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Direct Observation of Dispersive Kondo Resonance Peaks in a Heavy-Fermion System
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Ce 4d-4f resonant angle-resolved photoemission spectroscopy was carried out to study the electronic
structure of strongly correlated Ce 4f electrons in a quasi-two-dimensional nonmagnetic heavy-fermion
system CeCoGe, ,Siy g. For the first time, dispersive coherent peaks of an f state crossing the Fermi level,
the so-called Kondo resonance, are directly observed together with the hybridized conduction band.
Moreover, the experimental band dispersion is quantitatively in good agreement with a simple
hybridization-band picture based on the periodic Anderson model. The obtained physical quantities,
i.e., coherent temperature, Kondo temperature, and mass enhancement, are comparable to the results of
thermodynamic measurements. These results manifest an itinerant nature of Ce 4f electrons in heavy-
fermion systems and clarify their microscopic hybridization mechanism.
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The strong correlation of f electrons in rare-earth based
metals gives rise to intriguing physical properties such as
heavy-fermion behavior [1,2], unconventional supercon-
ductivity [3], and quantum criticality [4], modifying the
electronic structure near the Fermi level (Ef). Particularly,
in heavy-fermion Ce compounds, it is widely accepted that
a localized Ce 4f electron due to the strong correlation
forms a sharp Kondo resonance (KR) peak just above Ej
through the hybridization with an itinerant conduction
electron [2,5]. As a function of this hybridization, the
ground state varies from a magnetic to nonmagnetic
heavy-fermion separated by a quantum critical point
(QCP), revealing two characteristic energy scales: the
Kondo temperature (Tx) and coherent temperature (7)
[2,6—8]. However, an accurate electronic structure for the
Ce 4f state has remained a long debated issue since the
discovery of the heavy-fermion system in 1975 [1]. In
many Ce compounds from the magnetic (weakly) to non-
magnetic heavy-fermion (strongly hybridized regime), de-
spite the presence of T%, their electronic structures have
been successfully explained within the framework of a
single impurity Anderson model (SIAM) with the merit
of a theoretically exact solution [5,9-11]; in SIAM, the f
electrons are localized and treated as impurities in the
Fermi sea, and then form the nondispersive level just above
Er [9,12]. However, there are unavoidable problems in the
understanding of explicit electronic structures. Namely,
SIAM can not take into account 7" and leads to the
unlikely situation such as a strongly hybridized local f
electron. These can be resolved by considering the period-
icity of Ce 4f electrons as in a periodic Anderson model
(PAM); in PAM, the f electrons are itinerant and have
periodicity in the lattice, and then form dispersive KR
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peaks crossing Er in unoccupied states [13,14].
However, PAM has never been solved exactly, and there
has been no unambiguous and direct observation of such
hybridization bands.

Photoemission measurements have played an important
role to elucidate this electronic structure through the direct
observation and easy connection with theory. In the angle-
integrated photoemission spectroscopy (AIPES), the co-
herent (KR, Ce 4! final state) and incoherent (Ce 4 f° final
state) peaks are observed near E and at ~2 eV below Ep,
respectively, in a large number of Ce compounds. This
two-peak structure of Ce 4 f spectra has been successfully
interpreted by the SIAM without considering the periodic-
ity of f electrons [5,9—11]. And the angle-resolved photo-
emission spectroscopy (ARPES), obtaining spectra as a
function of both momentum (k) and binding energy
(Ep), have revealed the momentum dependence of f states.
For example, the bandlike behavior of the Ce 40 state is
observed in Ce thin film on W(110) [15], and the dispersion
of the f13 state in YblIr,Si,, which is one f-hole system and
regarded as a counterpart of Ce compounds, is clearly
observed at ~0.6 eV below Ej [16]. However, for f! state
near Er, which is directly related to the intriguing physical
properties and the f-electron nature, there are only a few
results which have revealed some variation but have not
provided the clear evidence of the dispersive KR peaks
[17-20]. In this Letter, we first report the direct observa-
tion of both the dispersive KR peaks crossing Er and the
hybridized conduction band. And the experimental band
dispersions are quantitatively in good agreement with the
PAM.

Ce 4d-4f resonant ARPES measurements on single
crystal CeCoGe,,Sipg have been performed at the 3Al
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Beamline [21] of Pohang Accelerator Laboratory. The
ground state of the sample is the nonmagnetic heavy
fermion with a large T ( > 300 K), and its 7™ is estimated
to be ~180 K from the electrical resistivity (p) data. The
Ce 4d-4f resonant ARPES technique allows us to distin-
guish the spectra of f state from those of the non-f states
since the cross section of the f state is highly enhanced
(on-resonance) or becomes very small (off-resonance) as a
function of the photon energy (hv) around the 4d-4f
threshold [5,10]. The photon energies for on- and off-
resonant ARPES are set to be 122 and 115 eV, respectively,
as estimated in the polycrystalline sample of CeCoGe,
[22]. The total energy resolutions are set to be 41 and
66 meV at hv = 122 and 115 eV, respectively, and the
measurement temperature is 17 and 75 K where the sample
is surely in the nonmagnetic heavy fermion. The clean
surfaces in the (010) plane were prepared by in situ cleav-
ing of single crystal samples under a vacuum of 2 X
1078 Pa. Sample cleanliness was checked by the absence
of a O 2p feature around 6 eV below Er. The Er of the
sample was referred to a gold film.

Figures 1(a) and 1(b) show the intensity maps in the
k-k, plane, obtained by integrating the off- and on-
resonant ARPES spectra from —50 to 50 meV, respec-
tively, which represent the Fermi surface (FS) of
CeCoGe, ,Sigg. The off- and on-resonant ARPES images
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FIG. 1 (color online). Two-dimensional Fermi surface of
CeCoGe, ,Siy5. (a), (b) Symmetrized Fermi surface (FS) maps
in the k. -k, plane are obtained from the on- and off-resonant
ARPES spectra of CeCoGe,,Siyg, respectively. The dashed
lines are the truncated FSs of bands 28 and 29 in the k,-k, plane
including I'-point in the local-density approximation (LDA)
band calculation [30], which considers the localized bare Ce
4f state around —1 eV to treat correlation effects between f
electrons. For the k-direction, we can not distinguish the k- and
k,-direction in this ARPES measurements due to the diamond-
shaped FSs and uncertain k, values. (c) FS sheets of bands 28
and 29 of the LDA band calculation of CeCoSi, reveal the strong
two-dimensionality. The box represents the first Brillouin zone
for the single-faced orthorhombic crystal structure of
CeCoGe; ,Sigg, where TX = 0.75 A™!, TZ=~0.76 A™!, and
'Y = 0.38 A™'. (d), (e) FS sheets of bands 27 and 26 show
the weak two-dimensionality along k,-direction. (f) Band dis-
persions of bands 27, 28, and 29 along RT line indicated in (c).

similarly display asymmetric diamond-shaped FSs, even
though FS sheets in the on-resonant ARPES have broad
contour line caused by the narrowness of f bands. This
indicates that the FS sheets are similar at different k-values
along the surface normal (k,-) direction (Ak, ~ 0.16 A™hH
due to different photon energies of off- and on-resonance
[23], and gives a possibility of the two-dimensional elec-
tronic structure. The FS formation of the on-resonant
ARPES reveals that the f state contributes much to the
FS with momentum dependence, i.e., the periodicity of the
f electron. The electronic structure becomes more obvious
by comparison with the band calculation of CeCoSi,,
which is the parent compound of CeCoGe,Sigg.
Calculation results reveal that there are four bands from
26 to 29 composing FSs, which open along the k-direction
with small variation as shown in Figs. 1(c)—1(e); FSs of
bands 28 and 29 are diamond-shaped and columnar along
the k,-direction showing strong two-dimensionality
[Fig. 1(c)], and FSs of bands 26 and 27 have relatively
large variation along the k-direction exhibiting weak two-
dimensionality [Figs. 1(d) and 1(e)]. In comparison of FSs
between ARPES and band calculation, the weak two-
dimensional FSs of bands 26 and 27 can not be directly
compared with those of ARPES without determination of
exact k, values, which require the surface potential of
sample [23]. On the other hand, the strong two-
dimensional FSs of bands 28 and 29 well explain those
of ARPES even though the size of the FS sheet is slightly
larger than the experimental one, as shown in Figs. 1(a) and
1(b). This indicates that the similarity of FSs between on-
and off-resonant ARPES originates from the two-
dimensional electronic structure, despite the necessity of
further studies of bands 26 and 27, and provides a good
opportunity to directly compare between off- and on-
resonant ARPES spectra.

Figures 2(a) and 2(b) are intensity plots of the off- and
on-resonant ARPES spectra along a line expected to be the
RT of Fig. 1(c), and represent the band dispersion of
conduction and f electrons, respectively. In the off-
resonant ARPES spectra [Fig. 2(a)], we can observe a
band crossing Er, which corresponds to the superposition
of two bands 28 and 29 as shown in Fig. 1(f). However,
these bands are too close with the distance of ~0.02 A~ to
be resolved in ARPES spectra with the wide peak width
(~0.15 A~ of momentum distribution curve (MDC;
intensity as a function of k at constant Ep) as shown in
Fig. 3(a). The good reproduction of band calculation in-
dicates that the observed conduction band comes from the
bulk state rather than the surface state, which can be caused
by the short photoelectron mean free path (A = 5 A™! for
the excitation energies of around 115 eV) [24]. We clearly
observe that the left side conduction band linearly dis-
perses from —400 to —100 meV, and then become flat
toward E indicating the increase of the effective mass
(1/m* = 9*E(k, E)/9k?) of conduction electrons. In the
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FIG. 2 (color online). (a), (b) Intensity plots of off- and on-
resonant ARPES spectra represent the band dispersion of con-
duction and f electrons, respectively, along the line expected as

the RT shown in Fig. 1(c). (c),(d) EDCs of on- and off-resonant
ARPES spectra at k = 0.12 and 0.5 A™!, respectively.

on-resonant ARPES [Fig. 2(b)], almost flat bands are ob-
served near Er and ~ — 280 meV, in addition to a low-
intensity band from —400 meV to Er which corresponds
to the conduction band observed in the off-resonant
ARPES and indicates the validity of the direct comparison
of the on- and off-resonant ARPES spectra. These addi-
tional bands originate from the Ce 4f states enhanced by
the Ce 4d-4f resonant process: It is well known that the
band around E is the tail of the KR peak corresponding to
Ce4 f5l /2 final state, and the other around —280 meV is its

satellite due to the spin-orbit splitting corresponding to Ce
4 f% /2 final state [5,10]. We certainly recognize that, where

the Ce 4 fé P band is intersected by the conduction band

around Ep, Ce 4f intensity rapidly increases, and the
energy dispersion of Ce 4 f; /o State is clearly observed in

good agreement with the simple hybridization-band pic-
ture based on the PAM. At k = 0.12 A™! near the Fermi
momentum [kg =~ 0.11 A~!, Fig. 3(d)], the energy distri-
bution curves (EDCs; intensity as a function of the Ep at
constant k) of the on- and off-resonant ARPES show very
strong and weak KR peaks, respectively, as shown in
Fig. 2(c). In contrast, at k = 0.5 A~!, where two bands
are apart from each other, such KR peaks do not appear
except for a small peak structure near Er in on-resonant
ARPES [Fig. 2(d)], which will be discussed later. The
observation of both hybridized Ce 4 f; P and conduction
bands around E directly reveals the itinerant nature of the
Ce 4f electron and its periodicity. Regarding the Ce 4 f; /2
state around —280 meV, the dispersion is not observed
within energy and momentum resolutions in this experi-
ment. Probably, since the peak width of EDC is large for
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FIG. 3 (color online). (a) MDCs of off-resonant ARPES spec-
tra at T = 17 K. The dots indicate peak positions corresponding
to band dispersion. (b) EDCs of on-resonant ARPES spectra at
T = 75 K. The right dotted line is the Fermi-Dirac distribution
(FD) Gaussian convoluted by the total energy resolution
(41 meV) at T = 75 K. The left dotted line is the background
(BG) spectrum obtained by integrating the EDCs from 0.3 to
0.6 A™! where the small peak structure near Ej is shown
[Fig. 2(d)]. (c) The A(k, E)s are obtained by dividing the on-
resonant ARPES spectra (ON), from which the BG spectrum is
firstly subtracted, by FD. The dots correspond to the positions of
A(k, E)s. (d) Hybridization band of ARPES is obtained from the
peak positions of off-resonant ARPES spectra and A(k, E)s of
on-resonance, respectively. The dashed line is the hybridization
band fitted by the PAM formula [Eq. (1)].

the spin-orbit side band, the fine k-dependence would be
smeared out. Moreover, there is another nearly nondis-
persed band just from 0.3 to 0.6 A™! at E. This band is
derived from the small peaks of on-resonant ARPES spec-
tra shown in Fig. 2(d). They can not be explained by the
simple hybridization-band picture based on the PAM be-
cause the k-spaces are not related to the crossing of Ce 4 f
and conduction bands. For this structure, we can consider
two possibilities: One is the surface state due to the short
probing depth [24], where the hybridization becomes weak
and the f electron can behave as a single impurity; i.e., Tk
is much smaller than the experimental temperature. The
other is the bulk state predicted by the quantum
Monte Carlo studies of the PAM, where the similar broad
band structure appears in the narrow regime above E [13].

Next, we analyze the ARPES spectra according to the
simple hybridization band picture based on the PAM in
which the energy dispersion is given by

éf + E * \/(éf - Sk)2 + 4|Vk|2

E*(k) = 5

where &; is the renormalized f-level energy (Ce 4f; /2)
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above E and is commonly the scale of Tk. g, is the bare
conduction-band energy, and V, the renormalized hybrid-
ization [25].

To extract experimental band dispersion precisely, we
employed MDCs and EDCs for off- and on-resonant
ARPES, respectively, as shown in Figs. 3(a) and 3(b). In
addition, we use on-resonant ARPES spectra at 75 K to
obtain a reliable dispersion of KR peak above Ep: In
photoemission measurements, the spectral function,
A(k, E), up to 5kzT (where kj is Boltzman constant) above
Er can be obtained from thermally populated ARPES
spectra divided by Fermi-Dirac distribution (FD) [26].
Here, prior to the FD division, the ARPES spectra are
subtracted by the background spectrum which is the inte-
gration of EDCs from 0.3 to 0.6 A~! and may affect KR
peak positions due to the small peak structure near Ep
[Fig. 2(d)]. Figure 3(c) shows A(k, E)s derived from the
method described above. In Fig. 3(d), the open triangles
and circles represent the hybridization bands, which are
obtained from the peak positions of off-resonant ARPES
spectra and A(k, E)s of on-resonance, respectively. The
MDCs of the off-resonant ARPES spectra show clear
dispersion as the intensity map of ARPES spectra in
Fig. 2(a). In the on-resonant ARPES spectra, we clearly
observe the dispersion of KR peak from ~15 meV at k =
0 A~'to Ep at ky. It should be noted that the top energy of
a hole pocket ( ~ 15 meV) corresponds to the energy scale
of T* in the Fermi liquid concept, and then 7" = 170 K in
good agreement with the p result (7 = 180 K). As shown
in Fig. 3(d), the hybridization band of ARPES is well fitted
by that of the simplified PAM formula (Eq. (1), dashed
line) using &, < —1.91k, V, =77 meV, and &=
30 meV; here, we assumed that g is linearly proportional
to k near Er as an extension of the linearly dispersive
conduction band from —400 to —100 meV [Figs. 2(a) and
2(b)]. The energy scale of Tk is evaluated to be 350 K from
&y, and then Ty becomes ~27™. The mass enhancement,
which is the typical behavior of heavy-fermion system, can
be obtained from the ratio of the velocity between g, and
the hybridization band at Ep [m*/m; = v, /v* =
de/0k/IE(k, E)/0k at k = ky, where the subscripted k
stands for the bare conduction band] and is evaluated to be
~7.6. The above estimated physical values are very appro-
priate to nonmagnetic heavy-fermion systems [2] and are
comparable to the case of the polycrystalline CeCoGe,
[27], which is the parent compounds of CeCoGe; ,Sigg
with the weaker hybridization: Ty = 230 K and T =
90 K from the specific heat and p data, respectively, and
then Ty =~ 2.5T*. And the mass enhancement from the
specific heat measurement is ~17 [27]. These good agree-
ments with thermodynamic data reveal that the PAM is
valid for the realistic f band, quantitatively.

Our decisive evidence of the dispersive KR peak cross-
ing Er and the good quantitative applicability of the PAM

manifest the itinerant nature of coherent Ce 4f electrons
and its microscopic hybridization mechanism, respec-
tively, in view of electronic structure. Furthermore, this is
expected to make a breakthrough in research of important
issues, e.g., the FS change through the QCP [28] and
anisotropy of hybridization expected in unconventional
superconducting heavy fermions [29].
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