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The local structure and 4 f orbital occupancy have been investigated in Cei_,Yb,;Colns via Yb
Liir-edge extended x-ray absorption fine structure (EXAFS), Ce and Yb Liir-edge x-ray absorption
near-edge structure (XANES), and angle-resolved photoemission spectroscopy (ARPES) measure-
ments. Yb(IIT) (4f'?) is the hole analog of Ce(ITT) (4f'). Yb is found to be strongly intermediate-
valent in Cej—,Yb;Colns throughout the entire doping range, including pure YbColns, with an
f-hole occupancy for Yb of ny ~ 0.3 (i.e. Yb?3"), independent of Yb concentration and inde-
pendent of temperature down to 7' = 20 K. In contrast, the f-electron orbital occupancy for Ce
remains close to 1 for all Yb concentrations, suggesting that there is no mutual influence on ny
between neighboring Ce and Yb sites. Likewise, ARPES measurements at 12 K have found that
the electronic structure along I' — X is not sensitive to the Yb substitution, suggesting that the
Kondo hybridization of Ce f electrons with the conduction band is not affected by the presence
of Yb impurities in the lattice. The emerging picture is that in Cei—5Yb,Colns there are two
networks, interlaced but independent, that couple to the conduction band: one network of Ce ions
in the heavy-fermion limit, one network of Yb ions in the strongly intermediate-valent limit. The
robustness of the local and electronic structure to doping suggests the absence of charge transfer
between the Ce and Yb ions, and may explain the relative robustness of superconductivity for this
Ce-site substitution as compared to the In-site substitution.

PACS numbers: 72.15.Qm, 61.05.cj, 71.23.-k, 71.27.4a



I. INTRODUCTION

Local moment formation is ubiquitous in bulk metals and semiconductors doped with impurities containing d or
f electrons, as well as in quantum dots. An impurity electron in a metallic host either remains localized and has a
non-zero magnetic moment or becomes part of the conduction band, depending on the magnitude of the Coulomb
repulsion and how far the impurity energy lies from the Fermi level 2 Although the underlying physics of local moment
formation is well understood, the collective behavior of a lattice of local moments is less so. In the case of a lattice
of f electrons, two extreme limits are known, reflecting the two solutions of the individual impurity problem: one in
which the unpaired f electron at each lattice site develops a local moment and one in which all the f electrons are
delocalized. The behavior of the large number of heavy-fermion? and intermediate-valent compounds? found among
the Ce- and Yb-based intermetallics can be described as variations between these limits. In the heavy-fermion limit,
the charge fluctuations are suppressed due to the large Coulomb repulsion, with the valence of Ce or Yb being close
to 3+, and spin fluctuations prevail. Ce(III) has a single electron in its f shell and Yb(IIT) has 13 f electrons, only
missing one to complete the f shell. For this reason, Yb is generally considered to be the hole analog of Ce. The
partial or complete screening of the lattice of local moments through the Kondo interaction between f electrons and
the conduction band gives rise to extremely large electronic effective masses, with or without magnetic order. Neither
a single unpaired electron or f hole is the most stable configuration for the f shell, and provided that the f-level
energy is close to the Fermi energy, the valence will change into Ce(IV) or Yb(II) configurations, with an empty or
closed f shell. This situation is partially realized in the intermediate-valent limit, where the lattice of f electrons
hybridizes with electrons on the Fermi surface, resulting in a non-integer charge on Ce and Yb ions as well as in an
electronic mass close to the band mass.

Provided one could tune in a controlled way from the heavy-fermion to the intermediate-valent limit, the suppression
of the heavy fermion ground state is likely to shed light on the mechanism for heavy quasi-particle formation. Doping
provides one promising route towards such a crossover. For instance, substituting Ag for Cu in YbInCuy or In for
Sn in CeSns leads to a crossover from the intermediate-valent into the heavy-fermion regime.# ¢ In these cases, the
substitution onto a site other than the rare-earth site drives the valence of the rare-earth toward 3+. Substitutions
onto the rare-earth site have also been made, but usually with a non-magnetic analogue in order to study the cross-over
between Anderson lattice and single-impurity model behavior, such as in Yb;_,Lu,Alz,” or to introduce scattering
into superconducting planes, as in Ce;_;La,Colns. &2

The focus of this article is to explore how the electronic, magnetic, and structural behavior changes when substituting
onto the rare-earth site, not with a non-magnetic ion, but rather with a different rare-earth. To this end, we report a
controlled substitution of Yb into the unconventional d-wavel? heavy-fermion superconductor (7, = 2.3 K) CeColnz.14
One previous investigation of doping rare-earths,including Yb, onto the Ce site in CeColns studied the effect of altering
local moment interactions on changes in 7, and non-Fermi-liquid behavior.22 In that and our previous work!2, Yb was
assumed to be divalent, and would thus be in a non-magnetic f'4 configuration. Here we consider the possibility that
Yb has a trivalent component to its configuration, since such a configuration would be nominally isoelectronic, and
yet, for the reasons explained above, substituting Yb(IIT) for Ce(III) is expected to be equivalent to hole doping of the
Ce Kondo lattice. In this way, Yb substitution into CeColns is a route to study the heavy-fermion/intermediate-valent
crossover behavior.

The CeColns system is a good choice for substitution studies, since the stoichiometry is stable and sizeable and
clean single crystals can be grown. Earlier investigations of La substitution for Ce have revealed that the coherence
of the Kondo lattice is achieved through intersite coupling.® The importance of the Ruderman-Kittel-Kasuya- Yosida
(RKKY) coupling for the Kondo-lattice coherence scale has been recently demonstrated in a variety of heavy fermion
compounds.d? A variety of rare-earth substitutions for Ce have been attempted since, revealing that the suppression of
superconductivity involves an electronic inhomogeneous state, consistent with a percolation picture.t> Here we show
the Yb substitution leads to a concomitant suppression of both the T, and the effective mass, as measured by the
Sommerfeld electronic specific heat coefficient ~q.

CeColns has also attracted a lot of attention due to the possibility of tuning the ground state reversibly from
superconducting to antiferromagnetic (AF) via Cd and Hg substitution for In.2¢ Such quantum phase transitions
are the subject of intensive investigations, both theoretically and experimentally.t? Local structure investigations
have found that Sn, Cd, and Hg substitute preferentially for In within the Ce-In plane 812 helping to explain their
strong pair-breaking effect on superconductivity.182? However, it is less clear how such small concentrations are
able to tune the ground state into an antiferromagnet. In-NQR measurements of Cd-doped CeColns showed that
antiferromagnetism nucleates around Cd impurities and that the two ground states coexist microscopically.2! On the
other hand, a de Haas van Alphen (dHvA) investigation of the Fermi surface evolution with Cd substitution recently
showed that the f electrons remain part of the Fermi surface in the high field paramagnetic state for a doping range
where a transition from superconducting to antiferromagnetic takes place at H = 0. This lead to the suggestion that

antiferromagnetism is intermediate between local and itinerant in this system.3



The electronic structure of CeColns has also been subject to intensive scrutiny. So far, ARPES results have shown
that even at T = 20 K, which is well below the coherence temperature (Tcon = 40 K) where heavy quasiparticles
form, f electrons appear to be localized, in the sense that they are not part of the Fermi surface.22:23 In contrast, the
dHvA results at much lower temperatures are quite consistent with band structure calculations involving itinerant f
electrons: the extremal orbit sizes are systematically larger than in the non-magnetic La-analog.2422 Determining how
the f electrons become part of the Fermi surface upon cooling will dramatically enhance the state of our knowledge
on Kondo lattice physics.

The main conclusion presented below and supported by magnetic susceptibility, specific heat, extended x-ray
absorption fine-structure (EXAFS), x-ray absorption near-edge structure (XANES), and ARPES measurements, is
that CeColns can be tuned from the heavy-fermion to the intermediate-valent regime with Yb substitution, without
any change in the valence of either the Ce or Yb ions. This conclusion is demonstrated first by presenting the
experimental methods in Sec. [[Iland results in Sec. [[IIl The implications of these results are discussed in Sec. [V] and
in particular, the local electronic-structure dependence on the Yb concentration is considered in light of the Ce/Yb
interactions and the relative robustness of superconductivity compared with Sn, Cd, Hg, or even La substitutions.

II. EXPERIMENTAL METHODS

Single crystals of Ce;_,Yb,Colns have been grown from excess In flux, as described elsewhere.2® In particular,
micrograph measurements indicate that the actual Yb concentrations deviate from the nominal concentrations for
x > 0.6, and possibly as low as = ~ 0.4.2¢ All z concentrations reported forthwith are nominal concentrations.

Powder diffraction data were collected in a standard © — 20 x-ray diffractometer using a Cu target at room tem-
perature. Si standard was used as a reference in the x-ray pattern (Rietveld) refinements. Specific heat measurements
were carried out down to T ~ 0.4 K in a He® Physical Property Measurement System (PPMS) , using the standard
adiabatic heat-pulse technique. Magnetic susceptibility measurements were made in a 1 kOe field (applied in the
ab-plane) in a vibrating sample SQUID magnetometer down to 7' ~ 1.8 K.

X-ray absorption measurements were performed on samples with nominal Yb concentrations of x = 0.2, 0.4, 0.8,
and 1.0 on beamline 11-2 at the Stanford Synchrotron Radiation Lightsource (SSRL) at both the Ce and Yb Ly~
edge. All data were collected in fluorescence mode using a multi-element Ge detector. In addition to using the Ge
detector to measure only L, fluorescent x-rays, the double Si(220) monochromator was detuned by 50% to reduce
contributions from higher harmonic energies. Samples were prepared for these experiments by grinding them with a
mortar and pestle, passing the material through a 30 um sieve, and then brushing the resulting powder onto adhesive
tape. Twenty strips of the tape were stacked to obtain a satisfactory fluorescence signal. Dead-time corrections were
applied.

EXAFS data were collected at the Yb Ly; edge. These data were extracted from the absorption data, u(E), as a
function of the incident photon energy, E, using standard procedures.2” In particular, a 7-knot cubic spline was fit
through the pre-edge subtracted data, jipre to determine the embedded-atom background absorption, j1o. The EXAFS
oscillations were then obtained from x(k) = p(k)/po(k) — 1, where the photoelectron wave vector magnitude, k, is
obtained from h%k2 /2m. = E — Ey, and the photoelectron threshold energy, Fy, is arbitrarily determined from the
energy at the half-height of the absorption edge and is then allowed to vary in the fitting procedure. Self-absorption
corrections were applied.2® The data were fit in r-space with backscattering phases and amplitudes calculated using
the FEFF72? code. Single-scattering paths up to the Yb-Yb path at 4.53 A were included individually, while multiple
scattering paths were fit as a unit. A single scale factor, S3, was used for all scattering paths in each sample in these
fits, as was a single threshold energy shift, AFEy. The number of neighbors was held fixed to the nominal structure.
In particular, the number of Yb-Ce pairs at the lattice constant distance (~ 4.53 A), was fixed to 4(1 — z), and both
the pair distance, R, and the mean-squared pair distance displacement, o2, were held fixed to the Yb-Yb values.
Reported errors were determined using a Monte Carlo method.2 Systematic errors are typically larger, less than 0.01
Ain R and 10% in o2 for R < 3 A, and about 0.02 A and 20% for R > 3 A, respectively.2

XANES data were fit using pseudo-Voigt peaks to model the absorption resonances for each valence state, eg. the
Ce(ITI) and and Ce(IV) features, together with an integrated pseudo-Voigt (essentially an arctan function) at the
same energy. Another pseudo-Voigt is included to account for any EXAFS oscillations that occur in the fitting range.
The f-electron occupancy for Ce (or the f-hole occupancy for Yb) is obtained by taking the weighted area of the
resonances, ny = A /(ACID 1 ACUV) (or pp = AYPUD /(AYBAD 1 AYPAIDY for Yh). The effective valence is
then v = 3+ ny for Ce (or v =2 + ny for Yb).

Angle-resolved photoemission (ARPES) measurements were performed at the Synchrotron Radiation Center in
Stoughton, Wisconsin, using the Plane Grating Monochromator beamline and a Scienta 4000 spectrometer. Samples
were oriented by Laue diffraction prior to measurement, and data for all samples were collected along the I' — X
direction in the Brillouin zone. Samples were cooled down to 12 K in a vacuum of 5 x 10~ Torr and then cleaved for



TABLE I. Fit results from Yb Lrr-edge EXAFS data at 50 K in Ce;—,Yb;Colns. Fit range is between 1.5 and 5.0 A.The k'-
weighted data are transformed between 2.5-15.0 A™! and are Gaussian narrowed by 0.3 A.~! Multiple scattering contributions
(not shown) are included. Fit parameters with no reported error are constrained as shown. Reported errors are determined
using a Monte Carlo technique2? XRD pair distances, Rxrp, for YbColnsare reported for comparison, although note that
these are room temperature measurements.

z=1.0 z = 0.8 z = 0.6 rz=04 z = 0.2
RxrD N UQ(AQ) R(A) 02(A2) R(A) UQ(AQ) R(A) 02(A2) R(A) 02(A2) R(A)
Yb-In(1) 3.2053 4 0.0017(1) 3.194(1) 0.0018(2) 3.201(2) 0.0018(2) 3.198(1) 0.0019(3) 3.205(2) 0.0019(2) 3.212(2)
8
2

Yb-In(2) 3.2066 0.0017  3.195  0.0018 3202  0.0018  3.199  0.0019  3.206  0.0019  3.214
Yb-Co  3.7065 0.0000(1) 3.707(9) 0.0000(1) 3.72(1) 0.0000(1) 3.714(8) 0.0000(1) 3.72(1) 0.0000(1) 3.74(1)
Yb-Yb 45330 4z 0.002(1) 4.54(1) 0.002(1) 4.56(1) 0.003(1) 4.55(1) 0.004(2) 4.56(2) 0.002(1) 4.59(1)

Yb-Ce - 4(1—=z) 0002 454 0002 456 0003 455  0.004 456  0.002  4.59
AE, -3.9( 3) -4.2( 3) -3.9( 3) -4.5( 4) -4.0( 4)

52 0.76(4) 0.63(3) 0.71(3) 0.61(4) 0.66(4)

R(%) 9.73 11.45 9.81 14.73 12.67

measurement. Overall energy and momentum resolutions were 20 meV and 0.1 A=, respectively. The photon energy
for the CeColns sample was 123 eV, and for both samples with Yb, 100 eV photons were used. Choice of photon
energy was dictated by previous experiences with a clear f14 signal at 100eV for Yb systems and the 4d-4f resonance
giving a strong 4f signal at 123 eV in Ce systems.

III. RESULTS

Rietveld refinements of the powder x-ray diffraction (XRD) data indicate the lattice constants for the pure YbColng
are a = 4.533(3) A and ¢ = 7.413(8) A, using a Si standard. The z-position fraction for the In(2) site was fixed at
0.3060, as previously measured.2! The Yb near-neighbor pair distances for this room temperature measurement are
reported in Table [l

The magnetic susceptibility and specific heat data from YbColns are shown in Fig. [land Fig. Bl The x(T") values
are quite small, and have been previously interpreted as indicative of a Yb(II), f'* state. Note that the reported x(7T')
includes contributions from the unfilled Co d and In p shells, as well as the core diamagnetism. The estimated linear
Sommerfeld coefficient of the specific heat, yo= 11.6 mJ mol~! K~2, is small, typical of a weakly-correlated electron
system. The estimated Debye temperature infered from the T? coefficient to the low-temperature specific heat data
is Op = 216(1) K.

The evolution of the critical temperature T, and of the electronic specific heat coefficient ~y in Ce;_, Yb,Colns is
shown as a function of the Yb concentration in Fig. Bl T, is defined as the midpoint of the specific heat jump at zero
field and 7y is obtained from 7" = 0 linear extrapolation of the specific heat data, % vs. T, above the upper critical
field at H =5 T. It is very important to note that, with the exception of YbColns, these data are per mol-Ce. The
YbColns data are per mol-Yb. Both quantities are systematically suppressed with Yb doping. The suppression of T,
with doping is much slower than with In-site substitutions, as discussed below. The suppression of 7y confirms that
the Ce Kondo lattice is diluted upon Yb substitution.

The local structure properties of Ce;_, Yb,Colns were investigated using EXAFS. Fit results for x = 0.2,0.4,0.6,0.8
and 1 are given in Table[ll EXAFS data and fit quality are reasonable for all measured samples (Fig. [). The measured
bond lengths are in excellent agreement with the diffraction results, although it should be noted that the EXAFS
data were collected at 50 K. The measured mean-squared displacements of the bond lengths, o2, are also consistently
small for all atom pairs and all z. The main result from this data is that there are no obvious trends associated with
x, except in the overall scale factors, Sz. These are close to that found3? for fits to YbAl3 data, namely, SZ = 0.7,22
with the highest value occurring for the YbColns data (0.76). However, the other samples give lower values, especially
for z =0.8 and 0.4. We interpret these low values of S3 as indicative of a 5-15% amorphous or disordered-substitution
Yb-based impurity for  # 1. The only unusual measurements are the extremely small values of o2 for the Yb-Co
pairs. This peak in the EXAFS spectrum is the smallest of all the fitted peaks, since there are only 2 Yb-Co paths
per Yb and Co is the weakest backscatterer in the compound. We are therefore inclined to ascribe this small value
to systematic errors in the FEFF7 backscattering functions coupled with imperfect multiple scattering calculations,
rather than to some actual physical property of the compounds.

Unfortunately, these data cannot be used to determine how well Yb is mixed into the CeColns matrix, or the actual
doping level: If the constraint on the number of Yb-Ce neighbors is released, the estimated relative error on N is
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FIG. 1. (Color online) Magnetic susceptibility, x(T"), data for YbColns in 1 kOe, together with fit to x(7') = C; /(T —Ocw)+Xo-

-
0.06 - P
//
0.05 1 P
/
= 0.04 //-r
o
.
£ /
N! /./
< 0.03 - //
g "
o 002 -uy.,l/-
= YbColn,
0.01 5
—— CIT=0.0116(3) + 0.00135(2) T°
000 T T T T T T T
0 5 10 15 20 25 30 35
T (K%

FIG. 2. (Color online) Specific heat, C(T'), data for YbColns plotted as C/T" vs. T2, at zero field, together with a linear fit.
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FIG. 3. (Color online) Superconducting transition temperature, Te, as a function of Yb concentration, x, in Ce1—;Yb,Colns.
Also shown is the Sommerfeld coefficient, ~yo, determined from the 7T'=0 linear extrapolation of C'/T at H = 5 T (above the
upper critical field). Note that, with the exception of YbColns, these data are per mol-Ce. The YbColns data are per mol-Yb.
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FIG. 4. (Color online) EXAFS data in both (a) k-space and (b) r-space for the Yb L1 edge on YbColns as an example of
data and fit quality. Error bars are based on reproducibility from multiple scans. The Fourier transform (FT) data are shown
with both the real part and the modulus of the complex transform. Note that peak positions are shifted from the actual bond
lengths depending on the known properties of the backscattering functions.

about 100%.

The structural data indicate the Yb sublattice is well ordered, although some impurity phase exists for x % 1. The
R(%) values are not indicative of a high-quality fit; a high-quality EXAFS fit should be near 5%. However, as seen
in Fig. @ there is no obvious misfit amplitude. Therefore, together with with the low measured values of o2, we
conclude that the impurity phase is amorphous or highly disordered.

The valence of Ce and Yb in Ce;_,Yb,Colns was determined using XANES. The Ce Lij-edge XANES data
shown in Fig. [ are typical of a nearly trivalent-cerium intermetallic, and are consistent with previously measured
Ce 115 samples.2® The Yb Lij-edge data (Figs. and [7), on the other hand, show a distinctly double-bumped
feature indicative of a strongly intermediate-valence compound. The first feature is just below 8938 eV and is due
to the Yb(II) component, and the second feature is about 8 eV higher and is due to the Yb(III) component of the
Yb wavefunction. The fit results for ny from both the Ce and Yb data are displayed in Fig. [ representing the
main conclusions of this paper. There is no observed temperature dependence (see also Fig. [@), although there is a
small dependence on z (see also Fig. [a)). The = dependence on the f-orbital occupancy tracks the changes in S2,
indicating that the amorphous disordered Yb-based impurity for x # 1 is trivalent, and is therefore not elemental
Yb, which is divalent. The main result of these experiments is that the valence of both Ce and Yb change little with
increasing Yb concentration and/or with decreasing temperature.

We have also investigated the electronic structure in CeColns, Ceg.91 Ybg.09Colns and YbColns using ARPES. The
primary task of the ARPES experiments was to look for systematic shifts within the investigated (Ce-Yb)Colnjy series,
in analogy to previous ARPES experiments in CeColns-Celrlns-CeRhIns. The latter shows a systematic shift of the
whole band structure in connection with a ground-state transformation.3* A small (1%) admixture of Cd on the In
sites in CeColns causes the electronic structure to shift down, away from the Fermi level by approximately 70 meV,
while tuning the system from superconductor to antiferromagnetic. Consistently, substitution of Rh for Co, which
also transforms the superconductor into an antiferromagnet, makes the f electrons more localized and results in a shift
of the electronic structure by a few hundred meV. In contrast, in Ce;_,Yb,Colns no such shift has been detected
and the electron-like d-band is found not to be sensitive to the Yb content, as seen in Fig. [0l This result is consistent
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8938 eV, followed by a Yb(III) feature at about 8945 eV, indicating this material is strongly intermediate valent.

with the fact that no antiferromagnetism is induced via Yb doping.

The electronic structure near the Fermi level for all three samples is comprised of two components, as shown in
Figs. One component consists of the underlying dispersive structure associated with the conduction band. This
component may be clearly seen in Fig. [@ where the dispersive d-electron feature is marked by a red parabola, obtained
from fitting. This dispersive band is hybridized with the second component, which consists of the much flatter bands
corresponding to either Ce f! spin-orbit split pair or Yb f!* states, respectively. The Yb f'# part provides the sharp
f™ Yb peaks, seen in Figs. and Il In pure CeColns the f' part is split by 275 meV, typical of a spin-orbit
interaction, and the more localized f° part of the spectral intensity resides around 2.5 eV below the Fermi level,
which also is typical for most Ce systems. The wider, angle-integrated scan shown in Fig. shows the position, as a
function of binding energy, of all the f-features of interest. The bottom of the dispersive d-band is marked as “EB”.
Local electronic structure at the momentum value k£ = 0.9 corresponding to the bottom of the EB band is also shown
in Fig. [l

The fitting of a parabolic dispersion to the EB band was performed in order to find the differences or systematics in
the electronic structure arrangement between the three samples, including the size of the electron pocket and effective
mass. The effective mass extracted from this band for each compound, together with k¢ values, are shown in Table II.
The differences are minute (less than 20 meV, which is the instrumental resolution) and not systematic, which means
the shifts are statistically not significant. We conclude that, contrary to the CeColns-Celrlns-CeRhlns family, the
basic d-electron structure within the Ce;_, Yb,Colns series is not significantly changed with Ce-Yb substitution. Also,
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TABLE II. Effective masses extracted from dispersions of the electron-like bands shown in Fig.

CeColns m*=3.67+/-0.21 ky=1.28 w/a
Ceo.91 Ybo.09Colns m*=4.15+/-0.32 k=131 7/a
YbColns m*=3.484/-0.13 ky=1.26 7/a

the Ce f! spin-orbit split pair is not shifted between CeColns and Ceg g1 Ybg.goColns, respectively, as emphasized by
vertical arrows in Fig.

However, the Yb-related f-electron structure is slightly modified, as indicated in Fig. which shows a 50 meV
shift of the Yb f14 structure towards higher binding energy between YbColns and Ceg.g; Ybg.g9Colns, respectively.
Such shifts have been observed in strongly intermediate-valent materials. A comparison to YbCusSis, which has
ny = 0.63,22 is also shown in Fig. [0 to indicate the 300 meV shift in Yb f!* structure between YbCusSis and
Ceo.91Ybg.09Colns, which has ny ~ 0.3 from the XANES results above. The 300 meV shift therefore coincides
with the difference in ny between the two compounds of Any = 0.33. A quick comparison of a few available Yb
photoemission results with measured values of ny shows that there might indeed be a correlation between the f!4
binding energy and valence. However, we note that proper testing of this correlation and understanding the physics
behind it requires a more systematic study, subject of future investigations. In the case presented here, if we simply
apply the above scale of f1* binding energy vs. ny, the 50 meV shift between f* in YbColn; and Ceg.91Ybg.g9Colns
would correspond to Any = 0.055. This small difference is consistent with the magnitude of the changes in ny
observed by XANES in Fig. [Blacross the series, which are likely due to small differences in a trivalent impurity.
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FIG. 8. (Color online) Fit results for ny as a function of (a) temperature and (b) z, for both Ce and Yb orbitals. Note that
ny refers to the f-electron orbital occupancy for Ce, and the f-hole orbital occupancy for Yb. The rare-earth valence is then
v =mny + 3 for Ce and v =ny + 2 for Yb.

IV. DISCUSSION

Our main results can be summarized as follows: Yb is an intermediate-valent impurity in the CeColns lattice
throughout the entire doping range and the valence of both the Ce and Yb ions are stable with respect to temperature
and doping. In agreement with the lack of change in the local structure, ARPES results indicate that the dispersive
electron-like band is not affected by the Yb substitution. The main effect of Yb substitution is to slowly depress both
T, and ~p.

The measured intermediate valence of YbColns from the Yb Lij-edge XANES is somewhat unexpected given the
extremely small value of the Sommerfeld coefficient. Likewise, the magnetic susceptibility of YbColns is close to
zero and constant at xo =~ 4 x 1077 emu/mol, after accounting for a small magnetic impurity corresponding to the
low temperature Curie tail. However, the degree of intermediate valence is very high, with the lowest ny of any
non-divalent Yb intermetallic to our knowledge. For example, YbMgCuy has ny = 0.69,2¢ and the low temperature
state of YbInCuy has ny = 0.83.27 As an order of magnitude estimate of the Kondo temperature, Tk, we note that:38

Ang
Tk = ur/wl_iAfnf, (1)
where v is the magnetic degeneracy, I is the total hybridization strength, and Any is the change in ny at 7' = 0 K from
the high-7" limit, which we will assume is given by limz_oc ns(T) = 1. Assuming vT'/7 =~ 85 K, as in YbAgCuy2°
we find Tk is in excess of 6000 K in YbColns. Since v x xo x 1/Tk, again based on YbAgCuy results, we expect
v ~ 6 mJ mol™* K=2 and yo =~ 5.3 x 10~% emu/mol , which are consistent with the measured results given this
rough estimate (o = 11.6 mJ mol~* K2 and xo = 3.2 x 107 emu/mol) and given the possible magnitude of the
non-f contributions to the susceptibility. For instance, xo in LuAgCuy is —1.5 x 10~% emu/mol. All these data are
therefore consistent with YbColns being far into the intermediate-valent regime, with all the available data collected
at T << Tk

Lack of Fermi surface sensitivity to Yb doping is unexpected, but is in agreement with the lack of change in ny



10

Binding energy [eV]

FIG. 9. (Color online) ARPES results along ks, direction: comparison of the near-Fermi level electronic structure of CeColns,
Ceo.91 Ybo.09Colns and YbColns. For each sample, the parabolic dispersion is fitted to the characteristic electron-like feature
in the conduction band (fit shown in red).
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FIG. 10. (Color online) Angle-integrated electronic structure of CeColns, Cep.91 Ybo.09Colns and YbColns. The spectra for
YbCusSis is also shown for comparison. ”EB” stands for the bottom of the electron-like band marked in red in Fig.
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FIG. 11. (Color online) Electronic structure of CeColns, Cep.91Ybo.09Colns and YbColns at momentum value k,y = 0.9,
corresponding to the bottom of the electron-like band ”EB” marked in red in Fig.

as evidenced by the Yb Li-edge XANES results. In addition, the lack of change in nf is consistent with the lack
of change in the nearest-neighbor Yb bond lengths (Table [I), although a change of up to 0.02 A in the Yb-In pair
distances may be occurring across the series. These observations support the notion that the system “does not care”
if the f spectral weight is hole-like or electron-like and the symmetry arguments hold.

The main effect of Yb substitution is thus a slow depression of the superconducting transition and linear specific
heat coefficient, without any significal local structural or Ce/Yb electronic structure change. This behavior is in stark
contrast to the behavior from other Ce-In plane substitutions into CeColns, and is more similar to substitutions onto
the Co site with Ir,2? which have only a modest effect on 7. For instance, doping onto the In sites with Cd, Sn, or
Hg drives T. — 0 K after only 1.5-4% of the In is replaced, even though there is a preference for substituting into
the Ce-In planeA819 Perhaps a more germane comparison is to the La-doped CeColns system. There, 7. — 0 K
after only 17% La. Like the In-site substituents, this sharp reduction has been interpreted as due to the disorder-
induced unitary scattering that breaks up the Cooper pairs, as in the case of magnetic impurities in conventional
superconductors 12:18:40:41

In contrast to these other Ce-In substitutions, and in spite of the dramatic difference between Tk of YbColng
and the other energy scales in the problem, such as the estimated coherence temperature T, ~ 40 K, the strongly
intermediate-valent nature of Yb in the present compounds is somehow not seen as a strong perturbation to Cooper
pair formation, or even the overall electronic structure near the Fermi level. This observation therefore leads to the
conclusion that the CeColns and YbColns networks are somehow interlaced (at least below 2 &~ 0.4 where macroscopic
phase separation does not apparently occur), yet independent. In such a picture, there are at least two Ts (associated
with each network) that affect the electronic and magnetic properties, with the overall behavior being (mostly) set
from the weighted average of the two. Such an interlaced network could lead to the electronically inhomogeneous
superconducting state discussed previously.1®

Although the Ce and Yb electronic networks appear to be independent, they do have a collective effect. The similar
doping dependence of both T, and g in Ce;_,Yb,Colns suggests that the mechanism of Cooper pairing is closely
related to the mechanism leading to large effective mass, i.e. the Kondo effect. One way to rationalize this relationship
is that the intermediate-valent Yb neighbors locally change the electronic density and thus the Kondo temperature
of the Ce ions, which in turn lowers the T,.. This local electronic density change would lead to a stronger suppression
of T, than the disorder-induced pair breaking acting alone. This scenario, however, does not address the observed
difference between the pair breaking due to Ce-site vs In-site substitutions. A more complete description of these
effects will have a broader impact on our understanding of impurity effects in unconventional superconductors.

V. CONCLUSION

Yb Liir-edge XANES measurements have established that Yb is strongly intermediate valent in YbColns and across
the Ce;_, Yb,Colns series, with an f-hole occupancy of ny ~ 0.3. Such a low value of ny implies a very low magnetic
susceptibility and linear coefficient of the specific heat, as observed here and elsewhere.2! The lack of observed changes
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with increasing x in the electronic structure both with XANES and ARPES measurements are consistent with previous
work showing little change in other properties, notably the rather slow depression of the superconducting transition
temperature.2® This behavior is in contrast to that from all other substituents into the Ce-In plane in CeColns, where
an Abrikosov-Gorkov-like mechanism drives T, — 0 K rapidly with . These results therefore indicate that while Yb
substitutes into the CeColns lattice, the CeColns network appears to act independently of the regions of YbColns,
at least with regards to the f states, and that the heavy-fermion state preserves its coherence up to rather large
doping levels. This result holds both above and below the point where macroscopic phase separation occurs, x ~ 0.4.
Reductions in Tt and g with = are likely due to a change in the local electronic density of states near the Fermi level
in the vicinity of a Yb impurity, thus altering the local Kondo interactions.
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