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The interaction between superconductivity and magnetism in heavy fermion compounds has remained a
challenge ever since the discovery of unconventional superconductivity in such systems. The heavy fermion
CeTlIns (T = Co,Rh,Ir) family offers a good platform to study the relationship between superconductivity and
magnetism, whose ground state can be easily tuned by chemical doping, making the ambient-pressure exper-
imental techniques like angle-resolved photoemission spectroscopy possible to address this old but engaging
question. By Cd doping, the superconducting state of CeColns can be smoothly tuned to an antiferromagnetic
ground state, which can be reversed by applying pressure. Here we present an electronic structure study of
CeCo(InggsCdg 15)s with an antiferromagnetic ground state and the results are compared with CeColns. We
found that the hybridization strength between the f electrons and conduction electrons in CeColns has been
suppressed by Cd doping, but still the Fermi surface includes a significant contribution from the Ce f electrons.
Our results find that the electronic tuning effect by Cd doping arises from the change in the hybridization strength
between the Ce f electrons and conduction electrons caused by the Cd dopant, and the subtle interplay between

itinerancy and localization of the f electrons determines the ground state.
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I. INTRODUCTION

Understanding the interactions between superconductivity
and magnetism in heavy fermion compounds has remained
a challenge ever since the discovery of unconventional su-
perconductivity. The comparatively high tunability of the
heavy fermions in cerium- and ytterbium-based rare earth
intermetallics makes them attractive systems in the search
for emergent phases of matter [1]. Due to the dynamic
generation of comparatively small energy scales, the ground
state of the heavy-fermion system can be easily tuned by
pressure, magnetic field, or chemical doping [2]. The fam-
ily of the heavy fermion compounds CeT'Ins (7 =Co,Rh,Ir)
has proven fertile for the study of heavy-fermion ground
states and the interplay between antiferromagnetism and
superconductivity [3-7]. Among them, CeColns is a star
member with the relatively high superconducting transi-
tion temperature of 2.3 K, and has been intensively stud-
ied by various experimental techniques and theoretical
calculations [8-14].

By Cd doping in CeColns, the ground state can
be smoothly tuned from a superconducting state to an
antiferromagnetic state, which can be driven back by
applying pressure. The superconducting transition temper-
ature remains nearly constant with increasing Cd substitu-
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tion up to x =0.5% in pure CeColns. Superconductivity
coexists with the antiferromagnetic order for x = 0.5% <
x < 1.25%, after which point only antiferromagnetic order
is observed [15,16]. The magnetic order found in Cd-doped
CeColns is commensurate [17], which contrasts with the
incommensurate magnetic structure found in the related anti-
ferromagnet CeRhlns [18]. It is still an open question how Cd
induces the long-range antiferromagnetic order with a large
ordered magnetic moment.

The specific heat of CeCo(In;_,Cd, )5 has been studied by
Tokiwa et al. [15]. Local structure and site occupancy of Cd
substitution in CeColns has been examined by the extended
x-ray absorption fine-structure (EXAFS) technique [19]. de
Haas—van Alphen (dHvA) measurements revealed a small but
systematic change in the dHVA frequencies with Cd doping,
reflecting the chemical potential shift due to the removal of
conduction electrons, and they also observed no abrupt change
of the Fermi surface (e.g., from “large” to “small”’) through the
change in the ground state [20]. Gofryk et al. [21] found that
the nominally nonmagnetic dopants only have a remarkably
weak pair breaking effect for a d-wave superconductor. They
also suggest that Cd does not induce any valence fluctuation
on neighboring Ce atoms, as originally assumed in order
to explain the reversible tuning [22]. A combined study by
muon spin rotation, neutron scattering, and x-ray absorption
spectroscopy techniques indicates the itinerant character of
the magnetic order, which coexists with the bulk supercon-
ductivity [23].
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Many previous results suspected that the richness and com-
plexity of the properties observed in the Cell5 compounds
come from the Fermi-surface details, in which Kondo and
coherence scales are central [8,10-14,24]. Angle-resolved
photoemission spectroscopy (ARPES) offers a direct way
to observe the electronic structure at various temperatures
and can determine both the shape and size of the Fermi
surface. Doping Cd in CeColns sensitively shifts the balance
between superconductivity and antiferromagnetism and opens
new ambient-pressure phase space in the study of heavy-
fermion ground states [16], making it possible for ARPES to
systematically study the evolution of the electronic structure
from superconducting state to antiferromagnetic state, which
is still lacking now. In our previous study of CeColns, we have
directly observed the localized-to-itinerant transition of the f
electrons as the temperature is lowered [25]. Revealing the
difference of the electronic structure between CeColns and
the Cd-doped samples turns out to be important for under-
standing fully the relationship between superconductivity and
antiferromagnetism. Here we present an electronic structure
study of the Cd-doped samples, which aims at elucidating
the origin of the changes for different ground states from an
electronic-structure point of view.

In the present study, we provide an electronic structure
study of CeCo(In;_,Cd,)s with the nominal doping concen-
tration of 0.15, whose ground state is antiferromagnetic. The
actual Cd concentration is approximately 10 times smaller.
Three dimensional Fermi surface and band structure are re-
vealed and suggest rather three-dimensional character of this
compound. The conduction bands of CeCo(InggsCdy 5)s5 are
almost identical to that of CeColns, albeit an obvious differ-
ence can be found for the low-energy excitations. The extent
of the hybridization between the f electrons and conduction
electrons has been decreased by Cd doping; still the Fermi sur-
face includes a significant contribution from the f electrons.
Our results provide direct evidence that the subtle interplay
of itinerancy and localization of f electrons determines the
ground state of CeColns.

II. EXPERIMENTAL DETAILS

All single crystals were grown by the indium self-flux
method. The doping levels were determined by single crys-
tal x-ray diffraction and microprobe analysis [21]. Room-
temperature x-ray diffraction measurements reveal that all
the crystals are single phase and crystallize in the tetragonal
HoCoGas structure. The samples were cleaved along the ¢
axis before performing ARPES measurements. ARPES mea-
surements were performed at the “Dreamline” beamline of
the Shanghai Synchrotron Radiation Facility (SSRF) with a
Scienta DA30 analyzer. Both LV- and LH-polarized photons
were used. The vacuum was better than 5 x 10~!'! mbar at
18 K. The energy resolution was 17 meV for 121 eV photons,
and the angular resolution was 0.2°.

III. RESULTS AND DISCUSSIONS

Figure 1(a) presents the three dimensional Brillouin zone
of CeCo(InggsCdy15)s with all the high symmetry planes
and points indicated. Experimental setup for our ARPES
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FIG. 1. (a) Brillouin zone of CeCo(Ing gsCdy 15)s. (b) Experimen-
tal setup for ARPES measurements. (c) Photoemission intensity map
in the 'ZAM plane. (d) Photoemission intensity map in the 'ZRX
plane. All photoemission intensity data here were integrated over a
window of (Er — 20 meV, Er 4+ 20 meV).

measurements is shown in Fig. 1(b). Photoemission inten-
sity maps in the '”ZAM and I'"ZRX planes of the Cd-doped
samples are shown in Figs. 1(c) and 1(d), respectively. From
Fig. 1(c), three bands can be resolved contributing to the
Fermi surface of CeCo(Ing gsCdy.15)s, named «, B, and y. Itis
similar to that observed in the parent compound CeColns [25].
Among the three bands, the dispersion of the o band can
be clearly traced, which is nearly cylindrical along the k,
direction with rather two-dimensional character. For the y
Fermi surface, its dispersion is hard to trace in the I'ZAM
plane, showing rather strong k, dependence. In the 'ZRX
plane, a hole pocket can be found around the I" point, which is
from the y Fermi surface. Also, some spectral weight can be
observed around the R point, which comes from the 8 Fermi
surface. From the dispersion of the 8 band, part of the Fermi
surface shows two dimensional character, which is evident by
the corrugated cylindrical sheets observed around the M point
along the k, direction, while part of the Fermi surface is three
dimensional, which has contribution in the ZAR plane and is
absent in the 'X M plane. These results suggest that both the
B and y bands are rather three dimensional. This is consistent
with dHVA measurements and theoretical calculations. They
also observed three Fermi surfaces, and the o Fermi surface is
the most two dimensional one [26].

Figure 2(a) displays the photoemission intensity map of
CeCo(InggsCdg.15)s at 18 K taken with 85 eV photons.
The Fermi surface consists of two Fermi pockets around
the Brillouin zone corner—a flower-shaped § pocket and a
squarelike o pocket. Also a small squarelike Fermi pocket
can be observed around the zone center, which is part of
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FIG. 2. Fermi surface and band structure of CeCo(Ing gsCdy ;5)s taken with 85 eV LV-polarized photons at 18 K. (a) Photoemission intensity
map of CeCo(InggsCdy 15)s integrated over a window of (Er — 20 meV, Er + 20 meV). (b)—(d) Photoemission intensity distributions along

(b) T-M, (¢) T-X, and (d) M-X.

the y Fermi surface. One narrow racetrack pocket can be
observed extending to the middle of the zone boundary,
which is also assigned to the y band. Detailed band disper-
sions along several high-symmetry directions can be seen in
Figs. 2(b)-2(d). Along the I'M direction, three bands can be
observed crossing the Fermi level, which can be assigned to
the o, B, and y bands, respectively. The o band is parabol-
iclike with its bottom 0.45 eV below the Fermi level. It
is almost identical with that observed in its parent com-
pound CeColns [25], and compared with that of 0.95 eV in
Celrlns [27]. The holelike y band encloses the I point, which
forms the squarelike y Fermi pocket around the Brillouin zone
center.

We next focus on using photons of 121 eV, correspond-
ing to the 4d-4f x-ray absorption edge, which can strongly
enhance the contribution and features related to the Ce 4f
states [28]. Figures 3(a) and 3(b) show the photoemission
intensity plots for CeCo(InggsCdy 5)s taken with 121 eV
photons under LV and LH conditions, respectively. From
Fig. 3(a), a nearly flat band can be observed located at 2.4 eV
binding energy, which shows weak dispersion corresponding
to the 4 f° final-state associated with the cost of removing one
electron from the trivalent Ce ion (4f' — 4£°). There are

two other features located at 0.27 eV and 0.02 eV binding
energy, and the former is consistent with the spin-orbit split
of the 4f states in Ce systems. The latter can be attributed
to the 4fJ , state, which is the tail of the Kondo resonance
and should be above the Fermi level but can be observed in
photoemisison measurements due to the “final-state” excita-
tions [29], as will be discussed later. Figure 3(b) shows the
ARPES data taken with 121 eV LH-polarized photons. From
Fig. 3(b), the 4f° state can also be clearly observed with
LH polarization showing no obvious change, while the 4 f51 /2
state is quite sensitive to the polarization of the light, which
is nearly absent under LH-polarized light. Figure 3(c) shows
the ARPES data of CeColns taken under the same conditions
as Fig. 3(a). An obvious difference can be found between the
Cd-doped samples and the parent compound CeColns. The
intensity of the 4 f° state is rather weak in CeColns with only
a small hump at 2.2 eV, and also the spectral weight of the
f states near the Fermi level turns out to be very strong in

CeColns.
To show the detailed difference between
CeCo(Ing gsCdp.15)s and CeColns, Figs. 4(a) and 4(b)

zoom into the vicinity near the Fermi level. From Figs. 4(a)
and 4(b), the conduction bands away from the Fermi level
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FIG. 3. Photoemission intensity distributions of CeCo(InggsCdy 5)s along I'-M taken at 18 K with (a) 121 eV LV-polarized photons and
(b) LH-polarized photons. (c) Photoemission intensity distributions of CeColns along I'-M taken at 17 K with LV-polarized photons, as can
be found in Ref. [25]. (d) Angle-integrated EDCs of CeCo(Ing g5Cdg 15)s and CeColns; the f-band positions are highlighted. The small hump
in CeColns which is supposed to be the 4/ state is marked with a black arrow. The spectra have been normalized by the intensity at 2.8 eV

binding energy.
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FIG. 4. (a) Photoemission intensity  distributions  of

CeCo(InggsCdg 15)5s along I'-M taken at 18 K. (b) Photoemission
intensity distributions of CeColns along I'-M taken at 17 K, as
can also be found in Ref. [25]. (c) Photoemission intensity map of
CeCo(Ing g5Cdy.15)s along I'-M taken at 18 K. (d) Photoemission
intensity map of CeColns along I'-M taken at 17 K, as can also be
found in Ref. [25].

are almost identical in the two compounds, while difference
can be found between the two compounds for the low-energy
electronic structure and the f bands. In CeColns, a weakly
dispersive band can be clearly observed near the Fermi
level around the I' point, resulting from the hybridization

(a)

between the f electrons and conduction electrons, while, by
Cd doping, the intensity of this feature has been obviously
suppressed, indicating the decreased extent of the average
hybridization between the f band and the conduction bands.
But still the f spectral weight can be found in the Cd-doped
samples, which can be more clearly observed from Fig. 4(a)
and suggests that the f electrons also participate in the
Fermi surface construction in CeCo(InggsCdg 15)s. We did
not observe obvious difference for the o band in the two
compounds. Figures 4(c) and 4(d) display the photoemission
intensity maps of CeCo(InggsCdo j5)s and CeColns, from
which it is clear that the f spectral weight mainly locates
near the Brillouin zone center in CeColns, and an obvious
suppression can be observed by Cd doping for this feature.
It is noteworthy that the energy resolution for our ARPES
measurements is around 17 meV. It is reasonable to expect
that the difference should be more obvious with better energy
resolution, which can better illustrate the key physics close to
the Fermi level.

To investigate the evolution of the f states as a function of
temperature, we performed temperature-dependent resonant
ARPES measurements with 121 eV LV-polarized photons
along the I'M direction. Figure 5 displays the temperature
evolution of the three bands. From Fig. 5(a), a weakly dis-
persive feature can be found near the Fermi level around the
" point. Upon increasing temperature, the intensity of this
spectral weight gradually decreases and nearly disappears at
110 K, which can be further illustrated by the EDCs around
the I" point in Fig. 5(b). Figure 5(c) shows the evolution of
the @ band with temperature. At 110 K, the o band shows
linear dispersion, while at low temperature, a slight bending
is observed for this band near the Fermi energy, which is an
indication of the hybridization between this band and the f
band. It is noteworthy that the c-f hybridization displays a
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FIG. 5. Temperature evolution of the electronic structure of CeCo(InggsCdg 15)s. (a) Zoomed-in ARPES data of the 8 and y bands along
I'-M at the temperatures indicated. (b) Temperature dependence of the EDCs around the I" point. The integrated window is marked with the
red dashed block. (c) The same as (a), but for the o band. (d) Temperature dependence of the EDCs around the left part of the o band. The
integrated window is marked with the purple dashed block. The dashed lines in (b) and (c) denote the EDCs of CeColns taken at 17 K.
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clear band dependence. The EDCs for the y band show more
obvious change in Fig. 5(b), comparing with that for the o
band in Fig. 5(d), suggesting that the most two dimensional
o band shows the weakest hybridization, while the most
three dimensional y band shows the strongest hybridization
in CeCo(Ingg5Cdg.15)s5. In CeColns, there are two In sites:
In(1) and In(2). The former is in the same plane as the Ce
atoms and the latter is out of plane. Previous EXAFS study on
Cd substitution in CeT'Ins (T = Co, Rh, Ir) by Booth et al.
observed the strong preference for Cd substitution to occupy
the In(1) site than the out-of-plane In(2) site [19]. Since the
local environment around the In(1) site has a shorter nearest-
neighbor distance than the In(2) site, it is not surprising that a
given substituent onto the In sites would prefer the In(1) site.
This site-dependent effect may also cause the corresponding
band-dependent hybridization effect, which still needs further
theoretical considerations in the future.

In the family of Cell5 compounds, the cleaving process
may result in the exposure of multiple surface terminations
with different chemical compositions. Previous STM results
on many cleaved samples of CeColns revealed three different
surfaces, two of which are atomically ordered, and the third
surface is reconstructed [9]. This makes it difficult to get a
monotermination within the beam spot size for our ARPES
measurements, so the effect of sample surface quality may
also be a possible reason for the observed reduction in f-
spectral weight for the Cd-doped samples. It is difficult to
evaluate the effect of sample surface quality very accurately.
However, from Figs. 5(b) and 5(d), we found that suppression
of the f spectral weight by Cd doping is much greater for the
y band than for the o band, which offers us a plausible way
to correct the extrinsic effects due to different sample surface
quality. If we assume that suppression of the f-spectral weight
for the o band by Cd doping is entirely due to the extrinsic
surface quality effects, this can be used as a background for
the y band to correct the extrinsic effect. In Fig. S1 of the Sup-
plemental Material [30], we have plotted the f spectral weight
for the y band in both CeColns and CeCo(InggsCdy.15)s
after subtracting the background of the o band. After this
attempt to correct for the extrinsic effects, there is still an
intrinsic reduction of f-spectral weight suppression for the y
band by Cd doping in Fig. S1(f), which further demonstrates
the suppression of hybridization by Cd doping in CeColns.
The suppression of f-spectral weight for different bands by
Cd doping also indicates the existence of orbital-selective
f-spectral weight in this compound.

In this work, we observed suppression of the hybridization
between the f electrons and conduction electrons by Cd
doping in CeColns. Still, some f spectral weight can be found
near the Fermi level, indicating the existence of an itinerant
component of the f electrons in CeCo(Ing gsCdy 5)s. In our
previous study of CeColns, we found that the Fermi volume
increase is much smaller than DMFT predictions [32] and
the f electrons become only partially itinerant [25]. From the
comparison of the ARPES data between CeCo(Ing gsCdy.15)s
and CeColns, fewer f electrons take part in the formation
of the Fermi surface by Cd doping. These results suggest
that only a fraction of the f electrons in CeCo(Ing gsCdy. 15)s
participates in the construction of the Fermi surface, and the
f electrons show dual character. The local spin of the f

electrons is only partially screened by the surrounding con-
duction electrons, which enables the appearance of the long-
range order driven by the unscreened part of the spin. The
magnetism is driven by the RKKY interactions between not
yet fully hybridized local f spins, while part of the Ce 4 f elec-
trons remains well hybridized with the conduction electrons
as can be evident from the obvious f spectral weight near
the Fermi level in CeCo(Ingg5Cdg.15)s. These results agree
with the dHVA measurements, which also support no abrupt
change of the Fermi surface from large to small accompanies
the change in the ground state from the superconducting state
to the antiferromagnetic state [22]. Also density functional
theory (DFT) found that the Cd p states possess a smaller
bandwidth and are shifted up in energy relative to the In
states they replaced, supporting the decreased hybridization
observed by Cd doping [21]. This can also explain why the
effect of Cd doping can be reversed by applying pressure,
considering that the application of pressure tends to increase
the hybridization between the f electrons and conduction
electrons.

Previous dHvA measurements found no evidence for the
enhancement of the effective mass in Cd-doped samples, and
they suggest that the added holes by Cd doping in CeColns
are mainly distributed over the remaining pieces of the Fermi
surface, which they did not observe [22]. This can be evident
by our results. From our ARPES measurements, we find
weaker f spectral weight for the o band and weaker difference
between pure CeColns and the Cd-doped samples for the
a band’s f spectral weight. Due to the low frequency of
the y band, changes of the shape and size of the y pocket
cannot be provided by dHvA measurements, and they are
primarily for the o and B sheets only, which show weaker
hybridization. This band-dependent behavior is also consis-
tent with the anisotropic hybridization by x-ray absorption
spectroscopy [33], and makes it possible for doping dependent
renormalization effects to be band dependent.

Our results demonstrate that the changes of the ground
states that occur in CeColns with doping or pressure are
more likely associated with the Kondo effect and the extent
of the hybridization between the f electrons and conduction
electrons. The f electrons in CeCo(Ing g5Cdy.15)5 have a char-
acter between local moments and itinerant electrons. This
is reasonable, considering the hybridization between the f
bands and conduction bands is band dependent and happens in
different parts of the momentum space. The Kondo interaction
can coexist with the magnetic order by separating themselves
in momentum space with different bands. This coexistence
of the magnetic order with the heavy quasiparticles can
also be found in Ce-based heavy-fermion compounds CeSb,
CeRhlns [29,34] and U-based compounds USb, [35] as well.

The magnetic order found in Cd-doped CeColns is com-
mensurate [17], which contrasts with the incommensurate
magnetic structure found in the related antiferromagnet
CeRhlIns [18]. Previous nuclear magnetic resonance results
observed satellite peaks in Cd-doped CeColns, which re-
veals a real space inhomogeneity [36,37]. Cd doping was
shown to only locally suppress the hybridization, while most
of the sample still recognizes an electronic structure that
is representative of a “large” Fermi surface found in pure
CeColns. Eventually, the few local magnetic droplets around
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the Cd sites drag the near quantum critical system into an
antiferromagnetic state. Because the various bands in momen-
tum space have different atomic character, it seems reasonable
to expect that this local suppression of hybridization would
generate the band dependent hybridization behavior we ob-
served by ARPES and might be the origin of the different
behavior between CeRhlIns and Cd-doped CeColns.

IV. CONCLUSION

In summary, we present an electronic structure study of
CeCo(Ing gsCdg.15)s with an antiferromagnetic ground state.
The conduction bands are almost identical with that of
CeColns;, while obvious difference can be found in the
low-energy electronic structure. As can be deduced from
the reduction of the f spectral weight near the Fermi
level, the strength of hybridization in CeColns has been
greatly suppressed by Cd doping; still the Fermi surface of
CeCo(Ing gsCdy.15)s includes a significant contribution from

the Ce f electrons, indicating the dual character of the f
electrons. Our results demonstrate that the changes of the
ground state are most likely associated with the Kondo
effect and the extent of the hybridization between the f
electrons and conduction electrons. The Fermi surface in
CeCo(Ing gsCdy.15)s is large, in contrast to the small Fermi
surface found in CeRhlns, suggesting a separate mechanism
for the antiferromagnetism.
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