PHYSICAL REVIEW B 101, 045105 (2020)

Photoemission insight into the heavy-fermion behavior in Ce( g5Yby 15Colns

Q. Y. Chen®,"" Z. F. Ding,” Z. H. Zhu,? C. H. P. Wen,? Y. B. Huang,? P. Dudin,* L. Shu,? and D. L. Feng?>-¢
1Science and Technology on Surface Physics and Chemistry Laboratory, Mianyang 621908, China
2State Key Laboratory of Surface Physics and Department of Physics, Fudan University, Shanghai 200433, China
3Shanghai Institute of Applied Physics, Chinese Academy of Sciences, Shanghai 201204, China
4Diamond Light Source, Harwell Science and Innovation Campus, Didcot OX11 ODE, United Kingdom
SHefei National Laboratory for Physical Science at Microscale, CAS Center for Excellence in Quantum Information and Quantum Physics,
and Department of Physics, University of Science and Technology of China, Hefei 230026, China
®Collaborative Innovation Center of Advanced Microstructures, Nanjing 210093, China

® (Received 20 June 2019; revised manuscript received 3 November 2019; published 8 January 2020)

The energy scales in rare-earth-based heavy-fermion compounds are relatively small, which can be easily
tuned by applying pressure, magnetic field, or chemical doping. By substituting Yb for Ce on the rare-earth
site, the ground state of superconductivity can be smoothly suppressed without the appearance of an apparent
quantum critical point, and a number of remarkable phenomena have been observed. The slight changes in the
electronic structure are supposed to dominate the underlying physics in these compounds. In the present study, we
provide an electronic structure study of Cey g5 Yby 15Colns with a superconducting state but suppressed transition
temperature by angle-resolved photoemission spectroscopy, and the results are compared with CeColns. We find
that the f electrons in Ceggs Ybg 5Colns are itinerant, forming the weakly dispersive hybridized band at low

temperature. More interestingly, the hybridization strength between the f electrons and conduction electrons
in Ceg g5 Yby 15Colns is comparable with CeColns. Further temperature-dependent measurements provide direct
evidence of the localized-to-itinerant crossover behavior of the 4f electrons in this compound.
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I. INTRODUCTION

The heavy-fermion compound CeColns is a prototypi-
cal system to study the strong correlations between the f
electrons and conduction electrons, which gives rise to a
number of remarkable exotic properties, such as the uncon-
ventional superconductivity [1], non-Fermi-liquid behavior
[2], quantum criticality [3,4], and the potentially exotic pair-
ing states such as the Fulde-Ferrell-Larkin-Ovchinnikov state
[5]. CeColns has a relatively high superconducting transition
temperature (7;) of 2.3 K, and neutron-scattering studies
provide direct evidence for an antiferromagnetic quantum
critical point (QCP) in CeColns [6], which can be tuned by
pressure, magnetic field, or chemical doping. CeColns is a
good platform to study the substitution effect on the ground-
state properties [7], since its stoichiometry is stable and siz-
able and clean single crystals can be obtained. For example,
substituting Rh with Co or Ir tunes the ground state away
from the magnetic ordering toward bulk superconductivity
[8]. The ground state of CeColns can be smoothly tuned from
a superconducting state to an antiferromagnetic state via Cd
and Hg substitution for In [9-13].

Ce(Ill)(4f') has a single electron in its f shell and
Yb(IIT)(4f'3) has 13 f electrons, only missing one electron
to complete the f shell, so Yb is generally considered to
be the hole analog of Ce [7]. By substituting Yb for Ce on
the rare-earth site, a number of remarkable phenomena have
been observed. Although both T, and the electronic specific
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heat coefficient are suppressed by Yb doping [7,14], the sup-
pression of 7, is much less than other rare-earth substitutions
[15,16]. It is also interesting that the Ce valence remains
nearly unchanged from 3+ for all x concentrations, while the
Yb valence for x < 0.2 increases rapidly with decreasing x
from 2.3+ toward 3+ [7,17]. Investigation of the evolution of
the field-induced QCP in Ce;_, Yb,Colns found that although
the field-induced QCP has been suppressed by Yb doping, it
has little impact on both the unconventional superconductivity
and the non-Fermi-liquid behavior [18].

The topology and size of the Fermi surface is proposed
to be a key ingredient for understanding the richness and
complexity of the physical properties observed in the heavy-
fermion cerium-115 compounds [1,19-23]. In particular, the
low-energy electronic structure is expected to be an important
issue, which is closely related to the exotic physical properties
of the strongly correlated electron systems. Angle-resolved
photoemission spectroscopy (ARPES) is a powerful technique
which can reveal both the shape and size of the Fermi surface.
An earlier ARPES study on Ce;_,Yb,Colns found that the
electronic structure along the I' — X direction is not sensitive
to the Yb substitution, suggesting that the Kondo hybridiza-
tion of Ce f electrons with the conduction electrons is not
affected by the presence of Yb impurities in the lattice [7].
Later on, it was revealed by another group that an obvious
cross-section area reduction of two Fermi surface sheets was
observed between CeColns and YbColns by ARPES Fermi
surface mappings, and also a proportional size change can
be found for CeygYby,Colns [17]. This indicates that the f
electrons in CeygYbg,Colns take part in the Fermi surface
construction, resulting in the size change of the Fermi surface.
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The above-mentioned contrasting results on the f-electron
behavior in Yb-doped CeColns require more detailed and
high-resolution ARPES studies. Moreover, the energy scales
in these heavy-fermion systems are normally small, which
makes it difficult to trace the subtle change of the f electrons
by normal ARPES measurements. Fortunately, on-resonant
ARPES at the Ce 4d — 4f transition could largely enhance
the f-electron photoemission matrix element, which is proven
to be an effective way to explore the f-electron behavior in
heavy-fermion compounds [24-26].

Another important issue in heavy-fermion systems is about
the localized-to-itinerant crossover behavior of the f elec-
trons. At high temperature, they are local moments, and with
decreasing temperature the interplay between the local f
moments and the conduction electrons leads to the forma-
tion of a “large” Fermi surface with f-electron contribution.
This temperature-induced localized-to-itinerant crossover of
f electrons has been demonstrated by the dynamical mean-
field theory (DMFT) calculations [23,27]. However, despite
the many efforts devoted, experimentally there are only a
few cases that address this localized-to-itinerant crossover
behavior in heavy-fermion compounds [25,26,28,29].

In the present study, we provide a resonant ARPES
study of the heavy-fermion compound CeggsYbg 5Colns.
Detailed studies of the Fermi surface topology and band
structure are reported. The main feature of the electronic
structure in Ce g5 Ybg.;5Colns is dominated by the conducting
bands observed in CeColns. We find that the f electrons in
Cep.35Ybg 15Colns take part in the Fermi surface formation,
and the hybridization strength is comparable with its parent
compound CeColns. No obvious change is observed for the
two-dimensional « band with decreasing temperature, while
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the other two conducting bands hybridize with the f bands to
form a “large” Fermi surface. Our results provide direct evi-
dence of the localized-to-itinerant crossover behavior of the f
electrons in Ceg g5 Ybg,15Colns as a function of temperature.

II. EXPERIMENTAL DETAILS

High-quality single crystals of CeggsYbg 5Colns were
synthesized using an indium self-flux method. Details can
be found in Ref. [30]. Figures 1 and 2 show the results
of work performed at the “Dreamline” beam line of the
Shanghai Synchrotron Radiation Facility (SSRF) with a
Scienta DA30 analyzer. Both linear-vertical (LV)- and linear-
horizontal (LH)-polarized photons were used. The vacuum
was better than 5 x 10~!! mbar at 17 K. The energy resolution
was 17 meV for 121-eV photons, and the angular resolution
was 0.2°. Temperature-dependent ARPES measurements in
Figs. 3-5 were performed from a high temperature of 200 K
to a low temperature of 9 K at the Beamline 105-ARPES end
station of the Diamond Light Source, equipped with a Scienta
R4000 analyzer. The samples were cleaved along the ¢ axis
before ARPES measurements at 200 K. The typical angular
resolution was (0.2° and the overall energy resolution was
better than 15 meV. The vacuum was kept below 9 x 107!
mbar.

III. RESULTS AND DISCUSSIONS

The experimental setup for our ARPES measurements is
shown in Fig. 1(a). Figure 1(b) displays the photoemission
intensity map of Ceq g5 Ybg 15Colns at 12 K taken with 121-eV
LH-polarized photons. The Fermi surface is similar to that of
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FIG. 1. Fermi surface and band structure of Ceg g5 Yby ;sColns taken with 121-eV photons at 15 K. (a) Experimental setup for our ARPES
measurements. Here linear vertical (LV) polarization represents the direction of the photons which is perpendicular to the mirror plane in
(a), while linear horizontal (LH) denotes the direction parallel to the mirror plane [31]. (b) Photoemission intensity map of Ce g5 Yby 15Colns
integrated over a window of (Ep — 20 meV, Er + 20 meV). Fermi surface contours are drawn with respective colors in the dashed lines. The
square highlighted corresponds to the first Brillouin zone. (c—e) Photoemission intensity distribution plots along (c) I'M, (d) I'X, and (e) MX
with LV-polarized light. (f~h) Photoemission intensity distribution plots along (c) I'M, (d) I'X, and (e) MX with LH-polarized light.
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FIG. 2. Photoemission intensity distributions of CegssYbg 5Colns along I'M taken at 15 K with (a) 121-eV LV-polarized photons and
(b) LH-polarized photons. (c) Photoemission intensity distributions of CeggsYbg5Colns along I' — M taken at 203 K with LV-polarized
photons. (d) Angle-integrated energy distribution curves (EDCs) of Ce 5 Yby 15Colns taken with different polarized photons and temperature;
the f-band positions for Ce and Yb are highlighted [7,17,32,33]. The spectra have been normalized by the intensity height at 2.8 eV binding

energy.

CeColns [26] with one small holelike square Fermi pocket
around the Brillouin zone center and two electronlike Fermi
pockets around the zone corner. One is a flower-shaped S
pocket and the other one is a rounded « pocket. Also, a
narrow racetrack pocket can be observed extending to the
middle of the zone boundary around the X point, which is also
from the y band. Figures 1(c)—1(e) present the detailed band
dispersions along several high-symmetry directions. Along
the 'M direction, three bands can be observed crossing the
Fermi level, which can be assigned to the «, 8, and y bands,
respectively. The o band is paraboliclike, and the holelike y
band encloses the I" point forming the squarelike Fermi pocket
around the Brillouin zone center. The dispersions of the «,
B, and y bands can be more clearly observed from the band
structure along the MX direction. Because the slit of the ana-
lyzer for our ARPES measurements is vertical to the ground,
the LV polarization can be used to detect the even-parity
orbitals and z components, while the LH polarization can be
used to detect the odd-parity orbitals. From the comparison of
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the band structure taken with LV and LH polarizations, we
found that for the «, 8, and y bands, although there is an
intensity difference, they can be detected by both LH and LV
polarizations, indicating they are not pure orbitals.

Figure 2 presents the photoemission intensity plots of
Ce.85Ybg.15Colns using 121-eV photons at the Ce 4d — 4f
transition to enhance the Ce 4 cross section. From Fig. 2(a),
several flat bands can be observed, located at 0.026, 0.278,
0.418, 1.696, 1.830, and 2.267 eV binding energy (BE),
respectively. Among them, the weakly dispersive flat band at
2.267 eV corresponds to the 4f° final state associated with
the cost of removing one electron from the trivalent Ce ion
4f! — 4£9), compared with that of 2.2 eV in CeColns.
The other two flat bands located at 0.026 and 0.278 eV BE
can be attributed to the tail of the Kondo resonance and its
spin-orbit-split component [32]. Previous study on the Yb
valence change in Ce;_,Yb,Colns has shown that the Yb
valence for x < 0.2 increases rapidly with decreasing x from
2.3 toward 3+ [17], which indicates that Cegg5Ybg 15Colns
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FIG. 3. (al-a7) Temperature dependence of the photoemission intensity plots of CegssYbg 15Colns along I'M taken with 121-eV LV-
polarized photons. (b) Temperature dependence of the EDCs around the I" point. The integrated window is marked with the green dashed

block.
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FIG. 4. (a), (b) Photoemission intensity map of CeggsYbo s
Colns taken with 121-eV LV-polarized photons along I'M at
(a) 200 K and (b) 9 K. (c, d) Photoemission intensity plots of
Ceg.35Ybg 15Colns along I'M taken with 121-eV LV-polarized pho-
tons at (¢) 200 K and (d) 9 K.

is in the mixed-valence region. In an intermediate-valence
Yb compound, the Yb** multiplet (4f'> — 4£'2) normally
locates at the binding energy between 5.5 and 8.5 eV, and
the Yb?t doublet at the lower binding energy of 0-2.5 eV
(4" — 4f£13). Following previous studies [7,17,33], we can
identify different f states for Yb in Fig. 2(d). The blue one
is the final-state Fs/,-F;/, doublet of the Yb?t photoemission
process 4f1* — 413 from deep-lying Yb layers. Two peaks
at higher binding energy marked red with the same energy
separation as the Fs/-F7,, doublet are due to Yb*t from
the surface. Such surface-shifted Yb** peaks are well known
[17,33]. It is noteworthy that one of the Yb?t states has a
similar energy level with Ce 4 f7l/2, which makes it difficult
to separate them from each other.

By comparing the ARPES data taken at different polar-
ization conditions, it is interesting to note that the 4 fsl/2
component is quite sensitive to the polarization of the light,
which can be strongly enhanced with LV polarization, indi-
cating the mainly even-parity character of the f orbitals. This
different behavior with polarization is also consistent with
that observed in CeColns [26]. Figure 2(c) shows the ARPES
data taken at 203 K for Ce(g5Ybp 15Colns. By comparing
the EDCs taken at 203 and 15 K, we find that the position
of the 4 f0 state shifts to higher BE at 203 K, and, more
importantly, the intensity of the 4 ]‘71/2 state gets broadened

at high temperature. The absence of the 4 fsl/2 peak near the
Fermi level (Er) can be considered an indication of an almost
localized f-electron character. This behavior of the f states is
in analogy to what we observed in the ordered Ce films during
the a-y phase transition [34].

— CeColn,
— Ce, 45 Yb, ,sColng

Intensity (a. u.)

0.4 0.2 0.0
E-Er (eV)

FIG. 5. (a) Photoemission intensity plot of CeggsYbg 5Colns
taken with 121-eV LV-polarized photons along I'M at 15 K. (b) Pho-
toemission intensity plot of CeColns along I'M taken with 121-eV
LV-polarized photons at 18 K, which has been reported in our
previous study [26]. We plot it here to give a direct impression of
the band-structure change in the two compounds. (¢c) Comparison of
the angle-integrated EDCs between Ceg g5 Ybg.15Colns and CeColns,
which is normalized by the intensity of the 4f; /2 state.

In Fig. 2, we observed an obvious change of the f states in
Ceo.35 Ybg 15Colns between 203 and 15 K. To investigate the
detailed evolution of the f states as a function of temperature
in Ceggs5Ybg 15Colns, we performed temperature-dependent
resonant ARPES measurements. Figures 3(al)-3(a7) show
the evolution of the band structure with temperature taken
with 121-eV LV-polarized photons. Here 121-eV photons (the
energy of the Ce 4d — 4f transition) are used to realize a reso-
nant enhancement of the Ce 4 f photoionization cross section.
At a high temperature of 200 K, the electronic structure is
dominated by the above-mentioned three conduction bands of
o, B, and y. With lowering temperature, the spectral weight
near Ep, especially around the I' point, gradually increases
and forms a weakly dispersive band at low temperature. This
temperature-dependent behavior can also be traced from the
EDCs around the I" point in Fig. 3(b). From Fig. 3(b), the
position of the 4 f51/2 state shifts to higher BE, while the posi-

tion of its spin-orbit-split component 4 f71/2 almost remains the
same. From Fig. 3(a4), the weakly dispersive f band already
becomes discernible at around 85 K, which is much higher
than the coherence temperature of 50 K and is consistent with
that observed in CeColns [26].

Figures 4(a) and 4(b) show the comparison of the photoe-
mission intensity maps for Ceg g5 Ybg.;5Colns taken at 200 and
9 K, and zoomed-in ARPES data of the band structure are
displayed in Figs. 4(c) and 4(d). At 200 K, the conduction
bands all show linear dispersion, and weakly dispersive f
bands can be observed near the Fermi level at 9 K. While
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no obvious difference is observed for the conducting « band,
significant enhancement can be observed around the I" point
for both the B and y bands. From Figs. 4(a) and 4(b), it is
easy to trace the size change of the @ pocket, and we find that
the size for the o pocket is almost the same at high and low
temperature, indicating nearly absent hybridization between
the f band and the o band. Meanwhile, an obvious difference
is observed for the 8 and y bands, which further demonstrates
that the f bands in CegsYbg.15Colns mainly hybridize with
the B and y bands. However, due to the overlap between the g
and y bands, especially after hybridization with the f bands
at low temperature, it is hard to give an accurate estimation of
the size change of these two bands.

In Fig. 5, we further present a comparison of the electronic
structure between Ce g5 Ybg 15Colns and its parent compound
CeColns. In CeColns, three conduction bands named «, S,
and y can be found in Fig. 5(b). For Ce(ssYbg 5Colns, the
spectrum is also dominated by these three bands, and the
dispersion of the three bands is similar to that of CeColns.
Weakly dispersive f bands can be found in the two com-
pounds near the Fermi level, which is due to the hybridization
between the f bands and conduction bands, indicating that the
f electrons participate in the construction of the Fermi sur-
face, forming a “large” Fermi surface. Figure 5(c) shows the
comparison of the EDCs in the two compounds, and the posi-
tions of both the 4fJ, and 4f; , states remain the same. More
importantly, if we normalize the spectra by the intensity height
of the 4 f71/2 state, the intensity of the 4 f51/2 state in the two
compounds remains almost the same. This provides evidence
that the hybridization strength between the f bands and the
conduction bands is comparable in the two compounds. This
is consistent with the de Haas—van Alphen (dHvA) results that
changes of the Fermi surface topology can be observed until
x = 0.2 and drastic reconstruction of the Fermi surface can be
observed above x = 0.55 [35]. In heavy-fermion systems, at
low temperature the interplay between the local f moments
with the itinerant conduction electrons leads to the formation
of heavy-quasiparticle bands and a huge density of states
near the Fermi energy. At this stage, both the f electrons
and conduction electrons participate in the construction of the
Fermi surface, resulting in a so-called large Fermi surface.
Upon weakening of the interaction between the f electrons
and conduction electrons, like increasing temperature, the
f electrons can be recognized as local moments, which do
not take part in the Fermi surface formation, leading to a
“small” Fermi surface without f-electron contribution. This
temperature-induced localized-to-itinerant transition of the f
electrons has been proven by DMFT calculations [23,27].
However, experimentally there are only a few cases that
can provide evidence for this localized-to-itinerant transition
[25,26,28,29].

In the present study of CeggsYbg ;5Colns, we found that
the f electrons are mainly localized at 200 K. Upon low-
ering temperature, the f spectral weight gradually develops
near the Fermi level close to the I" point, and finally forms
the weakly dispersive hybridized band at low temperature.
This provides direct evidence of the localized-to-itinerant
crossover behavior of the f electrons in this system. However,
we also found that different conduction bands show various
behavior. The o band hardly hybridizes with the f band

even at the lowest measuring temperature, and the size of
the o pocket almost remains the same. However, both the g
and y bands hybridize with the f bands at low temperature,
forming the weakly dispersive hybridized bands. This band-
dependent c-f hybridization behavior is in line with the band-
dependent hybridization behavior of the f electrons observed
in CeRhIns [36] and makes it more difficult to connect the
onset temperature of the appearance of the f spectral weight
with the coherence temperature observed from the resistivity
data. Transport measurements are normally collective effects,
while ARPES measurements have k-space resolution. Espe-
cially considering the significantly different behavior between
different bands, these different temperature scales should not
be lumped together.

Previous dHVA investigations of the Fermi-surface evolu-
tion with Yb substitution in Ce;_,Yb,Colns found that for a
small Yb concentration of x = 0.1, both the band structure
and effective mass remain nearly unchanged compared to its
parent compound CeColns. Changes of the Fermi surface
topology can be observed at x = 0.2, leading to a drastic
reconstruction above x = 0.55 [35]. Later on, a combined
study of photoemission x-ray absorption found that the Ce
valence remains nearly unchanged from 34 for all x concen-
trations, while the Yb valence for x < 0.2 increases rapidly
with decreasing x from 2.3+ toward 3+ [17]. In the present
study, we find that the hybridization strength between the f
electrons and conduction electrons in CeggsYbg 15Colns is
comparable with that of its parent compound CeColns, and the
Fermi surface retains a “large” Fermi surface with f-electron
contribution. This is consistent with the nearly unchanged
Fermi-surface topology and effective mass by dHvA measure-
ments for the x concentration below x = 0.2.

Two different scenarios have been proposed to explain the
role of Yb in Ce;_,Yb,Colns. Dudy et al. [17] proposed
from extended x-ray absorption fine structure (EXAFS) and
ARPES measurements that there are two interlaced but in-
dependent networks in Ce;_,Yb,Colns that couple to the
conduction band: one network of Ce ions in the heavy-fermion
limit, and one network of Yb ions in the strongly intermediate-
valence limit. While Yb substitutes into the CeColns lattice,
the CeColns network appears to act independently of the
regions of YbColns, and the heavy-fermion state preserves its
coherence up to rather large doping levels. They also find that
the electronic structure along I' — X is not sensitive to the Yb
substitution, suggesting that the Kondo hybridization between
the Ce f electrons and the conduction electrons is not affected
by the presence of Yb impurities in the lattice. They also
found that the Yb valence for x < 0.2 increasing rapidly with
decreasing x from 2.3 toward 34, and their ARPES results
also observed Fermi-surface size reduction of two sheets from
CeColns to YbColns [17]. Shu et al. suggested a correlated
electron state having cooperative valence fluctuations of Yb
and Ce [14]. dHVA results by Polyakov er al. found that
changes of the Fermi surface topology can be observed at
x = 0.2, and a drastic reconstruction of the Fermi surface
occurs above x = 0.55 [35]. From our results, a difference
can be found for the electronic structure at much higher
binding energy; however, the low-energy electronic structure
of Ce;_,Yb,Colns is similar to that of CeColns, and this
suggests that Yb can be considered as forming disordered
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impurities in CeColns. It is also noteworthy that the Yb state is
far away from the Fermi level, and it does not contribute to the
low-energy physics of CejgsYbg 5Colns. This is consistent
with its higher Kondo temperature [7].

IV. CONCLUSION

In summary, we present an electronic structure study
of CepgsYbpsColns with a superconducting ground
state. The main feature of the electronic structure of
Ce.85 Yby.15Colns is dominated by the observed conduction
bands in CeColns. We observe a nearly flat band near the
Fermi level around the I" point, which is gradually suppressed
with increasing temperature. On-resonant temperature-
dependent measurements provide direct evidence for the
localized-to-itinerant crossover behavior of the f electrons
in Ceq.g5Ybg.15Colns. More importantly, we found that the
hybridization strength between the f electrons and conduction
electrons is comparable in CeggsYbg 15Colns and CeColns.

Our results may be important for understanding the f-electron
behavior in different heavy-fermion systems, and should
provide an important clue for establishing the relationship
between the ground-state properties and the hybridization
strength between the f electrons and conduction electrons.
Further research will be concentrated on the evolution of the
electronic structure as a function of the Yb doping level.
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