF and at
binding energies (EB) around 5 eV [Figs. 2(a) and 2(b)],
which correspond to 4f2 final states and 4f1 final states,
respectively [Fig. 2(c)] [37]. Considering the prominent
Pr3þ valence in POS and the absence of the 4f3 initial state
[38], the 4f2 final state comes from the photoemission
process where the 4f photon hole at the 4f1 final state is
immediately recombined by a conduction electron [39], and
thus the detectable intensity of 4f2 final states indicates a
nonvanishing c-f hybridization in POS. The participation
of f electrons in the low-energy electronic states is
consistent with the HF behavior in POS. The photoemis-
sion resonance peak of the 4f2 final states shows several
sublevels [Figs. 2(g)–2(i)], whose energies can be well
accounted for by the multiplets of the 4f2 configuration
from theoretical calculations [37]. However, well-defined
heavy-quasiparticle dispersion in the investigated temper-
ature regime is absent [Fig. 2(h)].
In COS, resonant enhancements of photoemission signals

are observed at EB ¼ 3 eV and near EF, corresponding to
the 4f0 and 4f1 final states, respectively [Figs. 2(d)–2(f)].
Unlike the similar resonance magnitude of Pr 4f1 and Pr 4f2

final states in POS, the resonance of Ce 4f1 near EF is much
stronger than the Ce 4f0. At the Ce 4 d → 4 f resonant

photon energy of 121.9 eV, resonant enhancements of two
flat bands at EF and EB ¼ 0.25 eV are resolved, corre-
sponding to the Ce 4f15=2 and Ce 4f17=2 final states,
respectively [Figs. 2(j)–2(l)]. The larger intensity ratio of
4f1=4f0 in COS than that of 4f2=4f1 in POS and the sha-
rper heavy quasiparticle peaks observed in COS [Figs. 2(k)
and 2(l)] indicate stronger c-f hybridization in COS.
Ce 4f15=2 states in COS show a flat quasiparticle dispersion
[Fig. 2(o)]. The holelike dispersion of the heavy band is
distinct from the electronlike surface states. Moreover, the
change of bulk band dispersion due to c-f hybridization can
be clearly observed in the data taken with 200 eV photons
without surface states (see Supplemental Material, Fig. S12
[35]), both suggesting that f electrons hybridize with bulk
states rather than surface states. At EF, the spectral weight of
COS is enhanced at momenta inside the hole pocket α and
outside the electron pocket β [Fig. 2(p)], and the flat band
dispersion connects bulk bands α and β [Fig. 2(m)]. The
hybridized band can be fitted to the mean field theory of the
periodic Anderson model (PAM) as an effective low-energy
model [40], and the effective energy dispersion can be given

by E� ¼ fεf þ εðkÞ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

½εf − εðkÞ�2 þ 4jVkj2
q

g=2 where

εf is the energy of the renormalized effective f level and εðkÞ
is the dispersion of the bare band of conduction electrons.
As shown by the resonant map (Supplemental Material,
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the Fermi momenta of bands α and β.
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Sec. VI [35]), the heavy band is observed below EF at the
BZ center, and thus PAM fitting along the high symmetric
Γ-H direction gives the smallest gap. At 6.5 K, we find
the f level near EF and jVkj of 24� 6 meV for α and
28� 4 meV for β, corresponding to a direct gap of
48� 12 meV for α and 56� 8 meV for β, which are larger
than that in CeCoIn5 [4], suggesting stronger effective c-f
hybridization in COS.
The formation of heavy quasiparticles in COS is revealed

by temperature dependent ARPES measurements at the Ce
N edge. The spectral weight of f states is not visible at
147 K [Fig. 3(f)]. At 13 K, a heavy band contributed by the
c-f hybridized electrons is well developed [Fig. 3(a)],
with an emerging peak near EF in the integrated EDCs
[Fig. 3(g)]. As the temperature decreases from 147 K to
13 K, the peak intensity increases smoothly, indicating
the increasing c-f hybridization with no sharp transition
[Fig. 3(i)]. Such a gradual formation of Kondo coherence is
typical for HF systems [4–6,33,35] and Kondo insulators
[41–44]. A gap opening due to c-f hybridization is
observed [Fig. 3(h)], and the presence of a gap at low

temperature due to c-f hybridization is repeatable on
different samples [in Figs. 2(o) and 3(h)], accounting for
the development of Kondo insulating behavior in COS at
low temperature.
Our results reveal the distinctive features of conduction

electrons interacting with 4f1 and 4f2 electrons. The
observed electronic structure of POS and COS at the eV
scale are strikingly similar, despite of the different rare-
earth elements involved. Considering that the probed kz of
the resonant data in POS and COS are both close to the
Γ-H-N plane, and that the sample quality in current studies
would not prevent the observation of Kondo coherence (see
Supplemental Material, Sec. VIII [35]), the different on-
resonance data reflect the intrinsic difference in c-f
hybridization. In COS, c-f hybridization is observed and
gets coherent at low temperature [Fig. 3(a)], hallmarks of
the Kondo screening of the Ce 4f1 local moment. In POS,
the detection of the 4f2 final state in our experiments
indicates the finite itineracy of Pr 4 f electrons and the
presence of Kondo correlations. As the nonmagnetic singlet
ground state in POS alone [45–48] cannot host a magnetic
or quadrupole Kondo effect [46], crystalline electric field
splitting should be considered.
As suggested by previous neutron scattering studies, just

0.7 meV above the Γ1 ground state of Pr 4f2 lies a triplet

magnetic state Γð2Þ
4 , forming a Γ1-Γ

ð2Þ
4 pseudo-quartet

[45,47–53]. Therefore, a fair amount of Pr atoms are

thermally excited to the magnetic Γð2Þ
4 state at the measuring

temperatures of ARPES studies which leads to magnetic
moments at the Pr ions. Given that these temperatures are
below typical Tcoh, finite c-f hybridization exists through
exchange interaction between itinerant electrons and
thermally exited moments. Considering the large Van
Vleck contribution in magnetic susceptibility [18,26], there
should be a considerable weight of Oh triplet Γ4 [54],
favoring AFM over ferromagnetic interaction [54], leading
to Kondo interaction in POS. The quadrupole degree of
freedom interacting with conduction electrons through
aspherical Coulomb scattering might also play a role in
the incoherent hybridization, which calls for further theo-
retical investigations. With decreasing temperature, despite
of the otherwise enhanced Kondo coherence and the magnet-
ism from the intermediate state of hybridization, the prevail-
ing factor is the diminishing participation of the magnetic

Γð2Þ
4 triplet states. The competition between these effects

would lead to a nonmonotonic strength of c-f hybridization
as a function of temperature as illustrated in Fig. 3(j). This
scenario is well consistent with the nonmonotonic behavior
of cyclotron effective mass in previous nuclear magnetic
resonance study with a maximum around 3 K [26] and the
reduced mass in dHvA study at the extremely low tempera-
ture of 30 mK [23].
Our results also provide a microscopic basis for under-

standing the exotic properties in COS. (1) The quantitative
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determination of Kondo gaps with momentum resolution
helps us to understand the controversial gap sizes in
previous reports [15,28,29]. Despite of the relatively large
direct hybridization gap from PAM fitting [Fig. 2(m)], the
indirect gap is of the order of 1 meV and the top of the
hybridized band is only ∼8� 5 meV below the Fermi
energy at Γ in the raw data [Fig. 2(o)]. The small indirect
gap is compatible with the small gap ∼1 meV determined
by transport measurements [15], while the two direct gaps
with band dependent sizes could explain the two-gap
features at the order of 30 meV and 50 meV in previous
neutron and optical conductivity studies [28,29]. The
presence of the large direct gap and the small indirect
gap explains the intriguing dual character of Kondo
insulating behavior and HF behavior in COS at low
temperature [15,55]. (2) Parallel FS sections are observed
for the conduction electrons [Fig. 1(h)], which follows the
nesting condition q ∼ ð1; 0; 0Þ [black arrows in Fig. 1(m)]
suggested as a driving force of the AFM ground state below
0.9 K [30,31,36]. Nevertheless, the nesting condition is no
longer met at low temperature with the gapped electronic
structure due to c-f hybridization, which brings us to the
question of whether the spectral weight slightly below EF,
forming the remnant FSs, could play a role in driving
antiferromagnetism. (3) A novel topological Kondo insu-
lating state was proposed in COS by density-functional
theory (DFT) calculations suggesting d-f band inversion
near EF [32]. However, the surface states are observed
around H rather than Γ, in both COS and POS, which are
topologically trivial, different from that in topological
Kondo insulator SmB6 [43]. It should be noted that the
Kondo gap size in COS is rather small, comparable with the
energy resolution of current ARPES techniques, which
calls for future experiments with sub-meV energy resolu-
tion, such as STM-QPI studies, in fully ruling out the
topological states. Despite the difficulty in examining the
in-gap dispersion, the electronic structure revealed here
poses constraints to theories. Clear discrepancies between
the calculation and experimental electronic structure can be
observed at the band bottom of H and the Kondo gap at Γ
[Fig. 2(n)] (see Sec. IX in the Supplemental Material for
details and a comparison with calculations in LaOs4Sb12
[35]). The measured band structure calls for a revision of
the theoretical calculations with corrected band structure
and the scrutiny of the d-f band inversion, which is a
prerequisite for the formation of topological properties.
To summarize, we have experimentally revealed the

band dispersions in filled-skutterudite COS and POS with
different f electron configurations. There are striking
differences between POS and COS in terms of their c-f
hybridization, unveiling the development of Kondo insu-
lating states in COS and the anomalous HF behavior in
POS. These results provide a clean demonstration on how
Kondo physics behaves differently in 4f1 and 4f2 con-
figurations, causing drastically different ground states. Our

work and methods will also motivate future ARPES studies
on the filled-skutterudite family with various intriguing
phenomena.
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