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We have performed bulk-sensitive measurements of the temperature dependence of the Yb valence in the
hexagonal YbCus_,Al, (0=x=2) and cubic YbCus Kondo compounds using x-ray absorption spectroscopy
in the partial fluorescence yield and resonant x-ray emission spectroscopy. A large difference in the valence is
found between the cubic (~2.96) and hexagonal (~2.5) x=0 systems, which evidences a strong structural
dependence of the Yb electronic properties. For all studied compounds, a temperature dependence of the
valence on the order of 0.02 is measured and found consistent with the magnetic susceptibility. This crossover
from the low-temperature state having a higher mixed valence to a high-temperature local-moment behavior is
analyzed within the Anderson impurity model (AIM). A good agreement is obtained between our data and the
AIM. Evidence is brought for valence fluctuation to occur near the quantum critical point at x=1.5 and near the

antiferromagnetic phase transition at x=2.0.
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I. INTRODUCTION

Understanding the heavy-fermion state is one of the cen-
tral challenges in solid-state physics. Enhanced specific heat
and magnetic susceptibility are among the low-temperature
experimental fingerprints of the heavy-fermion ground state,
which was found in some cases to bring about non-Fermi-
liquid behavior and unconventional superconductivity.!
YbCus-based intermetallic compounds are archetypal heavy-
fermion f-electron systems. A wide range of interesting
physical phenomena can be spanned upon Cu-site substitu-
tion in the hexagonal YbMCu, systems (M =1In, Ag, Au, Cd,
Tl, etc.),>"'% such as temperature-induced valence transition
in YbInCu,, Kondo-lattice effects in YbAgCu,, and antifer-
romagnetic (AF) order in YbAuCu,. In cubic YbCus, the
low-temperature physical properties were described by a
Kondo lattice with a heavy Fermi-liquid ground state.!'-!”
This rich variety of physical properties seems to stem in
large part from the mixed-valence ground state of Yb.#

Of particular interest is the Al-substituted system,
YbCus_,Al,, the electronic and magnetic properties of which
strongly depend on the Al concentration x.!83! The Yb va-
lence increases with x over the 0.5-1.5 range while the Yb**
state is considered to be stable for x=1.5. Ensues an inter-
esting evolution of the magnetic behavior; the x=0 system is
a strongly hybridized Kondo-lattice system with Kondo tem-
perature Tx~ 1000 K, while Tk decreases rapidly to the or-
der of room temperature with increasing x up to 1.0. For x
=1, Tk is further reduced and the competition between the
Kondo and the Ruderman-Kittel-Kasuya-Yosida interactions
results in the appearance of long-range antiferromagnetic or-
der with Néel temperature 7y~ 1 K for x=1.5. From these
results and careful low-temperature transport studies, the
concentration x~ 1.5 is regarded to be that of a quantum
critical point (QCP), where the system exhibits non-Fermi-
liquid properties near incipient magnetism.>*?> We recently
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reported on the intermediate-valent character of the x=1.5
compound at room temperature and speculated that this
mixed-valent behavior is retained even at low temperature
near the QCP3! In the case where the QCP is in the mixed-
valence region, the effect of valence fluctuation can be im-
portant for the interpretation of the low-energy excitations at
the QCP.3233 Nonetheless, in the low-Tyx materials the
mixed-valent state and its possible effect on the QCP have
not been studied so far, mainly because of the small propor-
tion of mixed valence and the weak temperature dependence
of the valence. We note that the x dependence of the Yb
valence cannot be understood solely in terms of chemical
pressure effect.

The Anderson impurity model (AIM) has been widely
used to explain the physical phenomena in the region where
the Kondo effect and the magnetism compete. The AIM,
however, was reported to not account properly for the tem-
perature dependence of the 4f occupation number along the
crossover from Fermi-liquid ground state to local-moment
behavior at high temperature.**!? Instead, the Anderson lat-
tice model (ALM), or periodic Anderson model, can be used
to explain such protracted-screening (slow) crossover.

In this paper we report on the composition and tempera-
ture dependencies of the electronic structure of YbCus_,Al,,
using two complementary hard x-ray spectroscopic probes at
the Yb L, edge, partial fluorescence yield x-ray absorption
spectroscopy (PFY-XAS), and resonant x-ray emission spec-
troscopy (RXES).313-38 For the x=0 system, both hexago-
nal and cubic compounds are studied. In cubic YbCus, our
results are found consistent with a previous thermal-
expansion coefficient’ measurement, and give direct evi-
dence for valence fluctuation. The experimentally derived
valences are compared with estimations based on the AIM.
The AIM is found to reproduce satisfactorily the normal, fast
crossover of the Yb valence (v) with temperature in all the
studied systems. These results show that valence fluctuation

©2009 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.80.035120

YAMAOKA et al.

occurs even in the vicinity of the QCP for the x=1.5 com-
pound and near the AF ordered state of the x=2.0 compound.

II. EXPERIMENTS

YbCus_,Al, polycrystalline samples were prepared for x
=0, 0.6, 0.8, 1.0, 1.25, 1.5, and 2.0 by argon arc melting
from pure metals and subsequent annealing at 750 °C. The
cubic YbCus sample was prepared by arc melting and sub-
sequent annealing under high pressure.'! The melted sample
consists of deformed AuBes-type YbCu,s and hexagonal
CaCus-type YbCugs.!"!7 An arc-melted YbCus ingot was
placed in a boron-nitride cell, which was pressurized to 7
GPa and heated at 900 °C for 2 h. After that, temperature
was cooled down to room temperature, at which the pressure
was released. The magnetic susceptibility was measured with
a superconducting quantum interference device magnetome-
ter at an applied field of 1000 Oe.

PFY-XAS and RXES measurements were performed at
the Taiwan beamline BL12XU, SPring-8. The undulator
beam was monochromatized by a pair of Si(111) crystals and
focused to a size of 120(horizontal) X 80(vertical) um? at
the sample position using a toroidal mirror. A Rowland-type
spectrometer equipped with a 1 m spherically bent Si(620)
crystal was used to analyze the Yb La;(3ds;,— 2ps3,) emis-
sion line. The overall energy resolution was about 1.5 eV
around the emitted photon energy of 7400 eV. A closed-
circuit He cryostat was used for the low-temperature mea-
surements. We note that the use of PFY-XAS has an impor-
tant advantage to circumvent the strong Cu K absorption
which starts ~35 eV above the Yb L; edge. The intensities
of all spectra are normalized by the incident-beam intensity
monitored just before the target.

III. RESULTS AND DISCUSSION
A. Magnetic susceptibility

The temperature dependence of the magnetic susceptibil-
ity x of hexagonal YbCus_,Al, (x=1.5,1.25,1.5,2.0) and cu-
bic YbCus is shown in Figs. 1(a) and 1(b). According to the
Bethe-Ansatz solution of the Cogblin-Schrieffer model, the
physical properties of a Kondo lattice are well scaled by a
single energy parameter (7). According to Rajan’s
model,*#! this characteristic temperature is related to the
magnetic susceptibility at 0 K x(0) by: x(0)To=N,v(v
—1)gruz/ (24mkp), where N, is the Avogadro number, v the
ground-state degeneracy, g; the Landé factor, up the Bohr
magnetron, and kg the Boltzmann constant. We derived the
characteristic temperature (7,,) from x(0) obtained from pre-
vious susceptibility measurements in Ref. 6 by subtracting
the Curie-Weiss term due to the impurity at low temperature
for x=1.0. Using the relation x(0)7,=3.275, we obtain T
=3280, 1560, 1370, 480 K for x=0.6, 0.7, 0.8, and 1.0, re-
spectively. As increasing x, the characteristic temperature de-
creases monotonously.

We also estimate the characteristic temperatures for x
= 1.0 by using Rajan’s numerical result.>* As shown in Figs.
1(a) and 1(b), we fit the Rajan’s curve to the experimental
result of the magnetic susceptibility, making 7|, as a fitting
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FIG. 1. (Color online) [(a) and (b)] Temperature dependence of
the magnetic susceptibility (). The solid lines are the fitted curve
based on the Rajan’s numerical result (Ref. 39); [(c) and (d)] tem-
perature dependence of x7. Solid lines are fitted curves of AIM
calculations by Bickers et al. (Ref. 40). T, is the characteristic
temperature derived from the fits.

parameter: 7(=340, 33, 12, 10, and 67 K for x=1.0, 1.25,
1.5, 2.0, and cubic YbCus, respectively. The theory, however,
does not reproduce the temperature dependence of the mag-
netic susceptibility well.

In Figs. 1(c) and 1(d) we plot the temperature dependence
of xT. The solid lines are calculations of the theoretical uni-
versal curve based on the AIM by Bickers et al.*® The theo-
retical fits to the experimental data are not fully satisfactory,
indicating that the temperature dependence of the magnetic
susceptibility cannot be fully understood within the AIM.
Based on those calculations, we estimate the characteristic
temperature 7(,=491, 143, 27, 22, and 51 K for x=1.0, 1.25,
1.5, 2.0, and cubic YbCus, respectively. As will be explained
in Sec. III C, we use these characteristic temperatures to fit
the temperature dependence of the valence. These values are
of the same order as those obtained by Rajan’s calculations.

B. Temperature and x dependencies

Figure 2 summarizes the temperature dependence of the
Yb Ly PFY-XAS spectra and YD 3ds,2p3,,-RXES spectra
collected at the maximum of the Yb>* resonance (E,,
=8934 eV) for x=1.5, 2.0, and cubic YbCus. The RXES
spectra are plotted as a function of the transfer energy, which
is defined as the difference between the incident and emitted
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FIG. 2. (Color online) Temperature dependence of the Yb L; PFY-XAS and the Yb 3ds/,2p3,-RXES (at E;,=8934 eV) spectra measured
for hexagonal YbCus_,Al, (x=1.5,2.0) and cubic YbCus (x=0). The inset in each figure is the enlarged 2+ component and arrows in the

figures indicate a direction to decrease the temperature.

photon energies. As seen from the enlarged divalent regions
of the PFY-XAS and RXES spectra in the insets, the relative
intensity of the Yb>* component slightly increases when de-
creasing temperature. We note that the double-peak structure
exhibited by the 3+ component in the PFY-XAS spectrum of
cubic YbCus [Fig. 2(g)] was attributed by Felner et al.** to
the interaction between the crystal electric field (CEF) and
the Yb 5d electrons.®® Oddly enough, this structure in the
PFY-XAS, however, is not observed in the hexagonal
YbCus_,Al, even at low temperature where the effect of the
CEF is enhanced.?!

Figure 3 shows the dependence of the PFY-XAS and
RXES spectra upon x at 18 K. The relative intensity of the
Yb%* component increases markedly with x. The 2+ peak is
found to be much stronger in hexagonal YbCus compared
with its cubic analogue, revealing strong changes in the elec-
tronic structure related to the crystal structure solely. In Fig.
3(c) the change in the intensity of Yb?* is relatively large
compared to that of Yb**. It is noted that in Fig. 3(c) the
change in the intensity of Yb?* is relatively large compared
to that of Yb*" because the spectra are measured at E,,
=8934 eV, which corresponds to the Yb?* resonance energy.
Accordingly, the Yb** component is resonantly enhanced,
whereas virtually no change can be detected in the Yb**
feature. In Fig. 4 we show examples of the curve fits for the
PFY-XAS and RXES at E;,=8934 eV, respectively. We sub-
tract arctanlike part to estimate the valence from the PFY-
XAS spectra.

We summarize the values of the valence estimated
through fitting the PFY-XAS and RXES spectra in Fig. 5(a).
Details about the fitting procedures can be found in Refs.
35-38. The data at 300 K are taken from Ref. 31. We note
that the RXES at 8934 eV indicates a part of Raman spectra
and incident photon energy of 8934 eV is around Yb** peak

in the PFY-XAS spectrum. One can rely on the relative
change in the ratio of Yb** derived from the RXES spectra at
the 2+ resonance. We add the fact that in practice in Fig. 5
we use the value of the valence estimated from the PFY-XAS
spectra mainly. But in Fig. 5 we also show the values esti-
mated from the RXES at E;,=8934 eV because we clearly
see relative change in the valence. We also note that if we
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FIG. 3. (Color online) x dependence at 18 K of the Yb L; PFY-
XAS and the Yb 3d5,,2p3,,-RXES (E;,,=8910 and 8934 eV) spectra
measured for hexagonal YbCus_,Al, and cubic YbCus.
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FIG. 4. (Color online) Examples of the curve fits for (a) PFY-
XAS of hexagonal x=0.8 sample at 18 K and (b) RXES of cubic
x=0 sample at E;,=8934 eV and 18 K, respectively. Open circle
and solid line correspond to the experimental data and total inten-
sity of fit curves, respectively.

adjust the valence obtained from RXES at 8934 eV to that of
PFY at x=0, where Yb*' is dominant, the agreement be-
tween the PFY-XAS and RXES at 8934 eV becomes better.
The variation in the valence derived from RXES is put on an
absolute scale by using the value of the valence obtained
from the PFY-XAS spectrum for x=2. The two techniques of
the PFY-XAS and RXES at E;,=8934 eV show the same
trend, which further substantiates the reliability of our ana-
Iytical method. While at both 300 and 18 K the valence
decreases continuously with x, at 18 K a steeper variation is
found over the 0.8—1.25 range. This difference could be ex-
plained by the idea of Bauer et al.? that for x=0.75-1.0 the
energy difference between the Yb** and Yb?* states is of the
order of the thermal excitation energy, whereas for x=1.5 it
is much larger and no temperature dependence is expected.
We note that our results at 300 K are in good agreement with
those of Bauer er al.?? In Fig. 5(b) we show the dependence
in x of the Kondo temperature (7), the Néel temperature
(Ty), maximum temperature of magnetic susceptibility
(Tpax)> and the volume. These data are taken from Refs. 6,
22,24, 25, 43, and 44.

Besides the overall volume increase upon Al substitution,
a slight volume decrease is observed between x=0.5 and x
=1 as shown in Fig. 5(b).** This appears to coincide with the
rapid increase in v in the same x range, the radius of Yb3*
being smaller than that of Yb?*. This v increase stems from
the increase in the number of conduction electrons and de-
crease in Cu 3d density of states (DOS) (Ref. 45) with in-
creasing Al content, and therefore in a weaker mixing be-
tween the 4f and conduction states. This may lead to a
weakening of the Kondo interactions, as seen from the con-
comitant decrease in the Tk, which in turns results in the
onset of long-range magnetic order at x=1.5.
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FIG. 5. (Color online) (a) x dependence of the Yb valence.
Square and circle symbols correspond to the values derived from
the PFY-XAS and RXES, respectively. Closed and open symbols
are the measured values at 18 and 300 K, respectively. At x=0 the
values for cubic YbCus at 18 K are also shown. Note that the RXES
data at 18 K show measurement at £;,=8934 eV while those at 300
K were the curve-fit result for that as a function of temperature. (b)
x dependence of Kondo temperature (T, closed diamond), Néel
temperature (7T, closed square), maximum temperature of magnetic
susceptibility (7, open circle), and volume (closed circle) are
shown, where the values of Tk and T),,, are divided by a factor of
500 and 30, respectively (Refs. 6, 22, 24, 25, 43, and 44).

As observed in Fig. 5(a), the valence decreases with tem-
perature. This gives further credence to the speculation we
made in Ref. 31 that charge fluctuations would coexist with
the QCP at x~ 1.5 and 0 K. We note that such occurrence of
charge fluctuations at the QCP was suggested in recent ALM
calculations®? to yield a spin-liquid phase.

C. Comparison with the AIM models

Figure 6 shows the temperature dependence of v for x
=0 (cubic), 1.5, 2, with the AIM fits. Small changes in the
valence, on the order of 0.02, are systematically observed
upon cooling, and the most notable changes occur below 100
K. They correspond to the crossover from low-temperature
mixed-valent state to high-temperature local-moment behav-
ior. We note these changes are substantially weaker than
those previously reported for YbCus_,Ag,, on the order of
0.05.° This is consistent with the AIM prediction that only a
small change in the valence occurs above Tk in low-Tg sys-
tems.

The AIM does not have an exact solution for ne# 1,
where n; is the f occupation number defined as v=2+n,.
This can be circumvented by using the noncrossing
approximation,*® for which the temperature dependence of
the valence follows the equation: v(7)=2+n/()
—[AnAT)/Ang0)]An0), where n/{) and An(T) are inter-
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FIG. 6. (Color online) Summarized results of the temperature
dependence of the valence for (a) hexagonal YbCuj sAl; 5 (x=1.5),
(b) hexagonal YbCuzAl, (x=2.0), and (c) cubic YbCus. Closed
square and closed circle symbols correspond to the values derived
from the fits for PFY and RXES, respectively. The fits based on the
AIM calculations are shown as dashed line for the valence (AIM-1:
dashed line and AIM-2: dashed-dotted line). The temperature de-
pendence of xT is also shown along with the AIM fit (solid line).

mediate temperature limit of the valence and total decrease
in valence, respectively. An{T)/An/0) was calculated as a
function of T/T,. We analyze the temperature dependence of
the valence derived by PFY-XAS using two fitting tech-
niques, which will be referred to as AIM-1 and AIM-2 here-
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after. In the fits we used 7|, estimated from the curve fit for
the magnetic-susceptibility measurements in Fig. 1. In the
AIM-1 fit n{>) and An/0) are free parameters. Compara-
tively, the AIM-2 fit is more quantitative; only Any(0) is free
parameter and 1) is fixed to the values deduced from the
conduction bandwidth D of La- or Lu-based nonmagnetic
reference compounds, D being inferred from the experimen-
tal electronic specific-heat coefficient y (see Appendix for
details). The parameters used in and derived from the model
calculations are summarized in Table I.

The AIM-1 is seen in Fig. 6 to reproduce the temperature
dependence of v for all three compounds within the error
bars. We note that a similar fitting technique has been previ-
ously applied to YbXCu, (X=Ag, Au, Cd, Mg, Tl, and Zn)
but failed to reproduce quantitatively the experimental re-
sults as physically unreasonable values of D were obtained.*
Interestingly, in our case the deduced D values are physically
reasonable and the estimated values of nf(OO) are nearly 1 and
agree well with the experimental ones (cf. Table I). This
good agreement indicates that a simple qualitative approach
such as the AIM, based on a parameter extracted from the
experimental magnetic susceptibility (7)), is valid even for
systems that show a QCP or AF order. Importantly, this pro-
vides sound evidence for valence fluctuation to occur in the
vicinity of the QCP at x=1.5 and near the AF phase transi-
tion at x=2.0. Indeed, from the single observation of the two
peaks related to the 2+ and 3+ states in the absorption spec-
trum, it would not have been possible to distinguish between
valence fluctuation and inhomogeneous mixed valence.

While an excellent agreement is obtained for the AIM-2
fit of YbCuszAl, and cubic YbCus, a deviation up to 2% is
found in the high-temperature range of YbCussAl, 5. Let us
review the possible reasons for this slight discrepancy.
Firstly, it could stem from the almost similar values of 7,
estimated for x=1.5 and x=2.0 (cf. Sec. III A), in spite of the
higher valence of x=1.5. The estimated 7|, could be subject
to inaccurateness because of the large CEF in these com-
pounds [~100 K for YbCu;Al, (Ref. 21)] which is not
taken into account in the present model. Secondly, there is no
measurement yet reported of the specific heat 7y of

TABLE 1. Input and derived parameters in the model calculations of Figs. 1 and 5. The characteristic temperature 7y, is the derived values
from the AIM fit for magnetic susceptibility in Fig. 1. In the fit of AIM-1 intermediate temperature limit of the valence n/(>) and total
decrease in valence Any are fit parameters. In AIM-2 y and conduction-electron bandwidth D are given and only Any is fit parameter.

AIM-1 AIM-2
TK Tcoh TN TO D Y D
X (K) (K) (K) (K) ny() Any (eV) (mJ/mol K?) (eV) ny() Any
1.0 5391
1.25 158
1.5 11.6* 31 0.946 0.025 0.41 6.5¢ 3.71 0.980 0.146
2.0 242 2.0 26 0.983 0.035 6.2 44 6.57 0.983 0.035
Cubic YbCus 60° 6° 56 0.964 0.038 1.0 9.5¢ 0.865f 0.960 0.027
9.5¢ 1.84 0.972 0.065

dReference 25.
PReference 22.
‘Reference 3.

dReference 46.
®Reference 47.
fReference 10.
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LaCujs sAl; 5, which we need in order to calculate the band-
width D. We assumed a linear interpolation between the y of
LaCus(14 mJ/mol K?) and LaCu;Aly,(4 mJ/mol K?), thus
estimating y=6.5 mJ/mol K? for LaCus sAl, 5. This assump-
tion is another possible source of error. Furthermore, we note
that the x dependence of v between 1.0 and 1.5 is abrupt,
stemming from a drastic growth in the Cu 3d-Yb 4f hybrid-
ization upon substitution of Al with Cu.*> Accordingly, an-
other limitation of the model comes from the use of a simple
Gaussian line shape for the DOS of YbCus_,Al, (cf. Appen-
dix).

As the observation of valence fluctuation near the QCP
could be thought of as a signature of the Anderson lattice
behavior, we turn now to the possibility of employing the
ALM to interpret our data. Dynamical mean-field calculation
with the ALM by Tahvildar-Zadeh et al.*3*° showed that for
ny<ns (n, is the conduction-band filling) the Kondo scale is
strongly suppressed and the temperature dependence of the
Kondo screening is protracted (slow crossover) while for
ng~n;~ 1 itis contracted (fast crossover). An important dif-
ference between the AIM and the ALM is that slow cross-
overs are not properly accounted for by the former one,
whereas only small differences exist between the two models
at ng~ng~1. In order to assess whether the use of ALM
could be relevant to our systems, we need to consider the
energy scale relevant to the ALM, the coherence temperature
T,op» defined as kpT,,,=p(1-np,) V2, where p, ng, and V are
the conduction-band DOS, the number of holes in the f shell
and the hybridization strength, respectively.’*=2 Below T..,,,,
the system is in a Fermi-liquid state. In YbCus_,Al,, the
ground state is magnetic for x=1.5,3! and the QCP occurs
at T=0 K in x=2.0,% so that neither of these systems exhib-
its a Fermi-liquid ground state. Based on this consideration,
the applicability of the ALM to YbCus_,Al, can be ruled out.

Finally we note that the change in the valence follows
closely the temperature dependence of x7, as was already
observed in other Yb materials.® The decrease in YT with
temperature stems from the concomitant decrease in the
magnetic Yb** component, Yb?* being nonmagnetic.

D. RXES for YbCus

The RXES spectra measured on YbCus at 18 K as a func-
tion of the incident energy across the Yb Ly edge are shown
in Fig. 7(b). The vertical offset of the RXES spectra corre-
sponds to the incident energy in panel (a) which they were
collected at. Going from low- to high-incident photon en-
ergy, one can successively observe the Raman regime where
the signal remains at constant transfer energy, progressively
evolving into the fluorescence which shifts toward high
transfer energies. Each spectrum is fitted with three compo-
nents corresponding to the Raman 2+ and 3+ and the fluo-
rescence. The incident energy dependence of the intensity of
these respective components is displayed in Fig. 7(c). From
this fit, the Yb valence is estimated to be 2.96, which agrees
well with the value derived from PFY-XAS. The lattice con-
stant of cubic YbCus is 6.975 A, much larger than that of its
hexagonal counterpart (a=4.993 A and b=4.216 A).!9?
The larger lattice constant brings about a lower mixing be-
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FIG. 7. (Color online) Yb 2p3,,—3ds;, RXES spectra obtained
for several values of E;, across the Ly edge on YbCus at 18 K. The
vertical position of the RXES spectra in panel (b) corresponds to
the E;, they were measured at in panel (a). The E;, dependence of
the respective components fitted in the RXES spectra is shown in
(c). 2+ (open circle), 3+ (open square), fluorescence (closed circle),
and pre-edge (closed square) components are shown, respectively,
with the PFY-XAS.

tween the 4f electrons and the conduction states, causing
both a departure from the mixed-valence characteristic of the
hexagonal system, and an increase in the magnetic moment
as shown in Fig. 1.

IV. CONCLUSION

We performed a bulk-sensitive x-ray spectroscopic study
of the temperature and x dependencies of the electronic
structure of hexagonal YbCus_,Al, (0=x=2) system and
cubic YbCus; Kondo compound by using x-ray absorption
spectroscopy in the partial fluorescence yield and resonant
x-ray emission spectroscopy. The valence of hexagonal and
cubic YbCus is nearly 2.5 and 3, respectively, indicating a
strong structure dependence of the electronic states in spite
of an identical chemical formula. Our measurements show
that the Yb’* state is favored in the hexagonal YbCus_,Al,
compounds with large x and cubic YbCus, and accordingly
magnetic ordering sets in. On the other hand, lower values of
x are characterized by both strong mixed valence and Kondo
effect. We succeeded to observe a small change in the va-
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lence as a function of the temperature, showing a crossover
from localized Yb>* weak mixed valence to intermediate va-
lence as decreasing the temperature for both hexagonal
YbCus_,Al, (x=1.5 and 2.0) and cubic YbCus systems. The
valence shows a rapid decrease in small amplitude (~0.02)
with temperature below 100 K for the three measured sys-
tems (x=1.5, 2, and 0 cubic), following closely the tempera-
ture dependence of x7. The good agreement between the
theory based on the Anderson impurity model and the tem-
perature dependence of v indicates that the AIM is valid for
describing the crossovers in Yb Kondo materials with low
Tk. Interestingly, mixed valence is observed in the vicinity of
the quantum critical point at x=1.5, where the low-
temperature ground state is antiferromagnetic, and the va-
lence is nonintegral. This indicates that the QCP divides the
nonmagnetic regime from the antiferromagnetic regime, oc-
curring within a weakly mixed-valent state. This also raises a
possibility that valence fluctuations may play a role in the
behavior near the QCP, rather hinting to an AL behavior,
although the ALM model is not applicable to our systems.
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APPENDIX

n/x) is related to the bandwidth D of the conduction-
electron band without ¢—f hybridization,*!* it can be de-
duced from the y of LaCus_,Al, (Refs. 46 and 53) or
LuCus,*” which are isostructural with YbCus_,Al, and cubic
YbCus, respectively. We deduce the D according to the rela-
tions:  ye)=mk;N(e))/3=[mkp/3][2nN, exp(—s]%/ W2)]
and thus D=(In 2)"?W=2.190n,/ ¥(0), where N(&/), n,, and
W are DOS at Fermi level, number of valence electrons, and
Gaussian DOS width, respectively. For cubic YbCus, D
=0.865 eV in YbAgCu, derived by Lawrence et al. is also
used for comparison.'? In the AIM-2 fit we used the relation
between g=1-ng{*) and D in Table I of Ref. 40 for Ce
system (J=5/2,v=6) because the degeneracy may decrease
due to the crystal-field effect as described before. It is noted
that D changes in a log scale when g=1-ng) is changed in
a linear scale.
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