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Crystal, local atomic, and local electronic structures of YbFe,Zn;y_,Cd, (0 < x < 1.4): A multiband
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The partial (up to 7%) substitution of Cd for Zn in the Yb-based heavy-fermion material YbFe,Zn,, is
known to induce a slight (~20%) reduction of the Sommerfeld specific-heat coefficient y and a huge (up to
two orders of magnitude) reduction of the 72 resistivity coefficient A, corresponding to a drastic and unexpected
reduction of the Kadowaki-Woods ratio A/y2. Here, Yb Ls-edge x-ray absorption spectroscopy shows that the
Yb valence state is close to 3+ for all x, whereas x-ray diffraction reveals that Cd replaces the Zn ions only
at the 16¢ site of the Fd3m cubic structure, leaving the 48f and 96g sites with full Zn occupation. Ab initio
electronic structure calculations in pure and Cd-doped materials, carried out without considering correlations,
show multiple conduction bands with only minor modifications of the band dispersions near the Fermi level and
therefore do not explain the resistivity drop introduced by Cd substitution. We propose that the site-selective
Cd substitution introduces light conduction bands with a substantial contribution of Cd(16¢) 5p levels that have
weak coupling to the Yb*" 4 f moments. These light fermions coexist with heavy fermions that originate from
other conduction bands with larger participation of Zn(96g) 4p levels that remain strongly coupled with the Yb**

local moments.

DOI: 10.1103/PhysRevB.103.155116

I. INTRODUCTION

Heavy fermion materials are prototypical strongly cor-
related electron systems, in which the hybridization be-
tween conduction electrons and localized magnetic moments
(usually 4f) leads to the formation of a coherent state at
sufficiently low temperatures that can be described as a Fermi
liquid of heavy electrons with effective masses m* of the order
of ~10%m, and beyond [1]. The nature of the 4 f hybridization
with the conduction electrons is notably difficult to predict,
and even small changes in the composition or atomic structure
may lead to large modifications on the properties of the result-
ing heavy Fermi liquid at low temperatures. In this sense, the
discovery of isostructural heavy fermion materials is partic-
ularly welcome, allowing for systematic investigations of the
coherent heavy fermion state.

Torikachvili et al. [2] reported a number of closely re-
lated Yb-based heavy fermion intermetallic compounds in
the YbT,Zn,( family (T = Fe, Co, Ru, Rh, Os, and Ir). These
materials adopt a cubic CeCr,Aly-type structure with space
group Fd3m (227), where the Yb and T atoms occupy the 8a
and 16d crystallographic sites, respectively, and the Zn atoms
occupy three distinct sites (96g, 48 f, and 16c; see Fig. 1) [3].
Each Yb atom is surrounded by a Frank-Kasper polyhedron
made of 16 Zn ions, 12 of which occupy the 96g site and four
occupy the 16¢ site (see Fig. 1). The electronic and magnetic
properties of YbT,Zn;y with T = Fe, Ru, Rh, Os, and Ir are
comparable, with the linear coefficient of the specific heat
y ranging between 520 and 740 mJ/mol K? and the low-
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temperature magnetic susceptibility xo varying between 58
and 78 x 1073 cm? /mol, whereas T = Co shows much larger
y = 7900 mJ/mol K? and x¢ = 415 x 1073 cm?/mol.

In Fermi-liquid theory, the T2 coefficient of the resistiv-
ity A scales with (m*)?, whereas y is proportional to m*.
The so-called Kadowaki-Woods (KW) ratio A/y? has been
shown to be a universal quantity that depends only on the
degeneracy of quasiparticles N for the wide range of metals
that may be classified as Fermi liquids [4,5]. For YbFe;Zny
in particular, KW ratios of 2.0 x 107 (Ref. [2]) and 4.7 x
1077 4 cm mol? K2 /mJ? (Ref. [6]) have been reported, close
to the lower limit 3.6 x 10~7 42 cm mol® K?/mJ? that corre-
sponds to the maximum possible degeneracy N = 8 for Yb**
(J = 7/2, Ref. [5]). The magnetic contribution to the specific-
heat data also supports an N = 8 degeneracy for YbFe,Zny
(Ref. [2]). Therefore, no further appreciable reduction of
the KW ratio is expected for other materials derived from
YbFe,Zn,, as long as the conventional Fermi-liquid theory
remains applicable for this system.

Recently, the effect of Cd substitution on the electronic and
magnetic properties of YbFe;Znyy_,Cd, (0 < x < 1.4) was
investigated (Ref. [6]). A moderate reduction of y = 535(5)
mJ /mol K? of the pure compound to y = 425(3) mJ/mol K?
for x = 1.4 was reported. Remarkably, a dramatic reduction
of the resistivity values in the entire investigated temperature
range 2 < T < 300 K was observed under Cd substitution,
so that the resistivity of the compound with x = 1.4 is
comparable to the non-heavy-fermion reference compound
LuFe,Zny. Surprisingly, the resistivity coefficient A shows
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FIG. 1. Left: Crystal structure of YbFe,Zny, with space group Fd3m (227) and lattice parameter a = 14.005(2) A. Right: expanded view
of the local environment of the Yb ions, with four Zn ions at the 16¢ site and 12 Zn ions at the 96g site.

a drastic reduction, from 1.30(1) u2 cm/K2 for x = 0.0, to
0.02(1) u2cm/K? for x = 1.4, leading to an unexpected re-
duction of the KW ratio to 0.15 x 10~/ 1€ cm mol? K?/mJ?
for x = 1.4. This value is ~20 times smaller than the lower
limit predicted for N = 8 (Ref. [5]). The reduction of the
KW ratio under Cd substitution far below the limits of the
conventional Fermi-liquid theory is remarkable and deserves
a detailed investigation. For instance, the possibility of Yb
valence instabilities between 2+ and 3+ presumably tuned
by Cd substitution [7], which might disturb the electronic
transport behavior, is a possibility that remains to be in-
vestigated. Also, a detailed characterization of the crystal
structure of YbFe,Zny;_,Cd, is necessary to pin down the
actual location of the Cd ions, which seems to be a prereq-
uisite to understand the intriguing electronic behavior of these
compounds.

In this work, the atomic and electronic structures of
YbFe;Zn;(_,Cd, are investigated by means of single-crystal
x-ray diffraction (XRD) and Yb L3-edge x-ray absorption
spectroscopy (XAS) experiments, complemented by band-
structure calculations. The Yb valence state determined by
XAS at the Yb L3 edge is shown to remain very close to
3+. We demonstrate through XRD that the Cd ions oc-
cupy solely the 16¢ crystallographic site. The local atomic
structures around the Yb ions, determined by extended
x-ray diffraction fine structure (EXAFS), are consistent with
the average structures solved by XRD. Ab initio electronic
structure calculations using the structural parameters obtained
in this work show several bands crossing the Fermi level and
indicate only minor changes in the density of states and band
dispersions near the Fermi level under Cd substitution. Taken
together with previously reported data [6], our results lead

us to conclude that the suppression of the KW ratio under
Cd substitution is not related to significant changes either
on the band structure, the Yb valence state, or its crystal-
field degeneracy, but rather to a modification of the exchange
coupling between part of the conduction electrons and the
Yb** moments made possible by the site-selectivity of the Cd
substitution. This leads to coexisting light and heavy electrons
in this system, where the former are responsible for the largely
reduced electric resistivity, and the latter lead to the persis-
tently large y-values [6]. This system can thus be classified
as an effectively quaternary compound, featuring a putative
two-component Fermi liquid with largely different effective
masses, for which the KW ratio is no longer a universal
quantity.

II. EXPERIMENTAL AND COMPUTATIONAL DETAILS

Single crystals of YbFe;Zny,_,Cd, (x =0.0, 1.0, 1.3,
and 1.4) were grown through the self-flux method as de-
scribed in Ref. [6]. Energy-dispersive x-ray spectroscopy
(EDS) measurements were performed in a JEOL model
JSM-6010LA scanning electron microscope with a Van-
tage EDS system. The Cd concentration for each sample
was evaluated at several crystal points (surface and inter-
nal points) with a spatial resolution of ~1 um, evidencing
homogeneous solid solutions for all compounds. Single-
crystal XRD measurements were performed on the end
members YbFe,Znyy and YbFe;Zn 36Cd; 4 using a Bruker
Kappa Apex II Duo diffractometer with Mo Ko« radia-
tion (Age = 0.71073 A). The measured hkl range is —13 <
h<19, —15<k <18, and —9 <[ <20 for YbFe,Zny
and —19 <h <20, =19 <k <18, and —11 < <8 for
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TABLE I. Wyckoff positions, atomic coordinates, site occupation f,.., and anisotropic Debye-Waller parameters B;; of YbFe,>Zn,, [space
group Fd3m (227) and lattice parameter a = 14.005(2) A], obtained with single-crystal x-ray diffraction data. R-values are Rr = 1.20% and
Rp>» = 1.70% on 213 reflections. Errors in parentheses are statistical only and represent one standard deviation.

Atom  Wyckoff X y b4 Joce B B B33 Bis B3 By
Yb 8a 0.12500 0.12500 0.12500 1.00  0.20(1) 0.20(1)  0.20(1) 0.00 0.00 0.00
Fe 164 0.50000 0.50000 0.50000 100 0.16(2) 0.16(2) 016(2) —0012) —0.012) —0.01(2)
Znl 16¢ 0.00000 0.00000 0.00000 1.00  0.65(2) 0.65(2) 0.65(2) —0.14(1) —-0.14(1) —0.14(1)
Zn2 48f 0.48904(3) 0.12500 0.12500 1.00  0.30(2) 031(1) 0.31(1) 0.00 0.00 —0.10(1)
Zn3 96g  0.05913(2) 0.05913(2) 0.32550(3) 1.00 0.51(1) 0.51(1) 0352) —0.17(1) —0.03(1) —0.03(1)

YbFe,Zn g ¢Cd; 4. The atomic positions and anisotropic
Debye-Waller factors were refined using the software GSAS-II
[8]. The images in Fig. 1 were produced with the software
VESTA [9].

XAS experiments at the Yb Lz-edge (E = 8944 eV) were
performed in transmission mode at the XAFS2 beamline
of the Brazilian Synchrotron laboratory (LNLS). The sin-
gle crystals were powdered, mixed with boron nitride (BN),
and pelletized. A thin foil of copper was used as a refer-
ence sample for energy calibration. The spectra were taken
between 8850 and 9600 eV, corresponding to a maximum
photoelectron wave number kp,, = 13.1 A-!. The data were
preprocessed using the ATHENA software [10]. The EXAFS
data were employed to analyze the local atomic structure us-
ing the ARTEMIS software [10]. No amplitude-reduction factor
was used in our analysis, i.e., S(% =1.

Ab initio electronic structure calculations were carried
out with density-functional theory using the QUANTUM
ESPRESSO package [11] under the generalized gradient
approximation, using the Perdew, Burke, and Ernzerhof
exchange-correlation potential [12] and the projector aug-
mented wave method [13-15]. The energy cutoffs for the
wave functions and charge density were 141 and 638
Ry, respectively. The density of states was obtained from
a non-self-consistent field calculation with a 4 x4 x 4
Monkhorst-Pack grid of k-points, whereas the band disper-
sions were obtained with a k-spacing of 0.02 reciprocal-lattice
units. The experimental lattice parameters and atomic po-
sitions of YbFe,Znyy and YbFe,Zn;g3cCd; 4 obtained from
our x-ray diffraction data were employed as input for our
calculations for the pure compound and YbFe,Zn;sCd,,
respectively.

III. RESULTS AND ANALYSIS
A. X-ray diffraction

Tables I and II show the refined structural parameters
for YbFe,Znyy and YbFe,;ZnigcCd; 4, respectively, using
single-crystal x-ray diffraction data at room temperature.
The partial Cd substitution retains the cubic space group
Fd3m (227) with an ~2% increment of the unit-cell vol-
ume for x = 1.4 with respect to the parent compound. In
the YbFe,;Zng¢Cd; 4 refinement, the Cd atoms are allowed
to occupy any of the three Zn sites, however in the con-
verged solution these atoms are located exclusively at the
16¢ site with occupation of 79(1)%, whereas the 48f and
96g sites remains fully occupied with Zn. Tables I and II
also show that the diagonal elements of the Debye-Waller
tensor, By, By, and Bsj, are substantially incremented for
YbFe,Zn g ¢Cd; 4 with respect to YbFe,Zny, especially for
the Yb and Fe sites. The Yb-Zn/Cd(16¢) and Yb-Zn(96g)
distances obtained from the structural parameters shown in
Tables I and IT are 3.0322(4)/3.0965(4) A for YbFe,Zn,o and
3.0546(4)/3.1368(4) A for YbFe,Zn g6Cd 4.

B. X-ray absorption spectroscopy

Figures 2(a) and 2(b) show the XANES spectra of
YbFe,Znyo and YbFe,Zn;g6Cd; 4 at room temperature. The
spectra are modeled by a combination of two pseudo-Voigt
peaks and step function. The main peak, centered at 8946 eV,
corresponds to a Yb*T 2p; 2 — 5d dipolar transition, whereas
the shoulder centered at 8952 eV has been observed in
other Yb compounds and may be attributed either to a
Yb 5d splitting due to a crystal electric field (Refs. [16—18])
or to a multiple scattering XAS feature. We note that, in

TABLE II. Same as Table I, for YbFe,Zn 56Cd; 4 [a = 14.109(2) A], with Ry = 2.06% and Rp2 = 3.28% on 229 reflections.

Atom  Wyckoff x y b4 Soce By B B3 By, B3 B3

Yb 8a 0.12500 0.12500 0.12500 1.00 0.342) 0.342) 0.34(2) 0.00 0.00 0.00

Fe 164 050000 050000 050000 100  026(3) 0263) 026(33) —0012) —0012) —0.01(2)
Znl 16¢ 0.00000 0.00000 0.00000 0.21(1) 0.60(6) 0.60(6) 0.60(6) —0.103) —-0.103) —0.10(3)
Cd1 16¢ 0.00000 0.00000 0.00000 0.79(1) 0.60(6) 0.60(6) 0.60(6) —0.103) —-0.103) —0.10(3)
Zn2 48f 0483645 0.12500 012500  1.00(1) 0.36(3) 0402) 0403)  0.00 000  —0.10(2)
Cd2 48f 0.48364(5) 0.12500 0.12500 0.00(1) 0.36(3) 0.402) 0.4003) 0.00 0.00 —0.10(2)
7Zn3 96g 0.05841(5) 0.05841(5) 0.32641(4) 1.00(1) 0.56(4) 0.56(4) 0433) -0.11(2) -0.012) -0.01(2)
Cd3 96g 0.05841(5) 0.05841(5) 0.32641(4) 0.00(1) 0.56(4) 0.56(4) 0433) -—-0.11(2) -0.012) -0.012)
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FIG. 2. Yb Lj;-edge x-ray absorption near-edge structure
(XANES) of YbFe,Zny, (a) and YbFe,Zng¢Cd;4 (b). The closed
circles represent experimental data, and the solid lines show the sum
of two pseudo-Voigt peaks and a step function, where the compo-
nents are shown in dotted lines. (c) Experimental XANES data for
all investigated samples.

TABLE III. Local Yb-Zn/Cd distances and Debye-Waller fac-
tors extracted from a first-shell fit of the EXAFS data in
YbFe,Znyy_,Cd,. The coordination numbers N were kept fixed for
each compound. Errors in parentheses are statistical only and repre-
sent one standard deviation.

YbFe,Zny N R (A) o2 x 872 (A?)
Yb-Zn(16¢) 4 3.04(2) 0.5(2)
Yb-Zn(96g) 12 3.13(2) 0.9(1)
Yth‘,zZn19Cd

Yb-Cd(16¢) 2 3.09(2) 0.3(2)
Yb-Zn(16¢) 2 3.09(2) 0.3(2)
Yb-Zn(96g) 12 3.142) 1.07(4)
YbF62ZH13.7Cd1'3

Yb-Cd(16¢) 3.11(1) 0.53(6)
Yb-Zn(16¢) 1 3.11(1) 0.53(6)
Yb-Zn(96g) 12 3.15(2) 0.97(3)
YbFeZang,GCdm

Yb-Cd(16¢) 3.08(3) 0.6(1)
Yb-Zn(16¢) 1 3.08(3) 0.6(1)
Yb-Zn(96g) 12 3.15(1) 1.07(5)

mixed-valence Yb compounds, an additional peak corre-
sponding to a Yb>* 2p3 2 —> 5d dipolar transition is observed
~5-7 eV below the main Yb>* peak (Refs. [16,19]). However,
no clear manifestation of such a Yb** contribution is seen
in YbFe;Znyy_,Cd, within our resolution, indicating a nearly
pure Yb** valence. We should mention that a small (< 15%)
concentration of Yb?t, such as that reported for YbRh;Znyg
and Yblr,Znyy (Ref. [20]), cannot be ruled out with our
present data. Figure 2(c) shows the normalized XANES spec-
tra for all investigated samples. All spectra are qualitatively
similar, with no sign of the Yb>* peak. The nonsystematic
height variations of the main peak at 8946 eV are attributed to
radiation leakage [21]. We also investigated the temperature
dependence of the Yb L3 XANES spectra for x = 0.0 and
1.4 between 10 and 300 K (not shown), and no variation that
might be attributed to the emergence of a substantial (=15%)
fraction of Yb>" ions is observed.

Figures 3(a) and 3(b) show the modulus |x(R)| and the
real part Re[x (R)] of the Yb L;-edge Fourier-transformed
EXAFS signal for YbFe,Zn,y and YbFe,;Zn ;g ¢Cd; 4, respec-
tively. A first shell fit is performed, restricting the R window
between ~2.0 and 3.5 A. Within this window, the relevant
atomic distances are Yb-Zn(16¢) and Yb-Zn(96g); see Fig. 1.
This crystallographic-based model with two distinct Yb-Zn
distances captured our first-shell data quite well. The refined
local distances and EXAFS Debye-Waller factors are dis-
played in Table III. A similar analysis has been performed
for YbFe>Znyo_Cd, with x = 1.0, 1.3, and 1.4. Since our
XRD data show that the Cd atoms occupy the Zn 16¢ site for
x = 1.4 (see above), we replaced three of the four Zn(16c¢)
YD first neighbors by Cd atoms in our EXAFS model, leav-
ing the remaining 12 Zn(96g) neighbors. We constrained the
Yb-Zn(16¢) and Yb-Cd(16c¢) distances and EXAFS Debye-
Waller factors to remain equal in order to reduce the number
of free parameters and prevent the fit from diverging. A
similar procedure was employed for x = 1.3, whereas for
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FIG. 3. Fourier-transformed EXAFS data |x (R)| (symbols) and
Re[x (R)] (blue lines) for YbFe,Zn,, (a) and YbFe;Zn56Cd, 4 (b).
The fitted spectra are given as red solid lines, considering the first
Yb coordination shell delimited by the spectral window displayed by
green lines.

x = 1.0 we replaced only two of the four Zn(16¢) Yb first
neighbors by Cd atoms, consistent with the chemical formula.
The Yb-Zn/Cd distances thus obtained (Table III) are in good
agreement with those obtained through XRD for x = 0.0 and
1.4 (see above).

C. Electronic band-structure calculations

To support the interpretation of our experimental results,
preliminary ab initio band-structure calculations were per-
formed for YbFeZn;y and for the ideal quaternary material
YbFeZn;sCd, where the 16¢ Wyckoff site is fully occu-
pied by Cd. This is expected to mimic the experimentally
synthesized material YbFeZn36Cd; 4, for which our x-ray
diffraction experiment indicates 79(1)% Cd occupation in the
16c site (see Table II). Figure 4 shows the band dispersions

and projected density of states (PDOS) for YbFeZny, and
YbFeZnsCd,. The weakly dispersed Yb 4f states can be
identified at ~0.3eV below the Fermi level, leading to a
relatively sharp maximum in the PDOS. The electrons at the
Fermi level are mostly of Fe 3d character, with additional
significant contributions from Zn3 4p states and Yb 4 f states.
In these calculations, the Cd substitution does not appear to
cause substantial changes in the band dispersion and PDOS at
the Fermi level. This is reasonable considering that Zn and Cd
belong to the same row of the Periodic Table and are therefore
chemically alike. On the other hand, slight differences are
noticed in the energy position of the occupied Yb 4f and
Fe 3d states, which are brought closer to the Fermi level under
the Cd substitution. We emphasize that our calculations do
not take into account electron correlations, and of course they
cannot capture heavy fermion physics nor provide a reliable
estimation of the Yb valence. Still, they allow us to exclude
a trivial band-structure explanation for the dramatic reduction
of the low-temperature electrical resistivity promoted by the
Cd substitution [6]. The remaining alternative is a dramatic
perturbation in the Kondo interactions for the Cd-doped sys-
tem with respect to the parent material. Although a proper
theoretical description of this scenario is beyond the scope
of the present band-structure calculations, this possibility is
thoroughly discussed below.

IV. DISCUSSION

Our XAS data indicate a formal Yb valence close to 3+ in
the YbFe,;Znyo_,Cd, system, with no variations with either x
or temperature within our sensitivity. Other Yb-based heavy
fermion materials also show formal Yb valency very close to
34, such as Yb,Ni,P; (Ref. [16]) and YbNiSi; (Ref. [19]).
Thus, the electronic state of Yb revealed by our XAS data
is compatible with the large y values obtained for all x
(Ref. [6]). Higher-resolution partial fluorescence yield XAS
[16,17,19] and resonant x-ray emission spectroscopy [17,19]
experiments are necessary to investigate the hypothetical pres-
ence of Yb?* ions in small proportions (<15%) in this system.

The crystal structure of YbFe;Zn g ¢Cd; 4, determined us-
ing our single-crystal XRD data, demonstrates that the Cd ions
occupy solely the 16c¢ site of the CeCr,Aly-type structure.
This result may be discussed in light of previous investiga-
tions on other compounds showing this structure. First of
all, for isostructural LaRu,Zn;y, the Znl1(16¢) ions exhibit
low-energy rattling modes [22], indicating that this site may
indeed have extra space to accommodate larger ions such as
Cd (Ref. [6]). This is also consistent with the larger diago-
nal elements of the Debye-Waller tensor of the Zn(16c) ions
with respect to the Zn(48 f) and Zn(96g) ions in YbFe,Znyg
(see Table I). In addition, a novel quaternary compound
CeRu,Sn;Zn ;g has been recently synthesized [23], where the
Sn atoms, also larger than Zn, occupy the 16c¢ site, consistent
with our finding for YbFe,;Zn56Cd; 4.

An interesting aspect revealed by our structural data is the
increment of the diagonal elements of the Debye-Waller factor
for all sites except 16¢ in YbFe;Zng¢Cd; 4 with respect to
YbFe,Zny (see Table II). This may be understood in terms of
a moderate degree of structural disorder induced by the partial
Cd substitution, leading to a static fluctuation of the atomic
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FIG. 4. Upper panel: calculated band dispersions of YbFe,Zny (filled circles) and YbFe,Zn;3sCd, (open circles). Lower panel: density
of states projected into Yb 4f, Yb 5d, Cd 5p, and Znl(16¢), Zn2(48f), and Zn3(96g) 4p states for YbFe,Zny, (lines+symbols) and

YbFe,ZngCd, (lines).

distances. This extra disorder is not felt in the Cd 16c¢ site itself
possibly because this is a high-symmetry site with inversion
point symmetry that generates strain on the other sites through
the partial Cd substitution.

The site-selective substitution of Cd for Zn(16¢) demon-
strated here has important consequences for the elec-
tronic properties of YbFe,Zny,_,Cd, especially in the
low-temperature resistivity behavior [6]. The remarkable low-
temperature properties of heavy fermion materials in general
are associated with the formation of a coherent state from the
hybridization of 4 f states with the conduction band, leading
to a Fermi liquid with a renormalized effective mass m* >
me [1]. To capture this physics, one normally assumes for
simplicity the existence of a single conduction band that hy-
bridizes with the localized 4 f electrons. However, in real ma-
terials this is not necessarily the case, especially for those with
complex crystal structures. In particular, YbFe,Znjy shows
several bands crossing the Fermi level [see Fig. 4(a)]. The
levels near the Fermi level have a mixed Fe 3d, Zn 4p, and
Yb 4f and 5d character [see Fig. 4(b)]. Of particular relevance
for this discussion are the Zn1(16¢) and Zn3(96g) 4p states,
since in a simple atomistic picture these orbitals overlap with
the neighboring Yb electrons, thereby connecting the local-
ized Yb 4 f states with the Fermi sea of conduction electrons.

By substituting the Cd ions for Znl while leaving the Zn3
ions untouched, relatively small changes are observed in the
band dispersions and density of states near the Fermi level
[see Figs. 4(a) and 4(b)]. This is because the Zn and Cd atoms
are chemically alike, belonging to the same group 12 of the
Periodic Table, thus the Cd 5p electrons basically “replace”
the Zn1 4p electrons in the electronic structure. On the other
hand, the radial probability distribution of the Cd 5p electrons
is substantially more extended than that of the Zn 4 p electrons,
therefore it is expected that the hybridization with the Yb 4 f
levels will be substantially altered.

Application of physical pressure in YbFe,Zn,y was shown
to reduce the coherence temperature and lead to a quantum
critical point at p. = 18.2(8) GPa, with a substantial pressure
interval (between ~4 GPa and p.) where non-Fermi-liquid
behavior is observed [24,25]. Therefore, one may conclude
that an approximation between neighboring ions in the struc-
ture, particularly between Yb and its first neighbors Znl
and Zn3, leads to a substantial variation of the exchange
integral between 4f states and the conduction electrons in
the pure compound. Correspondingly, the Cd substitution en-
larges the unit-cell volume by ~2%, and therefore it might
be considered as an analog of negative pressures [6]. The Cd
substitution indeed increases the Yb-Zn3 distance consistently
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with a negative pressure (see above), however the effect of
such a small increment is most likely overwhelmed by the
physical consequences of the much larger spatial extension
of Cd 5p states compared to Zn 4p. The latter effect possi-
bly leads to a major modification in the exchange constant
between the Yb** 41 localized electrons and those conduc-
tion electrons with strong contributions from p-like electrons
arising from the neighboring atoms at the 16¢ site. Although
it is difficult to establish a priori the impact of such mod-
ification on the Kondo physics for this complex material,
we propose that a specific, Cd 5p-rich conduction band in
YbFe;Zn;5Cd; 4 shows a largely depleted Kondo effect with
respect to the corresponding Znl 4p-rich conduction band
in YbFe,Zn,y, whereas the effect of Cd substitution on the
remaining conduction bands follows the expected trend for a
negative effective pressure with respect to the pure material.
This scenario leads to coexisting light and heavy fermions.
In a multiband system, each individual band contributes to
the total conductivity through an additive law. This situa-
tion may be pictured as a parallel circuit of resistors, with
each resistor representing one individual band. If the carri-
ers from one of the bands are much lighter than the others,
the corresponding resistivity will be much lower, and it will
thus dominate the overall charge transport. This conclusion
is valid not only for the A coefficient in p(T) ~ py + AT?
of relevance to the KW relation but also to pg, since the
effect of having light carriers in parallel with heavy fermions
may easily overcome the increment of scattering centers due
to Cd “defects” and reduce the resulting residual resistiv-
ity for the doped samples, as was indeed observed [6]. The
situation is different for the specific heat, which will still
be dominated by the heavier fermions, maintaining a high
Sommerfeld coefficient y under Cd substitution as observed
experimentally [6]. Thus, the drastic reduction of the KW
ratio observed for YbFe,;Znjy,_,Cd, can be naturally under-
stood assuming the formation of a two-component Fermi
liquid state by the site-selective Cd-substitution. In fact, for
such a fermionic fluid, the KW ratio is no longer a universal
quantity once y will be dominated by the heavier fermions
whereas A will be determined by the lighter ones. Optical con-
ductivity and angular-resolved photoemission spectroscopy
experiments may be useful probes for this proposed two-
component Fermi-fluid state in YbFe,Zn;g¢Cd; 4.

The two-component Fermi-fluid scenario proposed here to
explain the apparent violation of the generalized KW relation
in YbFe,Zny;_,Cd, in spite of the widespread acceptance
and generality of this law [4,5] deserves a closer inspection
on the specific conditions that allowed for such an excep-
tional situation to occur. First of all, we note that the parent
YbFe,Zn;y compound shows a fairly regular Frank-Kasper
polyhedron surrounding each Yb ion with similar Yb-Zn(16¢)
and Yb-Zn(96g) distances, possibly leading to a single Fermi
fluid with mixed Zn(4p), Yb(4f), and Fe(3d) character at
least in a good approximation. Despite the regular Zn poly-
hedron around Yb, the Cd substitution in YbFe,Znyy_,Cd,
takes place in the specific 16¢ site of Zn, allowing for a differ-
entiation between a Fermi fluid with mixed Zn(4p), Yb(4f),
and Fe(3d) character and another (lighter) fluid with mixed
Cd(5p), Yb(4f), and Fe(3d) character and presumably re-
duced Kondo coupling. We emphasize that the site specificity
of the Cd substitution for Zn in YbFe,Zn,_,Cd, is the essen-
tial twist that leads to the two-Fermi-fluid state, otherwise a
single Fermi fluid with mixed Zn(4p), Cd(5p), Yb(4f), and
Fe(3d) character would be formed.

V. CONCLUSIONS

In conclusion, our XAS and XRD data and ab initio
band-structure calculations severely restrict the possible sce-
narios to understand the drastic reduction of the KW ratio
in YbFe;Zn ;g ¢Cd; 4 with increasing x, leading to a proposi-
tion of a two-component Fermi-liquid state in this effectively
quaternary system.
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