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Electron localization is a focal topic in condensed matter physics. In materials where electrons couple with lattice/spin
degrees of freedom, an accurate characterization of electron localization would not only advance our understanding of
correlated electron systems but also hold potential as a key to unraveling the long-standing puzzle of high-temperature
superconductivity. Here, utilizing angle-resolved photoemission spectroscopy (ARPES), we reveal an electron localization
that occurs on the surface of a two-dimensional antiferromagnetic metal PdCrO2. Various characteristics of electron local-
ization were observed, including quasiparticle mass renormalization, the “waterfall” feature, high-energy incoherent states,
and a pseudogap. We find that the energy scale of band renormalization is highly correlated with the mode coupling energy
observed in the metallic state, suggesting that the localization behavior can be explained by polaron localization driven by
an enhancement of the coupling between electrons and lattice/spin excitations. Our data highlight phenomena that emerge
universally in complex correlated systems where electrons couple with lattice/spin excitations. This provides experimental
validation for various theoretical models of delocalized correlated systems. Our results also demonstrate that the coupling
strength can be tuned continuously on the surface of PdCrO2, making it a model system for investigating exotic phenomena
in complex correlated materials.
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In the research of condensed matter physics, it has been
found that the insulating properties of certain materials cannot
be explained by the band theory. These findings have stim-
ulated research into the underlying mechanisms of electron
localization.[1] Localization mechanisms, such as Anderson
localization driven by disorder scatterings,[1,2] and Mott lo-
calization driven by Coulomb repulsive interactions,[1,3] have
built the foundation for our understanding of correlated elec-
tron systems. Later, the discovery of high-temperature super-
conductivity in cuprates shifted the focus of research from lo-
calization itself to the entire transition process from a localized
insulating state to a delocalized metallic state.[4] It has been
widely accepted that a comprehensive understanding of the
behaviors of holes or electrons in doped Mott insulators may
hold the key to unraveling the mechanism of high-temperature
superconductivity. However, while fully localized states are
reasonably well described by theories, there remains contro-
versies regarding the theoretical descriptions of delocalized
correlated states, or simply put, the electrons or holes mov-
ing in a correlated insulating background. Several theoretical
models with different emphases have been proposed, such as
resonating valence bond (RVB) theory,[5] stripe theory,[6] spin

polaron theory,[7,8] etc. The challenges in resolving the theo-
retical controversies lie in, on one hand, the calculational diffi-
culties inherent in simultaneously accounting for multiple de-
grees of freedom. On the other hand, the detailed experimental
characterization of low-energy excitations that cover the entire
transition process from localized to delocalized states is lack-
ing. Angle-resolved photoemission spectroscopy (ARPES) is
a powerful tool for probing the single-particle excitation spec-
tral function of materials. However, limited by the difficul-
ties in synthesizing high-quality samples with specific doping
levels, there are very few systems in which ARPES measure-
ments could be conducted in the entire doping range that cov-
ers the localized-to-delocalized transition.[9–11]

PdCrO2, together with its sister compound PdCoO2,
is a quasi-two-dimensional layered material that attracts
great attention for its low electric resistivity at room
temperature.[12,13] Studies on Pd(Cr, Co)O2 have found that
Pd exhibits a rare +1 oxidation state with a 4d9 electron
configuration. Meanwhile, due to the dumbbell O–Pd–O
bond configuration, the Pd d-electrons form a two-dimensional
conductive layer in Pd(Cr, Co)O2 with excellent metallic
properties.[12,14] In contrast to the metallic nature of the Pd
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layer, the CoO2 and CrO2 layers exhibit insulating properties.
The difference lies in that the electron configuration of Co3+

in the CoO2 layer is 3d6, which belongs to a band insulator
with an even number of valence electrons; whereas the elec-
tron configuration of Cr3+ in the CrO2 layer is 3d3, which be-
longs to a Mott insulator.[12,15,16] Experiments have shown that
the CrO2 layer in PdCrO2 exhibits large magnetic moments
and strong magnetic fluctuations.[17–19] A complex 120◦ anti-
ferromagnetic order with a Néel temperature of ∼ 37.5 K was
found in the CrO2 layer of PdCrO2.[17–19]

Compared with the complex octahedral distortion com-
monly existing in perovskite-structured oxides, PdCrO2 has
a relatively simple and regular lattice structure.[13] Mean-
while, its antiferromagnetic insulating CrO2 layers and metal-
lic Pd layers are spatially separated. This makes PdCrO2

an ideal system for studying the interactions between itiner-
ant electrons and the correlated insulating background. How-
ever, transport and ARPES studies show that the coupling be-
tween the itinerant electrons in the Pd layers and the corre-
lated electrons in the CrO2 layers is relatively weak in bulk
samples.[20–22] On one hand, the two-dimensionality of Pd d-
electrons limits their coupling with the adjacent CrO2 layers.
On the other hand, due to the opening of a Mott gap, the low-
energy excitations of the CrO2 layers are distributed far away
from the Fermi energy (EF) and do not overlap with the itiner-
ant Pd d-electrons.[15,16,23]

While the coupling between itinerant and localized elec-
trons is weak in bulk PdCrO2, distinctive surface electronic
states have been found in Pd(Cr, Co)O2.[21,24–26] The cleav-
age surface of Pd(Cr, Co)O2 consists of two different sur-
face terminations. Due to the surface polarization effect, the
Pd-terminated surface has 0.5 more electrons than the bulk
Pd layers, whereas the (Cr, Co)O2-terminated surface has 0.5
more holes. This results in the formation of surface electronic
states in Pd(Cr, Co)O2 that are distinct from the bulk. ARPES
studies on PdCoO2 have observed electron-type and hole-
type surface states on the Pd- and CoO2-terminated surfaces,
respectively, confirming the existence of surface electronic
states due to surface polarization.[24,25] Moreover, researchers
have found that the surface electronic states may be spin po-
larized due to the formation of surface ferromagnetism.[25]

Self-energy analysis has found evidence for the existence of
electron–magnon coupling in the surface electronic states of
PdCoO2.[26]

Here, we study the Pd-terminated surface of PdCrO2 us-
ing small-spot ARPES. A circular electron-like pocket was re-
solved at the Brillouin zone center with a parabolic band dis-
persion. A kink feature was resolved at ∼ −200 meV, which
manifests the existence of electron-boson coupling at this spe-
cific energy. As the sample temperature increases, we find
that the surface electronic state undergoes a transition from

an itinerant metallic state to a localized insulating state. Var-
ious characteristics of electron localization were observed in-
cluding mass renormalization, the “waterfall” feature, high-
energy incoherent states, and a pseudogap. The energy scale
of band renormalization was found to be highly correlated with
the ∼ 200 meV mode-coupling energy. This suggests that the
electron localization we observed cannot be explained by sim-
ple Anderson localization or the suppression of photoemission
intensity caused by disorder or surface degradation, but rather
by the localization of lattice-/spin-polarons. Our data high-
light the universal phenomena that emerge in the electron lo-
calization process of a complex correlated system. The quan-
titative characterization of these phenomena provides experi-
mental evidence for validating theoretical models of delocal-
ized correlated systems. Meanwhile, our results indicate that
the coupling strength between electrons and lattice/spin exci-
tations can be tuned continuously from weak to strong on the
surface of PdCrO2, making it an ideal system for studying the
coupling between delocalized electrons and lattice/spin exci-
tations in complex correlated systems.

Single crystals of PdCrO2 were synthesized using the
flux method.[13] ARPES measurements were performed at the
BL03U beamline of the Shanghai Synchrotron Radiation Fa-
cility (SSRF) using a photon energy of 55 eV. A Scienta
DA30L analyzer was used, with an overall energy resolu-
tion of ∼ 12 meV and an angular resolution of ∼ 0.3◦. The
crystals were cleaved in situ at a temperature of 10 K with a
chamber pressure lower than 6× 10−11 mbar. A momentum-
independent background was subtracted from the photoemis-
sion data to remove the background signal originating from
secondary scatterings of photoelectrons.

Previous ARPES studies on PdCoO2 have shown that the
Pd surface states contribute to two Fermi pockets at the Bril-
louin zone center.[25] Using small-spot ARPES, we optimized
the beam spot position to target the Pd-terminated surface as
much as possible based on the photoemission intensity col-
lected at the Brillouin zone center. It should be noted that the
spot size we used is around 100 µm,[27] which is not neces-
sarily smaller than the domain size of the Pd-terminated sur-
face; thereby part of our photoemission signal may be con-
tributed by the CrO2-terminated surface. However, according
to previous studies, the CrO2 surface state is insulating with
a large energy gap.[28,29] Therefore, the photoemission signal
from the CrO2-terminated surface would not complicate our
characterization of the Pd surface electron states near EF. Fig-
ure 1(a) presents the Fermi surface mapping measured at the
optimized position for the Pd-terminated surface. The data are
consistent with a previous ARPES study.[21] The outermost
hexagonal Fermi pocket originates from the bulk electronic
states (H-bulk), while the other two Fermi pockets — an inner
hexagonal surface state (H-PSS) and a circular surface state
(C-PSS) — derive from the Pd-terminated surface. Different
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shapes of Fermi pockets indicate that the two surface states
(H-PSS and C-PSS) may have different orbital compositions.
The orbital composition of H-PSS is the Pd-e′g orbital, which
is the same as the H-bulk state.[15,30] For C-PSS, according to

the theoretical calculation in PdCoO2, its orbital composition
is mainly composed of Pd–Co–O orbitals.[29] The focus of our
subsequent work will be on C-PSS, which exhibits properties
distinct from those of the H-PSS and H-bulk states.
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Fig. 1. Fermi surface mapping and band dispersion of the Pd surface state in PdCrO2. (a) Fermi surface mapping of PdCrO2. Red solid line shows
the momentum position of the energy–momentum cut. Inset panel illustrates the polar surface of PdCrO2 with two different terminations. (b) Energy–
momentum cut taken along the Γ –M direction. Hexagonal bulk (H-bulk) state, hexagonal surface state (H-PSS), and circular surface state (C-PSS) are
highlighted by the arrows in panels (a) and (b). The photoemission intensity of the right part of the image is enhanced by three times to better show the
H-PSS and H-bulk states. Fitted and bare band dispersions are illustrated using red markers and black solid line, respectively. (c) Energy dependence
of the real-part of self-energy (Σ ′). (d) Energy dependence of the fitted full width at half maximum (FWHM) of momentum distribution curve (MDC)
peaks. Black arrows in panels (c) and (d) highlight the mode coupling energy at ∼−0.2 eV. All data were taken using 55 eV photon energy at 10 K.

Figure 1(b) presents the measured band dispersion along
the Γ –M direction. The band dispersion of C-PSS is parabolic
and electron-like, with a distinct kink structure observed at
∼ −0.2 eV. We obtained the C-PSS band dispersion by fit-
ting the peak positions of the momentum distribution curves
(MDCs) using a Lorentzian function. We calculated the real
part of the self-energy (Σ ′) based on the fitted band disper-
sion (red markers) and a parabolic bare-band dispersion (black
solid line). As shown in Fig. 1(c), the real part of the self-
energy exhibits a broad peak at ∼−0.2 eV. For the imaginary
part of the self-energy, due to possible extrinsic broadening
of our spectra, we did not use the strict Kramers–Kronig re-
lations to calculate it. Instead, we show the fitted full width
at half maximum (FWHM) of the MDC peaks in Fig. 1(d),
which reflects the energy dependence of the imaginary part of
the self-energy to a certain extent. A significant increase in
FWHM is observed at ∼ −0.2 eV in Fig. 1(d). The above
behaviors all indicate that the electrons of C-PSS couple with
bosonic modes at an energy scale of approximately 200 meV.
Such coupling is absent in the H-PSS and H-bulk states.

Figure 2 presents the temperature-dependent evolution of
the band dispersion of the Pd surface state. To better iden-
tify the band dispersion, we performed a minimum gradient
calculation,[31] and the results are shown in Fig. 2(b). Un-
like the second derivative calculation, which normally high-
lights the band dispersion along either the energy or momen-
tum direction, for our data that consist of both rapid and slow
band dispersions, the minimum gradient calculation that high-
lights the local peak positions is more applicable. Both the
raw data and the minimum gradient images clearly show that

the C-PSS undergoes a metal-to-insulator transition, as mani-
fested by various electron localization behaviors including the
reduction of band width, the suppression of spectral weight at
EF, and the spectral weight transfer from low to high binding
energy. It should be noted that previous ARPES studies on
PdCrO2 and PdCoO2 have found that the surface states could
be removed by performing thermal cycling treatment.[21,24]

Here, we verified that the surface states did not recover to
the metallic state after our temperature cycle (see Fig. S1 in
the supplementary materials for details). This suggests that
the role of the temperature increase in our experiment is not
inducing thermal fluctuation, but rather is similar to that of
increased cleavage time, which jointly drives an irreversible
transition of electronic states from itinerant to localized on the
Pd-terminated surface. To facilitate discussion, we still use
temperature to denote the degree of progression of the elec-
tron localization in the following parts of this paper.

We now discuss different characteristics of the electronic
structure in different energy ranges. First, in the low-energy
range from the mode coupling energy (∼ −0.2 eV) to EF, a
quasiparticle band (QPB) is observed. Its bandwidth decreases
rapidly with the occurrence of electron localization, indicat-
ing a significant increase in the quasiparticle effective mass.
At 100 K, the QPB is renormalized into a flat band with a
bandwidth of ∼ 100 meV. Second, in the high-energy range
from −0.6 eV to −0.4 eV, the spectra exhibit a nearly single-
electron excitation behavior in the metallic state at 10 K, fol-
lowing a parabolic band dispersion. However, in the insulat-
ing state at 100 K, the spectral weight is distributed over an
extremely broad energy range, exhibiting an incoherent exci-
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tation behavior. Such incoherent spectral weight forms a high-
energy band (HEB) in the insulating state. Finally, in the in-
termediate energy region between the QPB and HEB, a “wa-
terfall” feature that has been widely observed in cuprates[32,33]

is observed at 70 K. In the metallic state, the entire band dis-
perses continuously from−0.6 eV to EF, while in the localized
insulating state, the two bands, QPB and HEB, are well sep-

arated. In the intermediate stage of localization (70 K), the
spectral weight is more concentrated in the QPB at large mo-
menta near the Fermi crossings, while it is more concentrated
in the incoherent HEB at small momenta near the Brillouin
zone center. A “waterfall” distribution of spectral weight is
thereby established in the momentum region where the QPB
and HEB connect.
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To better visualize the evolution of the electronic struc-
ture, we compared the energy distribution curves (EDCs) and
MDCs at three representative temperatures of 10 K, 70 K, and
90 K in Figs. 3(a) and 3(b). We could directly observe the
renormalization of QPB and HEB dispersions from the EDCs.
The bandwidths of QPB and HEB are reduced to ∼ 100 meV
at 90 K. For the MDCs, the MDC peak position is energy-
dependent at 10 K but becomes nearly energy-independent at
70 K, indicating the formation of a “waterfall” feature. To de-
scribe the electron localization behavior more quantitatively,
we extracted the band dispersions based on the minimum gra-
dient images (see Fig. S2 in the supplementary materials for
details). We then fitted the effective mass (meff) of the QPB
using a parabolic band dispersion. As shown in Figs. 3(d) and
3(e), meff increases rapidly at 60 K and then reaches around
20 times the free electron mass (mfree) at 100 K. We further
show the temperature dependence of the integrated EDCs in
Fig. 3(f). It is obvious that the spectral weight transfers from
the low-energy (LE) region to the high-energy (HE) region.
This spectral weight transfer can be characterized by the ratio
of the high-energy spectral weight to the low-energy spectral
weight (IHE/ILE). The temperature dependence of IHE/ILE is
well consistent with that of meff, indicating that the spectral
weight transfer and mass renormalization occur synchronously
during the electron localization process.

Besides the renormalization of band dispersion and spec-
tral weight transfer, one can observe a significant suppression
of density of states near EF in the data shown in Fig. 2, mani-
festing a pseudogap behavior. We symmetrized the data to bet-
ter visualize the pseudogap (Fig. 4). It should be noted that this
symmetrization operation is not strict due to the presence of a
background and the absence of electron–hole symmetry.[34]

However, the symmetrization operation remains helpful for
identifying the spectral weight suppression at EF. As shown
in Fig. 4(a), for the H-bulk and H-PSS near 0.9 Å−1, no

gap opening was observed at their Fermi crossings. In con-
trast, for the C-PSS, the opening of a pseudogap could be
clearly visualized at the Fermi crossings of the C-PSS. The gap
size increases with the development of electron localization
[Fig. 4(a)]. Figure 4(b) shows the evolution of symmetrized
EDCs during electron localization. While the gap size of the
pseudogap gradually increases, the spectral weight of the QPB
declines. The pseudogap evolves into a U-shaped insulating
gap at 100 K. We performed detailed gap mapping on another
PdCrO2 sample. As shown in Figs. 4(c)–4(e), a pseudogap can
be observed in all measured cuts across the Fermi pocket. We
further extracted EDCs at the Fermi crossings with different
polar angles [Fig. 4(f)], which confirms that the pseudogap is
isotropic on the circular Fermi pocket of C-PSS.

First, the electron localization phenomenon observed here
cannot be explained by simple Anderson localization or pho-
toemission spectrum attenuation caused by disorder or surface
degradation. Anderson localization normally causes a sup-
pression of spectral weight near EF while leaving the high-
energy spectra unaffected.[35] Surface degradation leads to an
overall attenuation of photoemission spectrum intensity, but
not a renormalization of the spectral shape. Neither simple
Anderson localization nor surface degradation can account for
the band dispersion renormalization and spectral weight trans-
fer observed here. Moreover, as shown in Fig. S1 in the
supplementary materials, the bulk bands remain sharp after
the temperature cycle, which also rules out the presence of
random scattering caused by trivial surface degradation. As
shown in Figs. 2 and 3, the evolution of photoemission spectra
during the electron localization process, including the renor-
malization of QPB and the spectral weight transfer from QPB
to HEB, is strongly related to the mode coupling energy at
−0.2 eV. Therefore, to explain the observed electron localiza-
tion, electron–boson coupling should be considered.
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We then discuss the origin of this 200 meV energy scale.
A previous ARPES study on the surface electronic state of
PdCoO2 also observed a kink behavior with an energy scale
of approximately 100 meV.[26] It was interpreted as the cou-
pling of electrons with phonons and magnons. Here in PdCrO2

where the energy scale is much higher, from the lattice per-
spective, phonon energies in the bulk material cannot explain
the 200 meV energy scale. Such a high energy may only orig-
inate from lattice polarons that evolves multi-phonon excita-
tions. Similar behavior of coupling between surface states and
lattice polarons has been observed in various systems.[36,37] In
addition to the lattice degree of freedom, magnons could also
contribute to the 200 meV energy scale. On the one hand,
surface ferromagnetism has been found on the Pd-terminated
surface in PdCoO2.[25] Therefore, the magnons may originate
from the Pd surface itself. On the other hand, the magnons
may originate from the CrO2 layer that exhibits antiferromag-
netism. However, according to previous studies, the coupling
between the Pd and CrO2 layers is relatively weak.[20–22] As
observed here and also in previous ARPES studies,[21,22,24–26]

no kink behavior was observed on either H-bulk or H-PSS.
Unlike the H-bulk and H-PSS that are composed mostly by Pd
d electrons, for C-PSS, its orbital configuration is a mixing of
Pd, Cr, and O orbitals.[30] Such distinct orbital configuration
may lead to an enhancement of its coupling with the magnetic
excitations in the CrO2 layers. Further surface-sensitive ex-
periments that probe phonons or magnons may be needed to
verify the origin of the 200 meV energy scale. Nevertheless,
our observation of kink behavior on C-PSS clearly indicates
that itinerant electrons couple strongly with lattice polarons,
magnons, or both in the surface of PdCrO2.

For a system where electrons couple with bosonic modes,
different coupling strengths lead to different behaviors of
single-particle excitation spectra.[38] In the case of weak cou-
pling, the electron–boson coupling leads to a kink behavior,
which is consistent with the phenomenon we observed in the
metallic state at 10 K. In the case of strong coupling, the ex-
citation spectra split into two parts: low-energy quasiparticle
excitations and high-energy incoherent excitations, resulting
in a peak-dip-hump behavior. This is consistent with the pho-
toemission spectra we observed in the near-localized states
at 80–100 K. First, we observed a spectral weight transfer
from QPB to HEB, which is consistent with the transfer of
spectral weight from low-energy quasiparticle excitations to
high-energy incoherent excitation. Second, for the HEB at
high temperature, its broad peak width and nearly momentum-
independent distribution are consistent with the behaviors of
incoherent excitations. For the QPB, the MDC peak position
at EF is∼ 0.4 Å−1 at 90 K, which is the same as the MDC peak
position at EF at 10 K [Fig. 3(b)], indicating that the MDC
peak position at 90 K captures the Fermi crossing of a single-

electron-like band. Moreover, the EDC peak width of the QPB
at 70 and 90 K increases when the peak moves away from EF

to higher binding energy [Fig. 3(a)], which reflects the change
of quasiparticle lifetime with binding energy. It is thereby rea-
sonable to adopt the quasiparticle picture in the description of
the QPB at high temperature.

The evolution of photoemission spectra from the kink
behavior at 10 K to the peak-dip-hump behavior at 80–
100 K suggests that the electron localization on the surface
of PdCrO2 is driven by an increase in coupling strength be-
tween electrons and lattice/spin excitations. As the coupling
strength increases, the electron excitations become coupled to
excitations of multiple bosonic modes, leading to the forma-
tion of lattice/spin polarons. Such lattice/spin polarons could
exhibit an effective mass that is several times larger than the
mass of free electrons. Considering that this localization pro-
cess occurs on the cleaved surface of PdCrO2 irreversibly with
increasing temperature or cleavage time (see Fig. S1 in the
supplementary materials for details), we consider two possible
surface effects: gas adsorption and Pd desorption. It has been
found that H or other gas molecules in the vacuum may be
adsorbed on the Pd surface.[39] Meanwhile, Pd may also des-
orb from the surface, forming Pd vacancies.[26] Such adsorp-
tion or desorption generates a local potential field near the ad-
sorption sites or vacancies, which could enhance the coupling
between electrons and lattice/spin excitations.[40] Besides sur-
face adsorption and desorption, recent scanning tunneling mi-
croscopy (STM) studies observed the formation of small Pd
clusters on the Pd-terminated surface with a quasi-periodic
arrangement.[28,41] Each cluster contains approximately ten Pd
atoms. Such cluster formation may lead to a spatial quantum
confinement effect, thereby promoting the formation of lat-
tice/spin polarons.

Finally, we discuss the pseudogap behavior. On the one
hand, the pseudogap we observed cannot be explained by
the surface reconstruction and CDW order that have been
found on the Pd-terminated surface.[28,42] First, their recip-
rocal space wavevectors do not match the size of the circu-
lar C-PSS Fermi pocket. Second, the formation of long-range
order with a large period would normally lead to a distinct
momentum dependence of the energy gap, which is inconsis-
tent with the isotropic gap distribution observed here. On the
other hand, a previous ARPES study observed pseudogap be-
havior on the surface of two-dimensional materials with disor-
dered dopants.[35] The scattering of local impurities or dopants
is normally momentum independent, which means that the
disorder-induced pseudogap should be equal on all the bands
that cross EF in the Brillouin zone. However, the pseudogap
behavior observed here in PdCrO2 is strongly band selective.
The pseudogap was observed only on C-PSS but not on H-PSS
and H-bulk. We note that the electrons on C-PSS are dragged

067302-6

https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ae4c65


Chin. Phys. B 35, 067302 (2026)

by lattice or spin excitations, forming composite polarons with
a large effective mass. Therefore, the pseudogap here is bet-
ter explained as a polaron localization induced by impurities
or defects.[43] This scenario explains the band-selective and
isotropic momentum dependence of the pseudogap observed
here.

In summary, we discovered an electron localization phe-
nomenon on the cleaved surface of PdCrO2. The initial state of
the system is a weakly coupled metallic state where electrons
couple with spin and lattice degrees of freedom at a character-
istic coupling energy of 200 meV. With increasing sample tem-
perature and cleavage time, gas adsorption, Pd desorption, or
the formation of small Pd clusters on the Pd surface enhances
the coupling strength between electrons and lattice/spin exci-
tations significantly. As a result, the photoemission spectra are
renormalized into a high-energy incoherent HEB and a low-
energy QPB. The QPB represents the lattice/spin polarons that
are composed of dragged electrons and lattice/spin excitations.
As the effective mass of polarons increases, the lattice/spin po-
larons become localized by impurities or defects. The final
state system then transitions into a strongly coupled insulating
state.

We show that the key characteristics of electronic struc-
ture observed in cuprates and other complex oxides, including
mass renormalization, the “waterfall” feature, kink, peak-dip-
hump, and pseudogap, are universal phenomena that emerge in
the electron localization process driven by the coupling among
electron, lattice, and spin degrees of freedom. Our data char-
acterize how the low-energy excitation spectra evolve from a
weakly coupled delocalized state to a strongly coupled local-
ized state. They provide direct experimental validation for var-
ious theoretical models of complex correlated systems focused
on the intermediately localized region.

Our results show that the coupling strength between itin-
erant and correlated electrons can be enhanced by increas-
ing temperature or cleavage time at the surface of PdCrO2.
It is then intriguing to further conduct controlled adsorption
or desorption experiments to study how adatoms or vacan-
cies play a role in electron localization. It is also worth not-
ing that the average distance between two nearest Pd clusters
is around 12 Å.[41] Its corresponding wavevector is around
0.6 Å−1, which is close to the momentum positions of the
mode-coupling features observed here. Further temperature-
dependent STM studies may be required to verify whether
there is a correlation between electron localization and the for-
mation of Pd clusters on the surface of PdCrO2.
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