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Direct observation of how the heavy-fermion state develops in CeColns
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Heavy-fermion systems share some of the strange metal phenomenology seen in other unconventional
superconductors, providing a unique opportunity to set strange metals in a broader context. Central to
understanding heavy-fermion systems is the interplay of localization and itinerancy. These materials acquire
high electronic masses and a concomitant Fermi volume increase as the f electrons delocalize at low
temperatures. However, despite the wide-spread acceptance of this view, a direct microscopic verification has been
lacking. Here we report high-resolution angle-resolved photoemission measurements on CeColns, a prototypical
heavy-fermion compound, which spectroscopically resolve the development of band hybridization and the Fermi
surface expansion over a wide temperature region. Unexpectedly, the localized-to-itinerant transition occurs
at surprisingly high temperatures, yet f electrons are still largely localized even at the lowest temperature.
These findings point to an unanticipated role played by crystal-field excitations in the strange metal behavior
of CeColns. Our results offer a comprehensive experimental picture of the heavy-fermion formation, setting the
stage for understanding the emergent properties, including unconventional superconductivity, in this and related

materials.

DOLI: 10.1103/PhysRevB.96.045107

I. INTRODUCTION

Understanding the emergence of superconductivity in
exotic metals has remained a challenge ever since the dis-
covery of unconventional superconductivity in the cuprates.
Consensus exists that the key to unlocking its physics lies
in unraveling the microscopics of the strange-metal phase
with its unusual properties [1,2]. Many of the underlying
issues as, e.g., proximity to a magnetic instability, quantum
criticality, and dynamic scaling behavior have been explored
in other materials classes, most notably the heavy fermions
whose comparatively high tunability makes them attractive
test beds of emergence in strongly correlated electron systems
[3]. This tunability in the heavy electron compounds is in
part due to the dynamic generation of low-energy scales and
the enhancement of the density of states at the Fermi energy
(EF).

Central to understanding heavy-fermion systems is the
interplay of localization and itinerancy. According to the
standard model of heavy-fermion behavior, the Kondo lattice
model [4], f electrons are localized at high temperature
(T), while their exchange coupling to conduction electrons
leads to the formation of bands with heavy masses as T
is lowered and the f electrons become itinerant [5]. This
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localized-to-itinerant transition is accompanied by a Fermi
volume increase, which, for a Kondo lattice model, is expected
to equal one electron per unit cell due to the inclusion of
the f electrons [6,7]. However, the experimental picture
has been puzzling, if not unclear, and direct validation is
still lacking [8—10]. An increasing number of heavy-fermion
compounds is known to be located in proximity to a magnetic
instability and can be tuned through a quantum critical point
(QCP). Dynamic or energy-over-temperature (E/T') scaling,
and a drastic change in the charge carrier concentration occur
near certain QCPs in close analogy of what has been seen
in the cuprates [2,11-13]. A complete microscopic picture,
however, has so far not emerged as microscopic probes of the
electronic state as angle-resolved photoemission spectroscopy
(ARPES) and scanning tunneling microscopy (STM) seem to
yield inconsistent results [14—16]. A recent ARPES study on
YbRh,Si; between 95 and 1 K, for example, challenged the
picture of a localized-to-itinerant transition, as 7 is lowered,
reporting a T-independent Fermi surface [9] (see, however,
Ref. [17]). In contrast, an earlier bulk-sensitive laser-ARPES
study of the same compound obtained ~50 K as the onset
temperature for quasiparticle peak formation [8]. For CeColns
on the other hand, a recent STM study reported quantum
critical scaling to persist up to a surprisingly high temperature
T =~ 60 K [15]. Here, we address the formation of the heavy-
fermion state, the Fermi volume increase, E / T -scaling and the
overall validity of the Kondo lattice model for the prototypical
heavy-fermion system CeColns using state-of-the-art ARPES.
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CeColns, a well-studied compound whose low-energy
behavior mimics that of the underdoped cuprates, becomes
superconducting at a comparatively large 7. ~ 2.3 K and
displays strange metal behavior above T7,. De Haas-van
Alphen (dHvA) [18,19], optical conductivity [20,21], and
STM [15,22,23] measurements compare well with band
calculations that assume fully itinerant f electrons [18,24],
but they are limited by temperature range and the lack of
momentum resolution. Peculiar ARPES results [25-27] have
been obtained for CeColns: some suggest the Ce 4 f electrons
are itinerant up to 105 K [26], while subsequent results suggest
they are predominantly localized at 25 K [27]. A recent review
by Fujimori et al. stated that f electrons in CeColns are nearly
localized, but finite and partial hybridizations manifest their
itinerant properties [14]. The appearance of various 7 scales in
different measurements further complicates the problem. For
example, with decreasing T, the resistivity of CeColns first
increases and then decreases just below 50 K [28]. This char-
acteristic 7' of maximal resistivity, the coherence temperature
Teon ~ 50K, has been associated with the onset of a coherent
heavy electron band, and assumed to be close to the Kondo
temperature, Tx. Meanwhile, STM investigations found a
scaling of the local conductance in CeColns below 60 K, which
was interpreted in terms of quantum critical E/T scaling
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[15]. Intriguingly, however, both the Seebeck and the Nernst
coefficients of CeColns exhibit anomalies at around 20 K [29].
The heavy-fermion formation, its characteristic scales, and
its interplay with other similar energy scale besides Tk, e.g.,
crystal-field excitations, have thus remained a matter of debate.

Here, we address these perplexing findings in the proto-
typical heavy-fermion system CeColns. We combine bulk-
sensitive soft x-ray ARPES to unravel its three-dimensional
(3D) electronic structure, and resonant ARPES to expose
the f-electron behavior in an extended 7 range with much
improved energy resolution. As a result, a comprehensive
experimental picture of heavy-fermion formation unfolds with
unprecedented precision and details. More importantly, we are
able to link the appearance of the heavy-fermion state at higher
T to crystal-field physics. Our data show that the size of the
Fermi surface is smaller than predicted in DMFT calculations,
and gives an explicit and quantitative picture on the degree of
localization for the f electrons in CeColns.

Single crystals of CeColns were grown by an In self-flux
method. Room-temperature powder x-ray diffraction mea-
surements revealed that all the crystals are single-phase and
crystallize in the tetragonal HoCoGas structure. The samples
were then cleaved along the ¢ axis in ultrahigh vacuum before
performing ARPES measurements. Soft x-ray ARPES data

X—TI—X

—r—M

M
o

-1.2eV

High

Low

Intensity (arb. units)

== —————l
40 00 10 40 00 10
K, (A7) k, (K

FIG. 1. Three-dimensional electronic structure of CeColns at 11 K. (a) and (b) Photoemission intensity maps in the '’ ZA M plane in (a) and
I'Z R X plane in (b), respectively. Different k. s were accessed by varying the photon energy between 480 and 648 eV. (c) and (d) Photoemission
intensity maps in the ' XM plane in panel (c) and ZAR plane in panel (d) taken with 582 and 544 eV photons, respectively, which were
determined based on the periodicity of the high symmetry planes. The inner potential was estimated as 16 eV. The lower panels plot the Fermi
surface sheets in the upper panels by tracking Fermi crossings. Part of the 8 Fermi surface is hard to trace (dashed lines). The Brillouin zone
of CeColns is depicted in the middle. (e)—(h), Photoemission intensity distributions along I'-M in (e) and I'-X in (f), Z-A in (g), and Z-R
in (h), respectively. Lower panels are their corresponding momentum distribution curves (MDCs). All photoemission intensity data here were

integrated over a window of (Er — 20 meV, Er + 20 meV).

045107-2



DIRECT OBSERVATION OF HOW THE HEAVY-FERMION ...

shown in Fig. 1 were taken at the Advanced Resonant Spec-
troscopies (ADRESS) beamline at the Swiss Light Source,
with a variable photon energy and PHOIBOS-150 analyzer.
The overall energy resolution was 70-80 meV, and the angular
resolution was 0.07°. The samples were cleaved and measured
at 11 Kunder a vacuum better than 5 x 10~!! mbar. All the data
taken with the on-resonance 121 eV photons [except those in
Figs. 4(b) and 4(c)] were obtained at the “Dreamline” beamline
of the Shanghai Synchrotron Radiation Facility (SSRF) with a
Scienta D80 analyzer. Both s- and p-polarized photons were
used. The polarization of the p-polarized light is parallel to the
plane defined by the incident light and emitted electrons, while
the polarization of the s-polarized light is perpendicular to this
plane. The samples were cleaved in situ at 17 K. The vacuum
was better than 5 x 10~'! mbar at 17 K. The energy resolution
was 17 meV, and the angular resolution was 0.2°. The data
in Figs. 4(b) and 4(c) were taken at Beamline 105-ARPES of
the Diamond Light Source, equipped with a Scienta R4000
analyzer. The typical angular resolution was 0.2° and the
overall energy resolution was better than 16 meV. The vacuum
was kept below 9 x 10~!! mbar. The samples were cleaved at
170 K before performing ARPES experiments.

II. 3D FERMI SURFACE AND BAND STRUCTURE

We start by measuring the 3D electronic structure of
CeColns at 11 K with soft x-ray ARPES, whose bulk
sensitivity and high out-of-plane momentum (k,) resolution
make it an effective tool for studying more-3D rare-earth
compounds [30]. Although three types of surfaces have been
found on the cleavage plane by STM [15], we only detected
one set of bands, indicating that the bulk bands dominate the
data. Photoemission intensity maps in the ' ZAM plane and
I'ZRX plane of the CeColns Brillouin zone are shown in
Figs. 1(a) and 1(b), respectively.

The Fermi surface in the I' X M plane, shown in Fig. 1(c), is
composed of two electron pockets—a flower-shaped B and a
rounded « pocket—and two hole pockets—a squarelike pocket
around I' and a narrow racetrack-shaped pocket around X,
both attributed to the y band [Fig. 1(f)]. As shown by the
photoemission intensity plot along the I'-M direction in Fig. 1
e, the o band is parabolic-like with its bottom 0.45 eV below
Ep. In the ZAR plane [Fig. 1(d)], the 8 pocket becomes
rounded and the o pocket squarelike. As shown in Fig. 1(g),
the B band contributes two Fermi crossings along Z-A, one
degenerates with the o band while the other contributes part
of the squarelike Fermi surface around Z.

Our data show that the o band is the most two-dimensional
(2D). Although the cross-sections of the o and B Fermi
surfaces show weak variation in the ' ZA M plane [Fig. 1(a)],
obvious differences can be observed between the Fermi surface
topologies in the 'XM and ZAR planes. In the 'ZRX
cross-section [Fig. 1(b)], there is a small B-derived pocket
around Z and another pocket around X contributed by the
y band, indicating rather 3D characters of these two bands.
The shapes of the o and S pockets qualitatively agree with
previous dHVA measurements and calculations [18,19]. While
dHvA provided little information on the y band, we find that
it contributes a squarelike pocket around Z in the ZA R plane,
contradicting the calculation which predicts that the y Fermi
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FIG. 2. Comparison of the photoemission intensity distributions
taken at various photon energies. (a) and (b) Photoemission intensity
distributions along I'-M taken with (a) 121 and (b) 582 eV,
respectively. (c) and (d) Photoemission intensity distributions along
Z-A taken with (c) 544 and (d) 884 eV, respectively. The dashed
curves indicate the band dispersions.

surface does not cross the Z A R plane [18]. The difference may
arise from the only partially itinerant f electrons, as will be
shown later in this paper. The observed quasi-2D electronic
structure is consistent with the moderate in-plane versus
out-of-plane anisotropies in the superconducting critical field
and magnetic susceptibility [18,28,31].

III. ON- AND OFF- RESONANCE ARPES DATA

Because the f-electron states are not pronounced in the
soft x-ray data, we further performed on-resonant ARPES
measurements on CeColns at the Ce 4d-4 f transition (121 eV)
to enhance the f electron photoemission matrix element
[Fig. 2(a)]. We hereby first prove that 121 eV photons
probe the bulk electronic structure of CeColns in the close
vicinity of I'-M. To show this, we present the photoemission
intensity distributions along I'-M taken with 582 eV photons
in Fig. 2(b). The dispersion of the three conduction bands
(dashed curves) are almost identical in both cases, while the f
electron character is enhanced by the on-resonance excitation
in Fig. 2(a). Furthermore, Figs. 2(c) and 2(d) display the
photoemission intensity distributions along Z-A taken with
544 and 844 eV, respectively. It is obvious that the spectra
taken with 544 and 844 eV are essentially the same. Because
the probing depth of 884 eV soft x-ray is about 25 A according
to the universal curve, it is bulk sensitive. Consequently, the
photoemission data taken with 544-eV photons is also bulk
sensitive, and so are the 582-eV photons. Following the same
logic, the fact that the data taken with 582- and 121-eV photons
are similar prove that the bulk electronic structure of CeColns
is detected by 121-eV photons. Consistently, because the bulk
sensitivity gives high k, resolution, the fast-dispersing bands
in Fig. 2(a) are sharp. The bulk nature of the observed 4 f
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FIG. 3. On-resonance and off-resonance ARPES data of CeColns at 11 K. (a) and (b) Photoemission intensity distributions of CeColns
taken along I'-M with off-resonance [114 eV, panel (a)] and on-resonance [121 eV, panel (b)] s-polarized light, respectively. (c) Photoemission
intensity distributions of CeColns taken along I'-M with on-resonance p-polarized light. (d) The angle-integrated EDCs for data in panels
(a)—(c) f band peak positions are highlighted. The labels follow the common notation in Refs. [32-34]. The momentum cut taken with 121 eV
photons crosses (0,0,7.08 27t /c), close to I', and is thus labeled as I'-M for simplicity.

states is further corroborated by observing the hybridization
with the bulk conduction bands (discussed below).

Figures 3(a) and 3(b) show the photoemission intensities
taken off-resonance with 114-eV photons and on-resonance
with 121-eV photons at 11 K, respectively, using s-polarized
light. Here, the polarization is perpendicular to the plane
defined by the incident light and emitted electrons, whereas
the polarization of the p-polarized light is in the plane. Co
3d and Ce 5d states dominate the off-resonance spectra,
and they are consistent with the data in Fig. 1 taken with
soft x-rays. The Ce 4f state is strongly enhanced in the
on-resonance data, as also shown by the integrated spectra
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in Fig. 3(d). Two nearly flat features can be observed in
the on-resonance data, corresponding to the 4 fsl/2 and 4 f71/2
states [32,33]. The feature near Ef is actually the tail of the
Kondo resonance peak above Er. Figure 3(c) shows the data
taken with p-polarized light, where the f electron intensity is
weaker than that taken with s-polarized light.

IV. TEMPERATURE DEPENDENCE
OF THE f ELECTRONS

Figures 4(a)—4(c) display the evolution of the Fermi surface
mapping of CeColns measured at the resonant condition in
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FIG. 4. f-d hybridization in CeColns upon cooling. (a-c) Photoemission intensity maps of CeColns taken at 310, 190, and 17 K, respectively.
(d) Photoemission intensity map of LaColns taken at 14 K. (e)—(g) Photoemission intensity distributions of CeColns along I"-M taken at 310,
190, and 17 K, respectively. (h) Photoemission intensity distribution of LaColns along I'-M taken at 14 K. All the data were taken with 121 eV
s-polarized light, and the integration energy window for (a)—(d) is (Er — 10 meV, Er + 10 meV).
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FIG. 5. Temperature evolution of the electronic structure of CeColns. (a) Resonant (121 eV) ARPES data of CeColns along I'-M at the
labeled temperatures. The momentum cut taken with 121 eV photons crosses (0,0,7.08 27”), close to I', thus labeled hereafter as I'-M for
simplicity. (b) Temperature dependence of the EDCs at I'. The dashed line denotes the result taken at 310 K from another sample (c) To reveal
states above E, the spectra in (b) are divided by the RC-FDD at their respective temperatures. Three features at £, = 2 meV, E; = 9 meV,
and E5 = 30 meV can be observed. (d) The background-subtracted integrated quasiparticle spectral weight near E in the vicinity of I" as a
function of temperature on log-linear scale. This is calculated by integrating the left half of the main peak in panel (c) over [—40 meV, 2 meV]
after subtracting the flat background over [—140 meV, —98 meV]. (e) Temperature dependence of the FWHM of the main Kondo resonance
at E; in (c) below 90 K (circles), where the influences from the first excited CEF state and the finite energy resolution have been removed,
following the analysis in Fig. S4 of Ref. [35]. The line is the best fit, giving FWHM [meV] = 11.8 + 2.69 x kT [K].

a large temperature range. At 310 K, the Fermi surface of
CeColn;s is essentially identical to that of LaColns [Fig. 4(d)].
Their band structures shown in Figs. 4(e) and 4(h) are essen-
tially identical as well, which both exhibit linear dispersion
with large slopes near Er. Because LaColns lacks f electrons,
this indicates that the f electrons in CeColns are basically
fully localized at 310 K. Upon decreasing temperature, the f
spectral weight around I' is gradually enhanced, and becomes
pronounced at 17 K. In Figs. 4(f) and 4(g), the flat f band
emerges near Er and its hybridization with the conduction
bands becomes more obvious, indicating that the f electrons
become more itinerant. The contribution of f electrons to
the Fermi surface can also be demonstrated by comparing
the data taken “on” and “off” Ce 4d-4f resonance at low
temperature. In Fig. S1 of Ref. [35], we present the data taken
at off-resonance (85 eV), compared with the Fermi surface
taken on-resonance (121 eV), the f spectral weight can be
further confirmed. Such a behavior will be further discussed
in the rest of this section.

Figure 5 shows a more detailed 7 evolution of the
resonant ARPES data along I'-M from 17 K to 190 K. At

high T, the photoemission intensity is dominated by the
strongly dispersive d bands. Upon decreasing temperature, two
weakly dispersive f-electron features near Er and —280 meV
gradually emerge. Their T dependence is reflected in the
energy distribution curves (EDCs) at I shown in Fig. 5(b). The
f-electron feature near —280 meV originates from spin-flip
(Kondo) scattering of the 4 f7, states. Its overall T dependence
thus resembles that of the quasiparticle peak near E . Differ-
ences arise from the higher degeneracy [split by crystal electric
field (CEF) effects] and details of the hybridization matrix. A
similar Kondo satellite peak is expected to appear at around
280 meV, i.e., above Er [36]. To access features above E r, the
spectra are divided by the resolution-convoluted Fermi-Dirac
distribution (RC-FDD) at corresponding temperatures and
shown in Fig. 5(c). This allows us to identify three features lo-
cated at 2,9, and 30 meV above Ef,labeled as E;, E,, and E3,
respectively. The E| peak spectral weight gradually increases
with decreasing T from 190 to 17 K [Fig. 5(d) and caption].
For CeColns, one expects the sixfold degenerate 4 f5,, state
to be split into three Kramer’s doublets by the tetragonal
CEF. Each excited CEF doublet can participate in Kondo

045107-5



Q. Y. CHEN et al.

scattering processes and give rise to Kondo resonance satellite
peaks shifted from the main Kondo resonance [36]. The peak
separations, Ey — Ey ~ 7 meV and E3 — E; ~ 28 meV, are
in excellent agreement with the CEF splittings estimated
by neutron scattering [37]. Therefore we conclude that the
features found here are crystal-field-split 4 f5,, states, with
the main Kondo resonance peak at E; above Ef, as expected
for a Ce-based heavy-fermion system [38]. Consistently, the
temperature dependencies of the peak intensities also reflect
temperature dependencies the populations of the CEF states,
as shown in Fig. 8(b) later. Moreover, we find that 4 fsl , state
is quite sensitive to the polarization of the light—a significant
enhancement is seen under s-polarized light compared with
p polarization [Fig. 3(c)]. Figure S2 enlarges the EDCs
near Ep after dividing by the RC-FDD under different
polarizations, from which a peak separation of ~6.5 meV
can be found between the main Kondo resonance peak and
the first excited satellite peak. The polarization dependence
arises from the differences in the wave-function symmetry
associated with different 4 f5‘/2 states, which also confirms
the bulk origin of the observed electronic structure (details
can be found in Ref. [35] “on-resonance EDCs of CeColns
under different polarizations”). CEF splittings of the 4 f7'/2
Kondo satellite peak have not been resolved due to their
intrinsic widths. Similar to the 4 f71/2 peak, Kondo satellite

peaks related to excited 4 f51/2 (CEF) states can also appear
below Ep but are typically much weaker and are hard to
resolve [36,39]. These satellite peaks have, however, been
observed in the antiferromagnet CeRh,Si,, where the reduced
hybridization and concomitantly lower Kondo scales allow for
the observation of CEF-derived Kondo satellites of the 4 f 1
states below Ef [32].

Our results demonstrate that the heavy band formation
begins at much higher 7 than the previously conceived T¢op, as
can be inferred from, e.g., Fig. 5(a). A dispersive feature near
Er is already clearly discernible around 120 K. Figure 5(d)
shows that the f-electron weight increases upon cooling from
the highest measured 7' (190 K). Based on the extrapolation
outlined in Fig. S3 of Ref. [35], we infer an onset at around
270 £ 30 K. This confirms the finding of a well-developed
hybridization gap reported by a recent STM study at its highest
T of 68 K [15].

Itis commonly accepted that the CEF splittings can enhance
the Tx when the CEF level separations and Kondo energy
scale are comparable [36,40]. While it has been difficult to
unambiguously identify CEF excitations in thermodynamic
and transport measurements, particularly for CeColns, our
observation of Kondo satellite peaks [Fig. 5(c)] supports the
analysis of the CEF excitations of Bauer et al. [37], and suggest
that the CEF excitations contribute to the observed high onset
T of the Fermi surface increase in CeColns.

Figure 5(e) plots the single-particle scattering rate of the
main Kondo resonance, represented by the full width at half
maximum (FWHM) of the peak at E| in Fig. 5(c). Intriguingly,
it shows a linear 7" dependence for 7 < 90 K, and the T = 0
width is extrapolated to be about 12 meV, which is compatible
with the onset T of heavy band formation. Such a T'-linear
scattering rate has been observed in many unconventional
superconductors [41-43], most notably the optimally-doped
cuprates [44].
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FIG. 6. Development of heavy electron states upon cooling. (a)
and (b) Photoemission intensity distribution near the Fermi crossing
of the o band taken at (a) 60 and (b) 17 K after divided by the
RC-FDD. (c) and (d) same as (a) and (b) except they are near
the Fermi crossing of the y band. Circles represent the position
of the hybridized f band obtained by tracking EDCs, squares
represent the position of the conduction band at high temperature
from fitting MDCs. The f-d hybridizations in (b) and (d) are modeled
by the periodic Anderson model [Eq. (1), orange curves], where the
blue lines denote the high-temperature band dispersions. E, and E,
are indicated by dashed lines.

Figures 6(a) and 6(b) zoom into the vicinity of the Fermi
crossing of « at 60 and 17 K, respectively, where the data have
been divided by the corresponding RC-FDDs. Because of the
influence of the first excited CEF state, the dispersion above
Er cannot be precisely traced in the 60 K data, however, one
can clearly observe the Fermi velocity of o decreasing when
going from 60 to 17 K. Compared to the high-7" dispersion in
Fig. 5(a) (see also Fig. S5 of Ref. [35]), the Fermi velocity of
« is reduced by a factor of 24 £ 3 at 17 K. The y band behaves
similarly, as shown in Figs. 6(c) and 6(d). We note that due to
the overlap of several bands, the hybridization of 8 cannot be
resolved, but it is expected to behave similarly to .

Phenomenologically, our 17-K data can be well described
by a simple mean-field hybridization band picture based on the
periodic Anderson model (PAM) [45] as presented in Figs. 6(b)
and 6(d), in which the energy dispersion is given by

gt S0t el £ Ve — e(k)) + 41Vl
2 K
where g is the renormalized f-level energy (the CEF ground
state here), ¢, is the conduction-band dispersion at high tem-

ey
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FIG. 7. Quantitative analysis of the enlargement of the o and y band. (a) EDCs of the holelike y band around I" taken at 17 K. (b) EDCs
of (a) divided by the RC-FDD in a smaller energy window to highlight the fine structure near Er. The red circles mark the dispersion of the
weakly dispersive hybridized band. A Fermi momentum (k) is determined based on the EDC whose peak is centered at E . The thick black
curves denote the EDCs at kr. The thick red curves denote the EDCs at the I" point. (¢) EDCs of the y band in the same momentum region as
(a), taken at 145 K. (d) The MDCs at Ey around I', taken at 17 and 145 K. (e) EDCs of the electronlike « band around M taken at 17 K. (f)
EDC:s of (e) divided by the RC-FDD in a smaller energy window to highlight the fine structures near Er. (g) EDCs of the @ band in the same
momentum region as (e), taken at 145 K. (h) The MDCs at Er around the M point, taken at 17 and 145 K.

peratures (Fig. S5), and V; is the renormalized hybridization
[34,45]. This is surprising, as the system is not in a Fermi liquid
state, in contrast to the assumption underlying Eq. (1), nor does
Eq. (1) capture any of the effects related to CEF excitations.
A fit to this model gives &g =2 meV and V;, = 15 + 5 meV
for both « and y, respectively, corresponding to a direct gap
(defined as the minimal separation of two bands at the same
momentum) of 30 meV. The indirect gap is of the order of
sz /D, where D is of the order of the bandwidth of the «
and y band, respectively, and thus vanishingly small. The
previous picture of a sizable indirect gap proposed by the
STM study (and the hybridization model therein) thus appears
to be an overestimate. Because the tunneling matrix element
for the conduction band is much larger than that of the f
electrons [15], STM mainly measures the direct gap, like
optical conductivity [20].

In either Figs. 6(a) and 6(b) (for «) or Figs. 6(c) and 6(d)
(for y), the Fermi energy crossing (k) departs from the high
temperature position (kr) as the temperature is lowered from
60 to 17 K, reflecting the transfer of spectral weight and
the concomitant gradual inclusion of additional f electrons
into the Fermi sea upon cooling into the heavy electron state.

The Fermi surface expands in the heavy electron state, due
to the inclusion of additional f electrons into the Fermi
sea. Figure 7 presents a detailed quantitative analysis of the
electron pocket around M and the hole pocket around I.
Figures 7(a) and 7(b) plot the EDCs of the y band taken at
17 K along I'-M and the corresponding EDCs after dividing
by the RC-FDD, respectively. The dispersion of the hybridized
band is clearly visible in Fig. 7(b), and the Fermi momentum
at low temperature can be determined when the peak passes
Er, which is labeled by the thick black lines. Alternatively,
the same Fermi momenta could be obtained through the MDC
maxima [Fig. 7(d)]. At high temperature, the krs could be
determined from the MDC maxima. Based on the quantitative
analysis presented in Fig. 7, we estimate that the radius of
the « electron pocket expands by 0.024 4 0.008 A~" between
145 and 17 K, while the radius of the y hole pocket shrinks
by 0.042 £ 0.008 A~1in this temperature range. Considering
the rather two-dimensional character of o and assuming an
isotropic expansion, we estimate that 0.058 electrons have
been transferred from the local f moment to the « pocket at
low temperature. Similarly, we estimate that 0.032 holes are
removed from the central y pocket. Since the Fermi surfaces

045107-7



Q. Y. CHEN et al.

in Figs. 4(a) and 4(c) do not show any other pronounced
difference, by assuming the similar expansion of the 8 Fermi
surface, we loosely estimate the upper limit of the total Fermi
volume expansion to be about 0.2 & 0.05 electrons in the
localized-to-itinerant transition. The Kondo-screened ground
state is expected to posses an enlarged Fermi volume due to
the Kondo effect. Since the valency of Cerium is close to
+3 and only weakly temperature-dependent, the size of the
volume increase over the high-temperature Fermi volume of
CeColns is expected to equal one electron due to Luttinger’s
sum rule. In this sense, the 4 f electrons on Cerium ions could
be considered as fully itinerant. However, our data indicate
that this Fermi volume increase is much smaller, i.e., the
f electrons become only partially itinerant above 17 K, in
contrast to various theories and calculations suggesting fully
itinerant f electrons at such moderately low temperatures and
the dramatic change of Fermi surface topology [7]. We expand
on this point in Ref. [35].

V. INTERMITTENT E/T SCALING
AND CEF EXCITATIONS

A recent STM study on CeColns reported quantum critical
E/T scaling of the local conductance to set in below 60 K
and inferred a linear-in-T relaxation rate of the single-particle
excitations [15]. Such E/T scaling reflects the scale-invariant
quantum critical spectrum and the absence of any intrinsic
energy scale other than T that pertains in the vicinity of
interacting quantum critical points. While such E/T scaling
has been reported for a number of heavy-fermion compounds
close to a quantum critical point [46—48], its observation
in CeColns and its onset at elevated T seems surprising
and incompatible with, e.g., the T evolution of the Seebeck
coefficient [29].

Interestingly, our ARPES data also obey an E/T scaling
between 90 and 30 K [Fig. 8(a)] in the vicinity of the Fermi
energy with a fractional exponent ~0.36 [49]. Notably, the
17- and 120-K data fail to show scaling. This implies that
this approximate E/T scaling is an intermittent property
and not directly related to quantum criticality. The absence
of E/T scaling below roughly 20 K indicates that it does
not underlie the linear-in-7' behavior of the scattering rate
that sets in around 20 K and persists down to the onset of
superconductivity. In order to trace the possible origin of
this anomalous T-dependent scaling, we show in Fig. 8(b)
the anticipated occupation of the CEF-split 4 f5' /o state, based
on the obtained CEF splittings of 7 and 28 meV (see also
Ref. [35]): below 20 K, essentially all 4 f51/2 electrons occupy
the lowest CEF doublet; above 20 K, the occupation of the
first excited state increases with temperature, undergoing a
smooth slope change around 90 K and leveling off slowly
at higher 7. This in turn indicates that the apparent scaling
may be related to the depopulation of the excited CEF levels
in CeColns together with the various marked changes below
20 K, including the slope change of the Seebeck coefficient
at 20 K, which commonly signals lattice coherent Kondo
scattering, and the strong 7 and field dependence of the
Nernst coefficient below 20 K [29]. In addition, the smooth
onset of observed approximate E/T scaling as T is lowered
coincides with the smooth increase in the depopulation rate
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be fulfilled for data taken between 90 and 30 K. (b) Estimate of the
average occupation of the first (red solid line) and second (blue dashed
line) excited CEF doublets as a function of temperature assuming CEF
splittings of 7 and 28 meV, see Ref. [35] for details. The gray region
denotes the temperature range with E/7T scaling.

of the excited levels as T drops below the lowest CEF gap at
around 90 K. It would be interesting to see if this conjecture can
be borne out by microscopic calculations and if the behavior
of the single-particle spectrum between 20-90 K can also be
observed in other correlation functions.

Understanding the emergence of unconventional super-
conductivity and quantum criticality in heavy fermions is
linked to an understanding of the low-energy scales in these
systems [50]. Our results strongly suggest that CEF effects
play an unexpectedly significant role in the localized-to-
itinerant transition of CeColns. The scope and significance
of their involvement in the formation of the heavy-fermion
state have so far not been fully appreciated. They will not
only enhance Tk but also introduce additional characteristic
temperatures, and may be ubiquitous to all the Ce-based
rare-earth intermetallics.

Our results complement the existing experimental picture
of the localized-to-itinerant transition in prototypical periodic
Kondo lattice systems. Besides providing the first 3D Fermi
surface mapping and experimental band structure of the heavy-
fermion compound CeColns, we show how the localized
f electrons become partially itinerant and evolve into the
heavy-fermion state from much higher temperatures than
T.on =~ 50 K, and how the Fermi volume increases along the
way. The observed T dependence of the electronic structure
unambiguously indicates the importance of CEF excitations.
Thus our results provide a nearly complete microscopic picture
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of how the heavy fermions in CeColns develop and evolve
with T. This should prove helpful in obtaining a complete mi-
croscopic understanding of the emergence of unconventional
superconductivity and quantum phase transitions in this and
related compounds.
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