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Photoemission signature of the competition between magnetic order and Kondo effect in CeCoGe3
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The competition between magnetic order and Kondo effect is essential for the rich physics of heavy fermion
systems. Nevertheless, how such competition is manifested in the quasiparticle bands in a real periodic lattice
remains elusive in spectroscopic experiments. Here we report a high-resolution photoemission study of the
antiferromagnetic Kondo lattice system CeCoGe3 with a high TN1 of 21 K. Our measurements reveal a weakly
dispersive 4 f band at the Fermi level near the Z point, arising from a moderate Kondo effect. The intensity of
this heavy 4 f band exhibits a logarithmic increase with lowering temperature and begins to deviate from this
Kondo-like behavior below ∼25 K, just above TN1, and eventually ceases to grow below ∼12 K. Our work
provides direct spectroscopic evidence for the competition between magnetic order and the Kondo effect in a
Kondo lattice system with local-moment antiferromagnetism, indicating a distinct scenario for the microscopic
coexistence and competition of these phenomena, which might be related to the real-space modulation.
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Heavy-fermion (HF) compounds are prototypical strongly
correlated electron systems and host many intriguing elec-
tronic phases, including Fermi liquids with extremely heavy
quasiparticles, quantum criticality, non-Fermi-liquid behav-
ior, and unconventional superconductivity [1–7]. Lying at the
heart of the rich physics in HF systems is the competition
between the Ruderman-Kittel-Kasuya-Yosida (RKKY) mag-
netic exchange interaction [8–10] and the many-body Kondo
effect [1,11–15]. Although both interactions stem from the
same spin-exchange coupling J between the conduction elec-
trons and local moments, the strengths of these interactions
exhibit distinct dependences on J , leading to a magneti-
cally ordered (paramagnetic) ground state at small (large) J .
Their competition is manifested in the Doniach phase dia-
gram [16], which underlies the phase diagrams of many HF
compounds upon tuning with parameters such as pressure or
chemical doping.

Of particular interest is the nature of the 4 f electrons
that underlies the aforementioned competition in HF systems
with different antiferromagnetic (AFM) characters, as well
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as its connection with quantum criticality. In itinerant AFM
systems such as CeCu2Si2 [17–21], the magnetic order is
mainly driven by nesting of the renormalized Fermi surface
(FS) and the associated quantum critical point (QCP) is of the
HF spin-density-wave (SDW) type [18,20]. On the other hand,
local-moment AFM order is primarily mediated by the RKKY
interaction, which often suppresses the Kondo screening and
leads to the localization of 4 f electrons. In addition, uncon-
ventional local-type quantum criticality has been proposed in
some local-moment HF systems [22–27], where the QCP is
accompanied by an abrupt zero-temperature FS reconstruc-
tion, from a “small FS” without 4 f electrons in the AFM state
to a “large FS” including 4 f electrons in the paramagnetic
state. However, how the competition between the RKKY and
Kondo interactions is manifested in the quasiparticle spec-
trum in a periodic Kondo lattice remains largely unexplored
in electron spectroscopic experiments, e.g., angle-resolved
photoemission spectroscopy (ARPES) and scanning tunneling
microscopy (STM). Although it has been simulated by two-
impurity Kondo systems in previous STM studies [28,29],
experiments on real periodic lattices are still lacking.

One approach to directly probe this competition is to track
the 4 f bands of an AFM HF system across (and well below)
the magnetic transition using ARPES. However, due to the
typically low transition temperatures in Ce-based HF systems,
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FIG. 1. (a) Crystal structure of CeCoGe3. (b) The corresponding
bulk and surface BZs with high symmetry points labeled. (c) The re-
sistance vs temperature for CeCoGe3. The inset displays an enlarged
view of the low temperature region showing the AFM transitions.
(d) The kx − kz FS map obtained from a photon-energy dependent
scan (60–160 eV) at 26 K. The black hexagons indicate the bulk BZ
boundaries and the dots indicate high symmetry momentum points.
(e) In-plane kx − ky FS map obtained from 150 eV photons (kz ∼ 0)
at 5.2 K. (f) Energy-momentum dispersions along cut 1 and cut 2
shown in (e). Calculated bands (dashed blue curves) from DFT are
overlaid on top.

very few studies have been reported so far [30], and signatures
of such competition have not been observed. CeCoGe3 is
a very suitable candidate for such a study, since it shows
evidence of Kondo screening already at elevated tempera-
tures and has a reasonably high AFM ordering temperature
of TN1 = 21 K [31–33]. Here we show that CeCoGe3 does
show signatures of the aforementioned competition, where
our systematic temperature-dependent study across the tran-
sition reveals a clear deviation from Kondo-like behaviors in
the AFM phase.

CeCoGe3 crystallizes in a noncentrosymmetric BaNiSn3-
type structure [Fig. 1(a)], whose bulk Brillouin zone (BZ)
and projected surface BZ are displayed in Fig. 1(b). The
noncentrosymmetric structure can give rise to Weyl points in
its correlated band structure, as predicted by calculations [34],
and unconventional superconductivity with mixed singlet-
triplet pairing [35,36]. The resistance [Fig. 1(c)] clearly shows
kinks at 21 K (TN1), 12 K (TN2), and 8 K (TN3), which
correspond to three consecutive AFM transitions [32]. Details
of ARPES measurements and band structure calculations can

FIG. 2. Left: constant energy contours at E = 0 and −0.8 eV
using 150 eV photons at 5.2 K. Right: the corresponding DFT
calculations.

be found in Refs. [37–42]. Note that, for the ARPES spectra
presented in this paper, core level scans reveal dominant peaks
from Ge, implying that the surface might be Ge terminated
(Fig. S1 in [37]).

The kx − kz and kx − ky FS maps from ARPES measure-
ments are summarized in Figs. 1(d) and 1(e), which reveal
diamond-shaped FS pockets centered at the bulk Γ and Z
points [Fig. 1(e)], respectively, with a periodicity in good
accordance with the bulk BZ. A detailed photon-energy de-
pendent study also shows well-defined kz periodicity of the
observed bands [Fig. 1(d)], which allows us to obtain an
estimated inner potential of ∼15 eV. Hence the 120 eV and
150 eV photon-energy scans correspond to kz ∼ π and 0
[red dashed curves in Fig. 1(d)], respectively. The energy-
momentum dispersions are displayed in Fig. 1(f), where
the non-4 f conduction bands from density-functional theory
(DFT) calculations in the paramagnetic state are overlaid on
top. The DFT calculations treat 4 f electrons as core electrons
and can provide a reasonable description of the observed
conduction bands away from the Fermi level (EF ). However,
the agreement near EF is not satisfactory, due to correlation
effects from Ce 4 f electrons (see below). We note that the-
oretical calculations predict a very small band splitting and
Weyl points in the band structure as a result of the noncen-
trosymmetric crystal structure [34], but such splitting is too
small to be resolved in our data.

A detailed comparison between the ARPES constant-
energy maps and DFT calculations is shown in Fig. 2 (see
Fig. S2 in [37] for more details). DFT calculations predict
two hole pockets and one tiny electron pocket at Z, as well
as one large electron pocket and two small hole pockets at
Γ , which partially agree with experiments, although some
small pockets are absent experimentally [see also Fig. 1(f)]. In
general, the constant energy maps away from EF show better
agreement with DFT calculations, compared to those close to
EF , reflecting the strong local correlations of the 4 f electrons,
which usually affect the quasiparticle dispersion only in the
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FIG. 3. (a) Band dispersion along Γ -Z from resonant ARPES.
(b) Resonant EDCs from the black dashed cuts in (a), together with
the off-resonant EDC at 115 eV. (c) Left: zoom-in view of the quasi-
particle dispersion at 15.5 K near EF . Right: the 56 K data divided
by the RC-FDD. The dotted curve is the fitted band dispersion using
Eq. (1). (d) Two integrated EDCs from the RC-FDD-divided 56 K
data, for two momentum regions (A1 and A2) marked in (c).

vicinity of EF . A previous de Haas–van Alphen (dHvA) effect
study at very low temperatures indicates that the FS shape of
CeCoGe3 is overall similar to that of LaCoGe3 with only small
differences [43], while the cyclotron mass of the dominant
dHvA branch is ten times higher for CeCoGe3 (∼10me for
CeCoGe3 vs ∼1me for LaCoGe3). This implies that although
the overall FS shape of CeCoGe3 is not significantly altered by
the 4 f electrons, appreciable contributions from 4 f electrons
are present in the FS due to the Kondo effect.

To probe the 4 f states, we performed resonant ARPES
measurements at the Ce N edge near 120 eV, which signifi-
cantly enhances the 4 f contribution to the measured spectra.
The resonant ARPES spectrum [Fig. 3(a)] features a flat 4 f
band right at EF near the Z point. This is better illustrated
by the energy distribution curves (EDCs) shown in Fig. 3(b),
where clear resonance enhancement of the peaks at EF and
−0.25 eV can be observed, corresponding to the 4 f 1

5/2 and
4 f 1

7/2 peaks, respectively [44,45]. Although the 4 f 1
7/2 peak can

be clearly observed at all momentum points, the 4 f 1
5/2 peak ex-

hibits a large momentum dependence (see Fig. S3 in [37] for
detailed FS maps). In particular, the absence of a 4 f 1

5/2 peak
around the Γ point may be attributed to a small indirect gap as
a result of hybridization between conduction and 4 f electrons
(c − f hybridization). The c − f hybridization can also give
rise to weak band bending near EF [14,46–50], as shown in
Fig. 3(c). To reveal the fine dispersion near EF , we divide
the ARPES spectra at 56 K by the resolution-convoluted
Fermi-Dirac distribution (RC-FDD), obtained by fitting the
reference spectrum. The result [right panel in Fig. 3(c)] re-
veals a weakly dispersive 4 f band whose center lies slightly

(a)

(b) (c)

FIG. 4. (a) Resonant ARPES spectra near Z at various temper-
atures for a typical sample (no. 1). (b) The temperature-dependent
EDCs obtained by integrating the shaded region in (a). Inset is an
enlarged view of the 4 f 1

5/2 peak. (c) The ratio between the integrated
intensity of 4 f 1

5/2 [−0.09 eV, 0 eV] and that of 4 f 1
7/2 [−0.38 eV,

−0.12 eV], as a function of temperature. The blue dashed curve
indicates the − log(T ) reference line. Note the slightly different
vertical scales due to sample variation.

above EF . For quantitative analysis, we adopted the hy-
bridized band approach within the periodic Anderson model
(PAM), where the band dispersion can be described by

E±(k) = ε f + εk ± √
(ε f − εk )2 + 4V 2

2
. (1)

Here, ε f and εk are the energies of the single-ion 4 f 1
5/2 Kondo

resonance and the conduction band in the absence of c − f
hybridization, respectively, and V is the effective c − f band
hybridization strength. Our analysis is focused on the lower-
energy branch in Eq. (1), which crosses EF , and we assume
that εk is linear in k in the vicinity of EF . The peak posi-
tions can be obtained by analyzing the momentum distribution
curves (MDCs) and EDCs (Fig. S4 in [37]), which can then be
fitted by Eq. (1) to obtain V ∼ 10 meV, indicating a moderate
c − f hybridization. The RC-FDD divided EDCs in Fig. 3(d)
further reveal clear momentum dependence of the positions
of the 4 f bands (hence an indirect gap caused by the c − f
hybridization), which could explain the very weak 4 f 1

5/2 peak
far away from Z.

Temperature-dependent ARPES measurements near the Z
point are summarized in Figs. 4(a) and 4(b). We first note that
the 4 f 1

5/2 peak can already be observed at ∼80 K (and above),
similar to other HF systems [48,49,51], implying that Kondo
screening takes place already at high temperatures, presum-
ably involving excited crystal field states. Upon cooling,
the 4 f 1

5/2 peak becomes more prominent due to the grad-
ual buildup of heavy quasiparticles from the Kondo effect,
while the 4 f 1

7/2 peak at −0.25 eV remains largely unchanged,
probably due to its much higher state degeneracy (hence
higher TK ) [52,53]. In Fig. 4(c), we plot the temperature
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evolution of the relative intensity of the 4 f 1
5/2 peak, i.e., the

ratio between the integrated intensity of 4 f 1
5/2 and that of

4 f 1
7/2, which reduces extrinsic effects that might affect the nor-

malization of the temperature-dependent data (see Fig. S5 in
[37] for details). The relative 4 f 1

5/2 intensity roughly follows a
− log(T ) behavior from ∼25 K and above, as expected for a
Kondo peak in the paramagnetic state [48,49], but it increases
more slowly upon cooling below T1 ∼ 25 K and eventually
ceases to grow below T2 ∼ 12 K. We emphasize that such a
temperature evolution has been confirmed by measurements
from different samples (Fig. S6 in [37]), as well as in dif-
ferent cooling and warming cycles from the same sample.
The results indicate that the heavy quasiparticle formation
due to the Kondo effect begins to slow down below T1 and
stops (or becomes slightly suppressed) below T2. The fact that
T1 is close to TN1 = 21 K implies that the weakening of the
Kondo processes is very likely caused by the development
of long-range AFM order. Our results therefore show that
the magnetic order and Kondo screening coexist and compete
over a large temperature window, even deep inside the AFM
phase.

Our observation is in stark contrast to those from previous
ARPES measurements of the Ce-based AFM Kondo systems
CeRh2Si2 and CePt2In7. For the former with a very high TN =
42 K, the Kondo peak from ARPES measurements shows
a monotonic increase with cooling, without any noticeable
deviation even well below TN [30]. For CePt2In7, the sup-
pression of a weak Kondo peak occurs below ∼ 60 K [54],
much higher than TN = 5 K, which, however, is different from
the results inferred from Knight shift measurements which
imply a relocalization of the 4 f electrons only below ∼12 K
[55]. We note that recent ARPES studies on the 5f-electron
compounds USb2 and UAs2 show that the magnetic order
and Kondo effect could coexist without interfering with each
other [56,57]. Specifically, ARPES measurements revealed
two sets of 5 f -derived quasiparticle bands that are well sep-
arated in momentum space [56,57]: in one band, the itinerant
SDW order opens up a gap (hence accounting for the mag-
netism), while the other band corresponds to the typical heavy
quasiparticles found in HF systems where the peak intensity
remains unaffected by the development of AFM order. The
differences between the U-based and Ce-based compounds
could be attributed to the different number of f electrons: in
U-based compounds, U normally has three electrons in the
5 f orbitals which may selectively participate in the Kondo
screening or AFM order; by contrast, in Ce there is only one
electron in the 4 f shell, so that such orbital selectivity is not
possible. Therefore, in Ce-based HF materials, the competi-
tion and coexistence of Kondo effect and AFM order must be
of a fundamentally different nature.

The origin of this competing behavior in CeCoGe3 may
lie in the localized nature of the 4 f -electron magnetism,
namely, the AFM order consists of Ising-like moments point-
ing along z that are coupled ferromagnetically in the x − y
plane and antiferromagnetically along the z direction with
different ordering vectors k = (0, 0, qz ) in the three magnetic
phases [33]. The commensurate AFM orderings in CeCoGe3

are unlikely to correspond to the itinerant SDW type and
the observed FS does not show obvious sign of nesting. In

addition, temperature-dependent FS mappings do not reveal
any significant change in the FS shape across the AFM transi-
tions (Fig. S7 in [37]), supporting the local-moment nature of
the AFM order. Note that the cleaved surface is most likely to
be Ge-terminated based on core level analysis, which implies
that the observed 4 f states should be close to the bulk. On
the other hand, since no clear reconstruction of the electronic
structure is observed across the AFM transitions, how surface
effects could affect the spectral changes remains an open
question.

The observation of coexistence and competition between
the magnetic order and the Kondo effect in Fig. 4(c) poses
the question as to the nature of the microscopic interplay
between these phenomena. One possible scenario is that both
the ordered magnetic moments and Kondo screening are mod-
ulated in real space, such that there is a periodic arrangement
of sizable ordered moments and Kondo-screened moments.
Such a picture was also proposed based on a previous neutron
scattering study [58], while an analogous proposal was put
forward for UAs2 based on a two-channel Kondo model for
multiple 5 f electrons [59]. Such a scenario could account
for the significant Kondo weight persisting well below TN ,
while the close interplay between the magnetic structure and
Kondo screening may also explain why the turning point T2 is
close to TN2 (and TN3), where there is a change of magnetic
structure [33].

Interestingly, for the experimental kx − kz map in Fig. 1(d),
the dominant pocket observed near Z has a Fermi vector kF

[marked by a green arrow in Fig. 1(d)] that is approximately
1/2 of Γ -Z. Therefore, the oscillatory RKKY interaction
along z could have a node for interactions between nearest-
neighbor Ce planes (note that for the body-centered structure
there are two Ce atoms per conventional unit cell separated by
c/2 along z [Fig. 1(a)]). Below TN3, where qz = 1/2, the AFM
order could lead to adjacent Ce layers alternating between
large ordered moments (antiparallel between next-nearest lay-
ers) and nearly zero moments (Kondo screened) (Fig. S8 in
[37]). Note that, although a “two-up two-down” magnetic
structure was previously proposed based on the assumption of
equal moments [33], the neutron diffraction results are equally
compatible with the modulated structure described here, after
a shift of the global phase by π/4.

An alternative scenario would be that there is an inherent
on-site competition and coexistence of magnetic order and
Kondo screening, if the real-space modulation is absent. In
this case, the Kondo weight is expected to decrease inside the
AFM phase or even reach zero in the zero-temperature limit if
the AFM QCP is of the local type [1,2,14,15,60]. Although the
current results suggest a very small decrease of Kondo weight
below T2 [Fig. 4(c)], the weight appears to remain finite based
upon a simple extrapolation to lower temperatures. On the
other hand, since the current measurements are performed
only down to 6 K, determining the fate of the Kondo peak
in the zero-temperature limit requires future measurements to
significantly lower temperatures.

To conclude, using high-resolution ARPES, we probed
the quasiparticle bands near EF in CeCoGe3 with a high
TN1 = 21 K. The presence of a well-resolved heavy 4 f band
with a relatively simple momentum distribution allows us to
clearly track the temperature evolution of the 4 f band across

L201104-4



PHOTOEMISSION SIGNATURE OF THE COMPETITION … PHYSICAL REVIEW B 107, L201104 (2023)

the AFM transitions and we find that its intensity starts to
deviate from the typical − log(T ) behavior just above TN1

and eventually ceases to grow at lower temperatures. Our
results provide direct spectroscopic evidence for the compe-
tition between the well-localized magnetic order and Kondo
effect in a HF system, which might be related to a real-
space modulation of magnetic moments and Kondo screening.
These findings may be useful for understanding other HF sys-
tems with local-moment antiferromagnetism, e.g., CeRhIn5,
where a “small FS” with enhanced cyclotron masses is ob-
served below TN from dHvA measurements [61,62], while
ARPES reveals weakly dispersive 4 f bands well above TN

from moderate c − f hybridization [63], similar to CeCoGe3.
Nevertheless, the low ordering temperature of TN = 3.8 K in
CeRhIn5 has precluded direct observation of such competi-
tion. Finally, since the degree of f -electron itinerancy and the
nature of the magnetic ground state can be readily tuned by
elemental substitution in the CeT X3 series [43,64–68], these
systems could be ideal candidates for systematically studying
the electronic manifestation of the competition between the
RKKY and Kondo interactions.
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