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Heavy fermion compounds exhibiting a ferromagnetic quantum critical point have attracted con-
siderable interest. Common to two known cases, i.e., CeRh6Ge4 and YbNi4P2, is that the 4f mo-
ments reside along chains with a large inter-chain distance, exhibiting strong magnetic anisotropy
that was proposed to be vital for the ferromagnetic quantum criticality. Here we report an angle-
resolved photoemission study on CeRh6Ge4, where we observe sharp momentum-dependent 4f
bands and clear bending of the conduction bands near the Fermi level, indicating considerable hy-
bridization between conduction and 4f electrons. The extracted hybridization strength is anisotropic
in momentum space and is obviously stronger along the Ce chain direction.The hybridized 4f bands
persist up to high temperatures, and the evolution of their intensity shows clear band dependence.
Our results provide spectroscopic evidence for anisotropic hybridization between conduction and
4f electrons in CeRh6Ge4, which could be important for understanding the electronic origin of the
ferromagnetic quantum criticality.

Recently, a ferromagnetic (FM) quantum critical point
(QCP) and associated strange metal behavior has been
discovered in CeRh6Ge4 [1]. While most known QCPs in
heavy fermion (HF) metals are of the antiferromagnetic
(AFM) type [2], the FM QCPs were thought to be pro-
hibited in clean itinerant FM systems due to the influence
of long-range correlation effects [3–5]. The observation of
a FM QCP in pressurized pristine CeRh6Ge4 opens up
new opportunities to understand quantum critical phe-
nomena and to unravel the origin of the strange metallic
behavior [6, 7]. Common to two 4f -electron HF sys-
tems exhibiting a FM QCP, i.e., pressurized CeRh6Ge4
[1] and As-substituted YbNi4P2 [8], is that the 4f mo-
ments reside along chains, with large inter-chain dis-
tances and much smaller spacing along the chain [1, 9].
Such a chain-like configuration could lead to dominant
magnetic exchange interactions along the chain direc-
tion, which was theoretically proposed to be key for the
observed FM QCP [1]. Since the magnetic exchange in-
teraction is electronic in nature, the dispersion of quasi-
particle bands could also be highly anisotropic, possibly
leading to quasi-one-dimensional (1D) electronic states
as proposed in YbNi4P2 [9]. Quasi-1D chains of 4f
moments are also reported in a few other HF systems,
e.g., in CeCo2Ga8 where non-Fermi-liquid phenomena
were also observed [10, 11]. However, whether such a
chain-like arrangement of 4f moments may indeed lead
to quasi-1D or anisotropic 4f bands has not yet been
verified by momentum-resolved measurements, such as
angle-resolved photoemission spectroscopy (ARPES). In
the spin-triplet superconductor candidate UTe2 with pos-
sible ferromagnetic fluctuations, a recent ARPES study

indeed revealed the quasi-1D conduction bands resulting
from the U and Te chains [12].

Here we present ARPES results on CeRh6Ge4, a FM
HF compound with Curie temperature TC = 2.5 K at
ambient pressure. TC can be continuously suppressed to
zero by pressure, resulting in a FM QCP at pc = 0.8
GPa [1, 13]. It was theoretically proposed that the FM
QCP in the zero temperature limit involves a simultane-
ous breakdown of the Kondo screening, resulting in an
abrupt jump in Fermi surface (FS) volume from a ’large
FS’ incorporating 4f electrons in the high-pressure para-
magnetic phase to a ’small FS’ that does not contain 4f
electrons in the low-pressure FM phase [1, 14]. On the
other hand, the small ordered moment in the FM state
(∼0.28 µB/Ce), the small magnetic entropy released at
TC (∼0.19 Rln2) and the large specific-heat coefficient ex-
tracted from above TC (∼0.25 J·mol−1·K−2) imply that
Kondo screening operates dynamically here [15, 16]. The
magnetic part of the resistivity shows a characteristic
hump at ∼80 K [17], suggesting Kondo screening well
above TC (likely involving excited crystal electric field
(CEF) states). These results therefore call for spectro-
scopic measurements to understand the local or itinerant
nature of the Ce 4f electrons.

CeRh6Ge4 crystallizes in a simple hexagonal structure
(Fig. 1(a)), with Ce aligning in chains along the c axis
with an intra-chain Ce-Ce distance of 3.855 Å and an
inter-chain separation of 7.154 Å in the a − b plane.
It can be cleaved along the (010) surface, with the Ce
chains lying in-plane (along ky defined in Fig. 1(b)) [17].
Large-range energy scans reveal core levels from Rh 4p,
Ce 4s, Ce 5p and Ge 3d electrons, with the dominant
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FIG. 1. (Color online). (a) Crystal structure of CeRh6Ge4.
The light red plane indicates the possible cleavage surface.
(b) Bulk Brillouin zone (BZ) and the momentum axes de-
fined in this paper. kz is defined along the bulk [010] di-
rection. (c) Large-range scan showing core levels (inset is a
full-scale view). (d) Photon-energy dependent scan (30-150
eV) along the in-plane kx direction at EF . An inner poten-
tial of ∼12 eV is used for the conversion to kz. The data is
plotted using a color code legend shown at the bottom. (e)
kx − ky FS map at 90 eV (kz ∼ 0). The black hexagons in
(d) and squares in (e) indicate the bulk BZ boundaries, and
the black dots in (e) indicate high symmetry momenta points.
(f) Energy-momentum dispersions at representative kz cuts,
together with the localized 4f calculation shown in the first
BZ (dashed blue curves). High symmetry momenta points (Γ,
K, M) and bands crossing EF (α, β, γ, η) are labeled.

contribution from Ge 3d. This implies that the surface
is likely Ge-terminated, supporting the bulk character
of the measured 4f spectra. Photon-energy dependent
scans (Fig. 1(d)) reveal periodic structures in accordance
with the expected bulk BZs, despite large variation in
the photoemission cross section, particularly near the
Ce resonance edge (122 eV). The band periodicity can
be better visualized from the kx − ky map in Fig. 1(e),
where wiggling bands near ky ∼ ±0.3 Å−1 extending
along kx can be observed, with a periodicity consistent
with the bulk BZs. In Fig. 1(f), three photon-energy cuts
are presented, corresponding to kz ∼ 0, 0.25 b∗ and 0.5 b∗

(b∗ is the reciprocal lattice vector corresponding to b in
Fig. 1(a)). This kz conversion is based on a detailed com-
parison of the experimental data with density-functional

theory (DFT) calculations treating 4f electrons as core
electrons, i.e., the ’localized 4f ’ calculation (see supple-
mental material [17–21]), which yields an estimated inner
potential of ∼12 eV. Experimentally, one band crosses
EF along Γ-K-M at kz ∼ 0 (α band), while two bands
are very close to EF at kz ∼ 0.25 b∗, including one shal-
low electron band at Γ poking through EF (β band), and
another hole-like band near kx ∼ 0.4 Å−1 (γ band). The
calculated energy of band γ is slightly lower than the ex-
perimental value, likely due to inaccuracies in DFT cal-
culations. Although the probed k space for one photon
energy is expected to be a curved kx − kz line for ideal
free-electron final states (Fig. 1(d)), we used a fixed kz
for quantitative comparison with experiment. Such sim-
plified treatment is often employed in practice; further
comparisons considering these curved kx − kz lines are
shown in Fig. S3 in [17].
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FIG. 2. (Color online). (a) Resonant ARPES spectrum (top)
and the integrated energy distribution curves (EDCs) in com-
parison with off-resonant data (bottom). (b) Constant energy
maps at EF (top panels) and -0.5 eV (bottom panels) at 90 eV
(left, kz ∼ 0) and 122 eV (right, kz ∼ 0.25 b∗). The calcula-
tions are shown in the bottom right BZ (blue dots). The black
squares with dots indicate the bulk BZ boundaries (similar to
Fig. 1(e)). (c) Comparison of the 80 eV and 122 eV spectra
along kx at the same kz and ky (kz ∼ 0.25 b∗, ky = 0). The
rightmost panel shows the conduction bands from the local-
ized 4f calculation (red curves) and the expected 4f1 peaks
(diffuse blue lines): their hybridization leads to the dispersive
4f bands observed experimentally.

To probe the Ce 4f electrons, we utilized resonant pho-
toemission at 122 eV. While the off-resonant spectra are
dominated by non-4f conduction electrons, the 4f spec-
tral weight is substantially enhanced at the resonance
condition [22]. The resonant scan (Fig. 2(a)) reveals a
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broad peak at -2.7 eV (localized 4f0), and sharp 4f15/2
and 4f17/2 peaks at EF and -0.3 eV, respectively. The

sharpness and large intensity of the 4f1 peaks with re-
spect to 4f0 suggests that the Kondo effect is active at
this temperature (17 K) [23, 24]. Constant energy maps
at EF and -0.5 eV from two representative photon ener-
gies are summarized in Fig. 2(b), together with localized
4f calculations. At E = -0.5 eV, both the kx−ky maps at
90 eV and 122 eV feature flat segments running along kx
(perpendicular to the Ce chains), and small pockets near
the BZ boundaries, in reasonable agreement with calcu-
lations. The FS maps exhibit similarly wiggling bands
extending along kx, but the patterns deviate consider-
ably from the localized 4f calculations. The difference
between -0.5 eV and EF can be explained by the sim-
ple hybridized band picture based on the periodic An-
derson model (PAM) [25]: the 4f electrons contribute
to the quasiparticle band dispersion only in the vicinity
of EF , via emergent Kondo peaks and their hybridiza-
tion with conduction bands. This can be better illus-
trated in Fig. 2(c), where we compare the spectra near
EF taken with 80 and 122 eV (on resonance) photons
at the same kz and ky, with the localized 4f calcula-
tion. Since simple ’itinerant 4f ’ calculations using DFT
are unapt to explain the experimental results due to the
strong local correlations from Ce 4f electrons (Fig. S2 in
[17]), we adopt the aforementioned hybridized band pic-
ture to interpret our data. Here the dispersive 4f bands
near EF result from the periodic arrangement of 4f sites
which turns the local Kondo singlets (diffuse blue lines in
Fig. 2(c)) into slowly propagating Bloch states, via hy-
bridization with conduction bands. Experimentally, two
types of symmetry-inequivalent 4f bands can be identi-
fied at EF from the resonance enhancement, one at kx ∼
0 (F1) corresponding to crossing with the electron band
β (Fig. 1(f)), the other at kx ∼ ±0.4 Å−1 and 1.2 Å−1

(F2), due to crossing with the hole band γ. The c − f
hybridization can be best seen from F2 near 1.2 Å−1,
where the corresponding conduction band exhibits bend-
ing near EF (80 eV data) and the intense F2 peak sud-
denly loses most of its weight at the crossing point with
the conduction band (122 eV data), characteristic of the
c− f hybridization. We note that the F1 and F2 bands
in Fig. 2(c) are not perfectly periodic in experiments,
likely due to the curved kx − kz line probed by ARPES
(Fig. 1(d)) and different photoemission matrix elements.

Fig. 3(a) shows the temperature-dependent resonant
ARPES spectra. While there is obvious intensity re-
duction with increasing temperature for the F2 peak
(Fig. 3(b)), the F1 peak changes much less with tem-
perature (Fig. 3(c)). For quantitative analysis, we plot
the background-subtracted peak height as a function of
temperature in Fig. 3(d,e) (see also Fig. S5 in [17]).
The F2 intensity roughly follows the − log(T ) behav-
ior (expected for a Kondo system) in the measurement
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FIG. 3. (Color online). (a) Resonant ARPES spectra at 7 K
and 120 K (ky = 0). (b,c) Temperature evolution of EDCs
corresponding to green (F2 peak, (b)) and blue (F1 peak, (c))
dashed lines in (a). (d,e) Background-subtracted peak height
∆H (defined in (b)) as a function of temperature for F2 (d)
and F1 (e), normalized to the values at 120 K.

temperature range. The peak is observable up to high
temperature (intensity reduction ∼ 60% at 120 K com-
pared to 7 K), much higher than the Kondo temperature
TK ∼ 20 K [15] and the transport coherence tempera-
ture T ∗ ∼ 80 K (Fig. S1 in [17]). This is consistent
with the onset of c − f hybridization at high tempera-
ture obtained from a recent ultrafast optical pump-probe
measurement [26]. This behavior is also similar to other
HF compounds, e.g., CeCoIn5 [27, 28], and it could be
attributed to Kondo screening involving CEF excitations
[27–30]. Analysis of the magnetic susceptibility and in-
elastic neutron scattering (INS) suggests that the first
excited CEF doublet in CeRh6Ge4 lies at ∼6 meV above
the ground-state doublet and it hybridizes strongly with
the conduction bands [31]. This is also supported by
a low-temperature Kadowaki-Woods ratio corresponding
to a 4f ground state degeneracy N = 4 [1]. Therefore,
the F2 peak could contain contributions from the low-
lying excited doublet, effectively enhancing its coherence
temperature. In contrast, the decrease in the F1 inten-
sity with increasing temperature is much less dramatic.
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Interestingly, the integrated peak intensity of F1 after
background subtraction actually increases with temper-
ature (Fig. S5 in [17]). Such an intensity increase could
be caused by crossing with an electron-type conduction
band (Fig. 2(c)), whose band bottom lies very close to the
4f band. This uncommon band crossing and hybridiza-
tion leads to additional hybridized state(s) slightly above
EF , contributing to the integrated intensity at elevated
temperatures (Fig. S6 in [17]). We note that a weak
momentum-independent 4f band can also be observed
near EF at low temperature (Fig. 3(a)), but it is almost
absent at 120 K, exhibiting a different temperature de-
pendence from the F1 and F2 peaks (Fig. S7 in [17]).

As the F2 bands make large contributions to the FS
(Fig. 2), we performed a detailed analysis of its band
dispersion along directions both perpendicular and par-
allel to the Ce chains (Fig. 4(a,b)). The results reveals
a clear difference in the magnitude of the hybridization-
induced band bending along two directions (Fig. S8 in
[17]), implying different c − f hybridization strengths.
To recover the full spectral function near EF , we divided
the ARPES spectra by the resolution-convoluted Fermi-
Dirac distribution (RC-FDD) [27, 32, 33], as shown in
Fig. 4(c,d). While the recovered 4f band is quite flat
along kx (perpendicular to the chain) without a clear sig-
nature of the c − f hybridization gap, the quasiparticle
dispersion along ky (parallel to the chain) shows a more
pronounced bending of the reversed-U shaped band, as
well as a clear hybridization gap (arrows in Fig. 4(b,d)).
This implies that the c− f hybridization could be much
stronger along ky compared to kx. To estimate the hy-
bridization strength, we adopted the hybridized band ap-
proach discussed above, where the band dispersion is de-
scribed by

E±(k) =
εf + εk ±

√
(εf − εk)2 + 4V 2

2
. (1)

Here εf and εk are the energies of the renormalized 4f
peak and conduction band respectively, and V is the
strength of the c − f hybridization. For simplicity, we
used a linear dispersion to simulate εk near EF and con-
strained our analysis to the lower branch E−(k). The
experimental dispersion can be extracted from simul-
taneous analysis of the momentum-distribution curves
(MDCs) and EDCs (Fig. 4(c,d)). The experimental dis-
persion can be reasonably described by this model with
fitted values of V ≈ 62 meV and 20 meV along ky and
kx, respectively (Fig. S9 in [17]). The uncertainty of V is
∼ ±10 meV along ky and slightly larger along kx due to
weaker bands with smaller bending. Another source of
uncertainty in the estimation of V is related to the RC-
FDD division: since the ARPES energy resolution (∼ 20
meV) is larger than 4kBT , the recovered 4f bands above
EF could be pushed slightly above the real positions [28],
resulting in possible inaccuracy in V . However, since V
along ky is much larger than the possible energy shift,

this complication should not affect our main conclusion:
V is obviously larger along ky compared to along kx.
Such an anisotropic V is also manifested in the raw data
via the presence (absence) of a clear c− f hybridization
gap along ky (kx) (Fig. 4(a,b)).
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FIG. 4. (Color online). (a,b) Resonant ARPES spectra across
the F2 peak along directions perpendicular (kx, a) and par-
allel (ky, b) to the Ce chains. (c,d) ARPES spectra in (a,b)
divided by RC-FDD. Purple diamonds (blue triangles) with
error bars indicate extracted peak positions from EDC (MDC)
analysis. White dotted lines are model fittings. The arrows
in (b,d) highlight the hybridization gap (= 2V ) along ky.

The momentum anisotropy in V can be attributed to
the crystal structure: the c − f hybridization should be
dominated by electronic couplings between Ce and twelve
nearest neighbor Rh and Ge atoms, which form small
hexagons in the a − b plane halfway between Ce atoms
along the chains. Since the charge distribution of the
4f CEF ground state (most likely | ± 1/2〉) is mainly
along the c axis [31], addition of these hybridization chan-
nels could lead to stronger c− f hybridization along the
chain. As the Ruderman-Kittel-Kasuya-Yosida (RKKY)
exchange interaction is realized by the same local elec-
tronic couplings between Ce and Rh/Ge atoms [34], our
observed anisotropy in V should be directly connected
to the dominant RKKY interaction along the chain pro-
posed in this system [1]. While such quasi-1D magnetic
anisotropy remains to be confirmed experimentally, theo-
retical studies indicate that such 1D magnetism can sup-
press the first-order transition that normally occurs in an
isotropic ferromagnet [1, 35]. Avoiding such a first-order
transition is essential for the observation of the FM QCP
[4]. In another recent theoretical paper [36], the strong
spin-orbit coupling (SOC) in the non-centrosymmetric
structure was proposed as an alternative mechanism for



5

the observed FM QCP. While SOC is clearly strong for
the 4f bands, as evidenced by the SOC-split 4f15/2 and

4f17/2 peaks, we found that the SOC splitting of non-4f

conduction bands (from Rh and Ge) is too small to re-
solve in our experiment. Future theoretical studies are
needed to quantitatively understand the anisotropic c−f
hybridization and the possible role of SOC.

Our results therefore provide spectroscopic evidence
for a strong Kondo effect and a pronounced k-space
anisotropy in the 4f spectral weight and c − f hy-
bridization strength V well above TC in the FM quan-
tum critical metal CeRh6Ge4. The electronic structure
is three-dimensional despite the chain-like arrangement
of Ce, but the resulting k-space anisotropy in V can
be naturally linked to the proposed quasi-1D magnetic
anisotropy, which could be key for the observed FM
QCP [1]. Since the electronic structure of FM Kondo-
lattice systems, particularly their momentum-resolved 4f
bands, are much less studied by ARPES [37–39], com-
pared to their AFM counterparts, our results can be
useful for a basic understanding of these materials. It
is interesting to note that FM rare-earth Kondo-lattice
systems are rare compared to AFM systems [40, 41].
They also show Kondo temperatures typically close to (or
slightly higher than) TC [40], and the ordered moment in
the FM phase is usually small. Theoretical studies have
indicated possible coexistence of Kondo screening and
FM ordering over a large phase space [42, 43].

It would be interesting in future to track the temper-
ature evolution of the 4f bands across TC , and to exam-
ine the possible appearance of a ’small FS’ (excluding 4f
electrons) deep inside the FM phase [1, 44]. Recent mea-
surements from quantum oscillations (QOs) showed that
the observed FS in the FM phase of CeRh6Ge4 is close
to the localized 4f calculation [45], although some dis-
crepancy is still present implying possibly coexisting (dy-
namic) Kondo effect [16]. It is intriguing that the AFM
Kondo-lattice system CeRhIn5 (with the local quantum
criticality involving a simultaneous Kondo breakdown)
shares interesting similarities with CeRh6Ge4: QO mea-
surements revealed a ’small FS’ well below the Néel tem-
perature TN [46, 47], while ARPES measurement de-
tected hybridized 4f bands well above TN [48]. Since
the translation symmetry is preserved across TC in FM
systems (unlike in AFM systems), such a temperature-
dependent study in CeRh6Ge4 may shed light on the del-
icate interplay between the (dynamic) Kondo effect and
FM order near a QCP [16].
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