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Heavy fermion (HF) compounds are prototypical strongly
correlated electron systems and are prime examples to study
quantum critical phenomena. The f electrons, which form
local moments at high temperatures, can acquire itinerancy at
low temperatures through quantum-mechnical coupling with
the conduction electrons, a process known as the Kondo
effect. This many-body process can give rise to quasiparticle
bands at the Fermi level (Eg) with a very large effective mass
(often >100m,). The same spin-exchange coupling between
conduction and f electrons can also lead to magnetically
ordered states, which compete with the Kondo screening.
The ground state can be easily tuned by external parameter 0
(Figure 1), such as pressure, doping, and magnetic field.
Near the quantum critical point (QCP) J., quantum fluctua-
tions are prominent and often lead to anomalous quantum
states, including unconventional superconductivity and non-
Fermi liquid behavior.

A central question for HF compounds is: are the felectrons
localized or itinerant? Often there is no simple answer: un-
like the conduction electrons, which form fully coherent
Bloch waves well described by the conventional band theory,
the development of heavy quasiparticles in HF compounds
can be dependent on interaction strength, magnetism, and
temperature. For Ce-based systems, the 4f spectral function
consists of lower and upper Hubbard bands well below and
above Ey, as well as a heavy quasiparticle band at £y from the
Kondo hybridization. Both the spectral weight and mo-
mentum dispersion of this quasiparticle band are important.
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A direct method to probe heavy 4fbands is angle-resolved
photoemission spectroscopy (ARPES). Historically, ARPES
studies on HF compounds have been hampered by limited
resolution, but rapid progress has been made recently thanks
to technical developments. The first important question is
how the heavy quasiparticles develop when lowering the
temperature. A high-resolution ARPES study on CeColns
clearly demonstrated that the heavy quasiparticle bands start
to form at a temperature (labeled by 7, in Figure 1) much
higher than that conventionally thought [1], i.e., the transport
coherence temperature 7*. This highlights the importance of
excited crystal electric field states in the formation of heavy
bands and calls for a fundamental rethinking of the lattice
effect on the hybridization process. The high-temperature
onset was also supported by an optical pump-probe mea-
surement [2], which further implied that 7* could be asso-
ciated with the emergence of collective hybridization. For
anti-ferromagnetic (AFM) CeRhlIns, where local-type quan-
tum criticality was proposed (Figure 1(b)), band-dependent
hybridization is observed well above Ty (=3.8 K) [3], al-
though the Fermi surface (FS) is still dominated by con-
duction bands. The band-dependent hybridization can be
essential to explain the seemingly conflicting results re-
garding the Kondo effect in this system and demonstrates the
subtlety of the localized-itinerant crossover for 4f electrons.
These seminal studies mark an important step towards un-
derstanding the HF physics.

Another fundamental question concerns the different
characteristics of 4f'states in systems with different types of
quantum criticality. For the spin-density-wave (SDW) type
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Figure 1 (Color online) Typical (7, J) phase diagrams for HF compounds with SDW-type (a) and local-type (b) quantum criticality. £* marks the localized-
delocalized boundary for 4f electrons. FL indicates the Fermi liquid (FL) phase with pocTz. (b) The QCP at zero temperature is accompanied by a sudden
transition from a small “FS” excluding 4f electrons in the AFM/FM phase to a large “FS” incorporating 4f electrons in the FL phase.

of quantum criticality (Figure 1(a)), the 4f electrons play a
key role in the FS-CeCu,Si, is a canonical example. It is also
the first unconventional superconductor, discovered by
Frank Steglich in 1979. Its superconductivity was previously
thought to be nodal d-wave, although recent experiments
indicated a fully opened superconducting gap at ultralow
temperatures [4], which sparked intense interests. Theore-
tical calculations predicted a warped cylindrical heavy band
at Er, as well as other lighter conduction bands [5]. Recent
ARPES measurements indeed revealed the predicted heavy
cylindrical band and moderately heavy conduction bands [6].
The multiband FS with orbital-dependent hybridization can
be important in understanding its unconventional super-
conductivity.

CeRh4Ge, is the first clean example of ferromagnetic (FM)
quantum criticality, achieved by hydrostatic pressure, and
possibly hosts local-type quantum criticality [7]. Quantum
oscillation (QO) experiments below 7T, at ambient pressure
revealed oscillation frequencies in good agreement with lo-
calized 4f calculations [8]. Meanwhile, ARPES measure-
ments uncovered dispersive 4f bands near Ep well above T,
[9]. The hybridization strength was found to be quite ani-
sotropic in momentum space due to the Ce chains, likely an
important ingredient for the FM quantum criticality. The
dichotomy between QO and ARPES results suggests the
possible localization of 4felectrons upon cooling into the FM
state. It is therefore of great interest to perform ARPES
measurements across 7, (=2.5 K). It is intriguing to see that
similar behavior was observed in the AFM counterpart
CeRhlns, where QO and ARPES measurements also re-
vealed different 4f characteristics below and above Ty [3].

These studies demonstrate the complex nature of 4f elec-
trons in HF systems and the importance of the momentum/
orbital-dependent hybridization. The next pressing question
is: how do the partially coherent 4f bands, which begin to
develop at Tj, evolve when cooling down into the magneti-

cally ordered phase or the FL phase? What are the spectro-
scopic signatures of dynamic or non-local Kondo effect?
With rapid developments in the ARPES technique, particu-
larly when combined with advanced thin film growth [10],
new and important progress can be anticipated in the near
future.
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