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Crystal electric field states in rare earth intermetallics show an intricate entanglement with the many-body
physics that occurs in these systems and that is known to lead to a plethora of electronic phases. Here we attempt
to trace different contributions to the crystal electric field (CEF) splittings in CelrIns, a heavy-fermion compound
and member of the CeMIns (M = Co, Rh, Ir) family. To this end, we utilize high-resolution resonant angle-
resolved photoemission spectroscopy (ARPES) and present a spectroscopic study of the electronic structure of
this unconventional superconductor over a wide temperature range. As a result, we show how ARPES can be used
in combination with thermodynamic measurements or neutron scattering to disentangle different contributions
to the CEF splitting in rare earth intermetallics. We also find that the hybridization is stronger in Celrlns than
CeColns and the effects of the hybridization on the Fermi volume increase is much smaller than predicted. By
providing experimental evidence for 4 ! /> splittings which, in Celrlns, split the octet into four doublets, we clearly
demonstrate the many-body origin of the so-called 4 f7'/2 state.
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I. INTRODUCTION

Systems possessing a large spin-orbit interaction have
recently been the focus of materials research. A particular
interesting family of materials are the rare earth and actinide
based intermetallics. In contrast to 3d electron materials, in
rare earth and actinide compounds, the spin-orbit interaction is
much larger than the crystal electric field (CEF) interaction. For
cerium-based rare-earth compounds, where only one electron
is present in the 4 f shell, the spin-orbit splitting between the
two levels is of the order of 0.3 eV [1-3]. The degeneracy of
the 4 f level is further reduced by crystal electric field effects
according to the point-group symmetry of the compound. For a
tetragonal system, e.g., one expects that the / = 5/2 and J =
7/2 levels split into three and four doublets, respectively [2].
The respective sizes of the CEF splittings typically lie between
several to a few hundred meV. Various factors contribute to the
CEF splittings in rare-earth and actinide-based heavy-fermion
metals. It has long been recognized that the size of the CEF
splittings has a strong effect on the Kondo temperature (T ),
one of the important low-energy scales that characterize heavy
fermions [2,4-7]. Not only the effective hybridization between
the local f moments and the conduction bands, commonly
only known qualitatively at best, is important but also the
CEF splittings which together dynamically generate Tk as
well as their mutual interdependence. The symmetry of the
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ground state CEF multiplet strongly affects the c-f electron
hybridization [8], and details of the CEF splittings also affect
the competition between spin and orbital fluctuations [9].
Nonetheless, the tools to reliably extract information on the
CEF configuration of rare earth and actinide intermetallics is
rather limited in number and scope [10-12].

The CeMIns (M = Co, Rh, Ir) heavy-fermion compounds
have attracted interest because they are stoichiometrically
clean compounds possessing rich phase diagrams with com-
peting ground states and are good target materials to study,
e.g., how magnetism and superconductivity are related to
each other [13,14]. At ambient pressure, both CeColns and
Celrlns are superconductors with 7, = 2.3 [15] and 0.4 K
[16], respectively, while CeRhlIns is antiferromagnetic below
Ty =3.8K[17].

For Celrlns, de Haas—van Alphen (dHVA) measurements
found a Fermi surface volume expansion on going from
Lalrlns to Celrlns [18,19], which suggests that the f electron
delocalizes and participates at low temperature (7)) in the Fermi
surface of Celrlns. A nuclear quadrupole resonance study of
Celrlns leads to the conclusion that the 4 f electrons in CelrIns
are much more itinerant than in the other known Ce-based
heavy-fermion compounds [20]. This is in line with dynamical
mean-field theory (DMFT) which predicts the formation of the
heavy-fermion state in Celrlns at low temperature [21-23].
Angle-resolved photoemission spectroscopy (ARPES) mea-
surements on Celrlns, however, yield ambivalent results. Some
claimed that the Ce 4 f electrons are nearly localized [3], while
others directly observe a quasiparticle band in Celrlns [24].
This ambiguity in understanding the low-T properties of the
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FIG. 1. Fermi surface and band structure of Celrlns taken with 85 eV photon at 12 K. (a) The Brillouin zone of Celrlns. (b) Photoemission
intensity map of Celrlns at Er. The intensity is integrated over a window of (Er — 10 meV, Er + 10 meV). Fermi surface contours are
drawn with respective colors, and we have drawn some contours in dashed lines when the features are broad. (c)—(e) Photoemission intensity

distributions along (¢) I'-M, (d) I'-X, and (e) M-X.

f electrons in CelrIns are at least in part rooted in the lack
of a systematic electronic structure study of this important
heavy-fermion compound.

In this paper we provide such a systematic electronic
structure study of Celrlns and trace the evolution of the f
spectral weight over an extended T range. We find that the
hybridization is stronger in Celrlns than CeColns and the
effects of the hybridization on the Fermi volume increase is
much smaller than suggested by previous DMFT calculations
[22]. Importantly, we are able to resolve the fine structure of
both 4 fsl/2 and 4 f7' /> and show how this fine structure contains
information that relates to different contributions of the CEF
splittings.

II. EXPERIMENTAL DETAILS

High quality single crystals of Celrlns were grown by an
In self-flux method [16]. All ARPES data presented here
except those shown in Fig. 2 were performed at Beamline
105-ARPES of the Diamond Light Source equipped with
a VG-Scienta R4000 electron analyzer. The typical angular
resolution is 0.2° and the overall energy resolution is better
than 17 meV. Samples were cleaved in situ at 12 K and
below 9 x 10~ mbar. The data in Fig. 2 were obtained at the
“Dreamline” beamline of the Shanghai Synchrotron Radiation

(a)

Facility (SSRF) with a Scienta DA30 analyzer, and the vacuum
was kept below 2 x 107'% mbar. The overall energy resolution
was 20 meV. The samples were cleaved at 12 K.

III. RESULTS AND DISCUSSIONS

The Brillouin zone of Celrlns is sketched in Fig. 1(a) and
the photoemission intensity map of Celrlns at 12 K with 85 eV
photon energy is displayed in Fig. 1(b). The Fermi surface
consists of one squarelike Fermi pocket around the zone center
which is part of the y band, two Fermi pockets around the zone
corner—a flower-shaped $ and a squarelike @ pocket—and
one narrow racetrack pocket extending to the middle of the
zone boundary, which is also assigned to the y band. Detailed
band dispersions derived from the photoemission intensity
plots along several high-symmetry directions are shown in
Figs. 1(c)-1(e). Along I'-M in Fig. 1(c), three bands cross
the Fermi level (Efr), which are assigned to «, 8, and v,
respectively. The holelike y band encloses the I" point, forming
the squarelike y Fermi pocket around the zone center; while the
« band is paraboliclike with its bottom 0.95 eV below E . The
Fermi energy crossings of the three bands can also be clearly
observed along M-X, see Fig. 1(e). The bands crossing E g
along I'-X in Fig. 1(d) are all from the y band, which shows
strong k, dependence [5].

(d) Intensity (arb. units)
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FIG. 2. Photoemission intensity distributions of Celrlns along I'-M taken at 12 K with (a) off-resonance (114 eV) s-polarized, (b) on-
resonance (121 eV) s-polarized, and (c) on-resonance p-polarized photons. (d) Angle-integrated EDCs of Celrlns taken with on-resonant
energy; f-band positions are highlighted. Momentum cuts taken with 121 eV photons cross (0,0,7.082(—7), close to I', and are thus labeled I'-M

for simplicity.
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FIG. 3. Crystal electric field splittings of the 4 f states in CelrIns.
(a) and (b) Photoemission intensity plot along I'-M near E r taken with
s-polarized photons (a) and p-polarized photons (b). (c) Integrated
EDCs of Celrlns with s- and p-polarized photons. The integrated
window has been marked with a blue block. The orange curve is the
integrated EDCs of Celrlns with p-polarized photons after divided
by the resolution-convoluted Fermi-Dirac distribution, from which
the Kondo resonance peak above Er can be well identified. Since
peak “1” is influenced by the tail of the Kondo resonance, it is not
clear whether it is a Kondo signature of the '} state. (d) Sketch of
the CEF splittings of the multiplet f states. The values of separations
between neighboring states are marked, together with experimental
errors.

Resonant ARPES measurements were conducted at the Ce
4d—4 f transition to enhance the f-electron photoemission
intensity. A comparison of Figs. 2(a) and 2(b) illustrates the
enhancement between the off-resonance [Fig. 2(a)] and on-
resonance [Fig. 2(b)] photoemission intensities, respectively.
Strongly dispersing bands dominate the off-resonance spectra,
while Ce 4 f emission is enhanced in the on-resonance data,
see also the integrated spectra in Fig. 2(d). Three nearly flat
bands can be observed in the on-resonance data. The one at
2.3 eV binding energy with strong intensity is assigned to the
initial 4 f° state, while those near Er and at 0.27 eV below Ep
are attributed to the 4 fsl/2 state and its spin-orbit-split 4 f71/2
component, respectively. As it turns out, the 4 f51/2 state is
quite sensitive to the polarization of the light—a significant
enhancement is seen under s-polarized light compared to p
polarization [Fig. 2(c)]. In contrast, the overall feature of the
4 f71/2 and 4 f© states appears insensitive to the polarization.

Figures 3(a) and 3(b) zoom into the vicinity of Er, where
a fine structure can be clearly identified. In particular, three
peaks, located at —20, —32, and —65 meV, can be resolved
which together form the 4 fsl/z state, labeled 1, 2, 3, respec-
tively, in Fig. 3(c). Surprisingly, we are also able to detect a
fine structure of the 4 f;,, state which is comprised of four
peaks. Three of the four peaks are located at —272, —294, and
—318 meV (energies are measured with respect to Ef, i.e.,
Er = 0), while an additional shoulder peak at around —341
meV can also be identified, see Fig. 3(c). Since this shoulder
peak is rather weak, exact energy position of this peak is yet
to be determined. We also note that yet several other shoulder
peaks could be discerned, e.g. those at about —90 meV and
—370 meV. While their precise nature remains unclear, we
suspect that it may be related to the many-body nature of the
CEEF states discussed below. To the best of our knowledge, the
splitting of the 4 f71/2 peak has not been detected before in any
of the Ce-based heavy-electron materials (or analogously the
4fl /> peak in Yb-based heavy-fermion compounds).

The observation of the fine structure of the 4 f71/2 peak at
around —0.3 eV establishes beyond doubt that it originates
from Kondo scattering at the J = 7/2 octet whose degen-
eracy is reduced to four doublets due to CEF effects. The
absence of a clear T dependence of this peak is related to a
comparatively high Tx which results from the relatively large
number of contributing states, i.e., the octet in absence of CEF
effects. CEF splittings of the 4 fsl/2 state have been directly
observed in CeRh,Si; by ARPES [1], and have been revealed
in the CeMIns compounds by inelastic neutron scattering
measurements [10-12]. Interestingly, according to inelastic
neutron scattering measurements on Celrlns [12], the energy
splitting between the ground (I'}) and first excited state (F%)
is 4 meV, while the ground state — second excited state (I'¢)
energy difference is 28 meV. In contrast, the energy separation
revealed by our ARPES measurements is about 33 meV for the
energy splitting between I'Z and T's. It is less clear if the peak
at position 1 in Fig. 3(c), located at —20 meV, is likely due
to the Fermi cutoff of the strong Kondo resonance above Ep,
which overwhelms the I'} state. As neither s nor p polarization
indicate an additional peak at energies between 1 and 2, see
Fig. 3(c), we are led to conclude that the splitting between the
'} and I'? feature is at least 12 meV.

What could cause such a difference between the neutron
scattering and the ARPES results? In our previous soft x-
ray ARPES studies on CeColns, we have demonstrated that
ARPES data taken with 121 eV photons are still dominated
by the bulk states [5]. However, ARPES measurements would
be affected more by surface than neutron scattering, which
may contribute to the observed differences. Another possibility
is that the CEF-derived Kondo satellites near Er develop
dispersion due to a momentum-dependent hybridization, i.e.,
the elements V;" defined below. This has been evident from
previous ARPES measurements of the crystal-field splittings of
the Kondo satellites in YbRh;Si5, in which energy dispersion in
momentum space has been detected [25]. Here, however, the
aforementioned difference is observed at the I' point which
rules out the momentum dispersion as its origin.

To address the possible intrinsic origin of the observed
difference, we note that a minimal model for Celrlns and
related materials is the multiband multilevel periodic Anderson
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lattice model, given by

H =) H({fN.(f)i.R).

HAYASLR) = D € flo foo + D bk 56005

k,o0,8

1 oo’
+ 5 Z Umm’frjwfrjl’a’fm’a’fmg
(m,o)#
(m'c")
+ Y (W fl s ™™ +He), (1)
k,8,m,o

where i labels the 4 f lattice sites located at positions R;
and {f'}; ({f}i.R)) is the set of local f-electron creation
(destruction) operators at site i. At each site i, the local
operators carry each a set of indices (m,o) which distinguish
the different CEF states: m refers to the different doublets
and o = =+ labels the states of each doublet. The index &
distinguishes the different conduction bands. clT( 5., creates a
conduction electron of lattice momentum k and sﬁiﬁ projection
o inthe band §. UJ7, is the local Coulomb matrix element and
Vis denotes the hybridization strength between corresponding
states. In order to discuss the CEF splittings, it is sufficient to
consider a single site i = iy (Ry = 0) for simplicity. We will
refer to the set {¢™} as bare CEF levels. The origin of this
contribution to different CEF levels is the charge distribution

in the vicinity of site iy. From Eq. (1) it follows that the ¢ and
the resulting CEF splittings A,,, = &™ — ¢" are independent
of {V"} and {UZ7 ).

Anélyzing the model system Eq. (1) for a single site i = iy
(Rop = 0) shows that the set {¢"} of bare CEF levels is strongly
renormalized in heavy-fermion metals and the amount of
renormalization will depend both on {V}”;} and {U,‘;gll,} as
well as details of the conduction electron bands [6]. One
way of approximately calculating the fully renormalized set
of energies {&"} is based on the perturbative RG method of
[6,26]. For M =1, U,,,, — oo and a single conduction band
of width 2D, e.g., one finds &, = &; + |V|?>/2DIn(¢,/D) in
the so-called wideband limit, where ¢; << D. Whatis measured
by XPS or neutron spectroscopy is the renormalized set of
energies {&"} of the 4 f° multiplet in the fully interacting
system of Eq. (1). In contrast, ARPES allows one to determine
the position of CEF-derived Kondo satellite peaks near Ep.
The energy spacings between the Kondo satellites are again the
result of the full many-body problem in the fully interacting
system. Yet, they are in principle different from those obtained
by XPS and neutron spectroscopy. An approximate method to
obtain the spacings between the Kondo satellites is the slave
boson mean-field theory which for the present model predicts
that a set of Kondo resonances appear both above and below
Er. Applying the slave boson mean-field theory to Eq. (1) with
U,Z,‘;/, — oo one finds that the spacings between the Kondo
satellites are essentially those between the unrenormalized
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FIG. 4. T evolution of the electronic structure of Celrlns. (a) Zoomed-in ARPES data of the § and y bands along I'-M at the T indicated.
(b) The same as (a), but for the « band. (¢) T dependence of the EDCs at I'. (d) T dependence of the quasiparticle spectral weight in the vicinity
of I near EF, integrated over (Er — 100 meV, Er + 10 meV) of Celrlns and CeColns [5]. (e) and (f) Photoemission intensity map of Celrlns
at Er at 12 K (e) and 210 K (f). The intensity is integrated over a window of (Er — 10 meV, Er + 10 meV).
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set of CEF levels {¢™} [4,6]. Thus, we can conclude that the
observed differences between the CEF splittings from ARPES,
XPS, and neutron scattering are due to many-body effects. At
the level of rigor discussed above, the splittings of the Kondo
satellite peaks reflect the bare CEF splittings which enables us
to disentangle the two factors contributing to CEF splittings
occurring in heavy-electron metals. From our analysis and
the observation that among the Ce M Ins family, only Celrlns
shows a detectable difference. We can thus conclude that one
of the V,, for the 4 f5, state dominates over the other two. This
then would place CelrIns much closer into the mixed valence
regime, as compared to CeColns or CeRhlns. This seems to
offer an explanation as to why CelrIns has the smallest mass
enhancement of the Ce MIns family.

To investigate the evolution of the f electrons as a function
of T, we performed T -dependent resonant ARPES with 121 eV
photons along I' M. Figures 4(a) and 4(b) display the evolution
of the o band [Fig. 4(a)], and B and y bands [Fig. 4(b)].
At high T, all three conduction bands show fast dispersive
features. Upon decreasing 7', the bands start bending and a
weakly dispersive f-electron feature gradually emerges with
increasing weight near Er, which is particularly pronounced
near I'. The T evolution is further illustrated by the EDCs
around I' in Fig. 4(c). Our results demonstrate that the heavy
band formation begins at 7 much higher than the coherence
temperature T, which for Celrlns ~50 K [22], as can be
inferred from Figs. 4(a) and 4(b). The f spectral weight near
Ep is already discernible at around 145 K, and the weakly
dispersive hybridized band become discernible at around
90 K.

In Fig. 4(d) we present a comparison of the T dependence
of f spectral weight between Celrlns and its sister compound
CeColns. For comparison, the spectral weight has been nor-
malized such that it coincides for both compounds at 200 K,
where the effect of hybridization is relatively small. From
Fig. 4(d) it is clear that the f spectral weight in Celrlns
increases much faster upon lowering T than in CeColns, and
the larger f spectral weight at low 7 as compared to that
found in Celrlns at the same 7, is indicative of a stronger
hybridization in CelrIns. This is consistent with DMFT calcu-
lations, which find that Celrlns has the largest quasiparticle
peak in the CeMIns family [23]. However, the observed
stronger c- f electron hybridization in CelrIns from our results
is different from previous ARPES data, which suggests that
the 4 f electrons are dominated by the localized character
with a small itinerant component [24]. This difference may
be due to the fact that the 4 f /> State is quite sensitive to the
polarization of the light—a significant enhancement is seen
under s-polarization light compared with p polarization.

Figures 4(e) and 4(f) display the photoemission intensity
maps for Celrlns taken at 8§ and 210 K. Atlow T the f-electron
spectral weight is considerably enhanced near I', indicating
that the f electrons participate in the electronic properties and
the system forms a large Fermi surface, while at high T the
Fermi surface is small. Interestingly, we find that the effect
of the hybridization on the Fermi volume increase is much
smaller than predicted by DMFT calculations, which suggest
a dramatic change of the Fermi surface topology at low 7 [22].

Figure 5 displays the spectra along I'-M taken at differ-
ent temperatures after dividing by the resolution-convoluted
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FIG. 5. Development of the heavy quasiparticle band in Celrlns.
Photoemission intensity plot along I'-M near Ef taken at different
temperatures, divided by the resolution-convoluted Fermi-Dirac dis-
tribution. The spectra taken at 8 K has been fitted by the periodic
Anderson model. The gray solid line illustrates how the conduction 8
and y bands hybridize with the f bands. For the & band on the right
side, we present a schematic diagram of the hybridization between
f electrons (¢7) and the « band (g;) close to E under a periodic
Anderson model. The orange curve is the hybridized band. Circles
represent the position of the hybridized f band obtained by tracking
EDCs, squares represent the position of the conduction band from
fitting MDCs. The blue and green line denotes the high-7" band
dispersion and the position of the f band, respectively. The left side of
the parabolic & band is hardly observed due to matrix element effects.

Fermi-Dirac distribution, from which the formation of the
heavy hybridized bands at low temperature can be more clearly
read off. At high temperature, all three conduction bands
show a linear dispersion and no obvious redistribution of the
f spectral weight can be observed. At low temperature, the
hybridization of the two bands with the f bands causes the
redistribution of the f spectral weight and forms a weakly
dispersive band near I'. The f spectral weight is significantly
enhanced to the “inside” of the two bands. While for the o
band, one can clearly observe the dispersion of the Kondo
resonance peak, which can be fitted well by the hybridized
band picture based on the mean-field theory for the periodic
Anderson model (with M = 1) [27], as presented on the right
side of the spectrum taken at 8 K of Fig. 5, in which the energy

+ek im
dispersion is given by E* = % el /(e —e R HAUVE o e

gy is the single (M = 1) renormalized f -level energy, & 18
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the conduction-band dispersion at high temperatures, and V;
is the renormalized hybridization [27,28]. A fit to this model
gives ey =1 meV, and V; = 18 £5 meV for the o band,
corresponding to a direct gap of 36 meV for the o band, which
turns out to be slightly larger than that of 30 meV found in
CeColns [5]. The larger hybridization gap is consistent with
the stronger hybridization found in Celrlns as compared to
CeColns.

IV. CONCLUSIONS

To summarize, we provide the electronic structure study of
the heavy-fermion superconductor Celrlns in a wide temper-
ature range. We show how the localized f moments evolve
into the heavy-fermion state starting from a much higher
temperatures than T;,,. The crystal electric field splittings of
both 43, and 4f;, states have been directly observed in
heavy-fermion compounds. We also addressed the difference
of the CEF splittings inferred from ARPES vs that from other
spectroscopy methods and have shown that this allows us

to disentangle different contributions to the CEF splittings.
Moreover, we find that the hybridization between the f and
conduction electrons is stronger in Celrlns than in CeColns.
Our findings should prove essential for a complete microscopic
understanding of the intricate phase diagrams of the Ce 115
compounds and related heavy-fermion systems.
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