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We have investigated two ternary phases with close compositions: Yb(Cug 13:Si( ges)1 844 that crystallizes in
the tetragonal ThSiy-type structure with the lattice parameters a=0.3981(1) and ¢=1.3720(1) nm and
Yb(Cuyg 14551 g55) 1833, Which forms with a hexagonal structure of the AlB,-type with a=0.3926(1) and ¢
=0.3989(1) nm. Magnetic susceptibility, electrical resistivity, and specific heat measurements revealed consid-
erably different magnetic behavior in the two ternaries. The ThSi,-type compound is an intermediate valent
material, characterized by a gap energy E,,=870 K, a characteristic fluctuation temperature 7,,=250 K, and a
coherence temperature 7,,;,~ 35 K. In turn, the AlB,-type phase is a Kondo lattice characterized by a Kondo
temperature Tx=58 K. An enhanced electronic coefficient of the specific heat (~250 mJ/mol K2 at 2 K)
indicates strong renormalization of the quasiparticle masses in this material. Moreover, for the AlB,-type
compound we found several features characteristic of non-Fermi liquid systems: at low temperatures the
magnetic susceptibility can be described by y(7)*—T°3, the electrical resistivity by p(T) T, and the specific
heat by C/To—T""2. The thermoelectric power and measurements confirm the difference in the magnetic

behavior of these alloys.
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I. INTRODUCTION

The study of strongly correlated electron systems
(SCESs) is a very active field in modern condensed matter
physics.! This fact is due to a variety of exotic phenomena
discovered in SCESs, such as valence fluctuations, heavy-
fermion behavior, non-Fermi liquid effect, and unconven-
tional superconductivity. Despite many efforts many basic
questions on the physics in SCESs still await answers, for
instance, the mechanism of coexistence of superconductivity
and heavy fermions or the nature of quantum critical behav-
iors. Among SCESs, cerium-based, ytterbium-based, and
uranium-based compounds are frequently found to exhibit
the exotic phenomena mentioned. This is because the
f-electron shell in these three elements is unstable and in
their compounds with sp elements and d elements it easily
hybridizes with conduction electrons. As a result, the prop-
erties of such materials are governed by a competition be-
tween the Ruderman-Kittel-Kasuya-Yosida (RKKY) interac-
tion with the characteristic temperature Trxxy ~ N(Er)J? and
the Kondo effect characterized by an energy scale T
~exp[-1/JN(Er)].>3 These two basic interactions are re-
lated to the exchange constant J and the density of states at
the Fermi level N(Ep). As an important aspect, tuning J
and/or N(Ep), i.e., in consequence changing T and Tggky
one is able to push the system from one defined ground state
to a different one. Experimentally, one can change J, e.g., by
applying external pressure or, equivalently, by substitution of
a suitable dopant (chemical pressure).

In the course of our systematic investigation of Yb-based
intermetallic compounds,* we have recently found that a
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small quantity of Cu stabilizes a ternary phase with stoichi-
ometry Yb(Cu,Si;_y),_,, x=0.05-0.19 and y=0.12-0.15. De-
pending on exact composition, the material adopts two dif-
ferent crystal structure types: the tetragonal ThSi, type or the
hexagonal AIB, type. In this paper we report on magnetiza-
tion, electrical resistivity, and specific heat measurements
performed on polycrystalline samples of both these phases.
We show that by changing the composition one also varies
the magnetic properties. While the sample with the
ThSi,-type unit cell (hereafter referred as sample 1) is a
novel intermediate valence compound, the AlB,-type com-
pound (sample 2) exhibits local magnetism at high tempera-
tures and a non-Fermi liquidlike behavior at low tempera-
tures.

II. EXPERIMENTAL DETAILS

Polycrystalline samples with the nominal composition
Yb(Cuy 125Si( g75)» Were synthesized by arc melting the con-
stituent elements Yb (99.9 mass %), Cu (99.99 mass %) and
Si (99.999 mass %) in a titanium-gettered argon atmosphere.
Weight losses during the melting due to Yb evaporation were
compensated beforehand to be less than 1% of the total mass
in the final product. Two pieces from each sample were then
vacuum sealed in quartz tubes and annealed at 650°C and
800°C for 140 h prior to quenching in cold water. X-ray
examination of polycrystalline materials was performed at
room temperature in a Guinier-Huber x-ray camera with an
Image Plate recording system (CuKea1) employing an inter-
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nal standard of 99.9999 mass% pure Ge (ag.
=0.565790 6 nm). For Rietveld refinements we employed
the FULLPROF program.’ Light optical microscopy (LOM) on
selected samples, which were polished and etched by stan-
dard methods, scanning electron microscopy (SEM) and
electron microprobe analyses (EMPAs) based on energy dis-
persive x-ray spectroscopy [Si (Li) detector] were used to
examine equilibrium compositions. For quantitative EMPAs
the samples were analyzed employing an accelerating volt-
age of 20 kV for a counting time of 100 sec. X-ray energy
spectra (Yb-La, Cu-Ka, and Si-Ka) were processed using
the ZAF-4/FLS software package supplied by LINK SYS-
TEMS Ltd., England. Pure elements served as standards to
carry out the deconvolution of overlapping peaks and back-
ground subtraction. Finally, the x-ray intensities were cor-
rected for atomic number, absorption, and fluorescence ef-
fects using the TIMI program (Ref. 11). EMPA of the binary
compound Yb;Sis with narrow homogeneity region was used
to evaluate an accuracy of the employed corrections and the
obtained composition Ybg, 4Sis7 ¢ (at %) shows an excellent
agreement with the real stoichiometry. Therefore, all compo-
sitions of the phases used in the article are after EPMA.

Magnetization M measurements were performed in the
temperature range 1.7-800 K in magnetic fields up to 5 T
using a Quantum Design Magnetic Property Measurement
System (MPMS)-5 Super-conducting quantum interference
device (SQUID) magnetometer. The electrical resistivity p
was measured in the range 4.2-300 K employing a conven-
tional dc four-point technique with a current of 10 mA. Spe-
cific heat, C p(T), measurements were performed in the tem-
perature range 1.8—100 K, using an adiabatic method. The
thermoelectric power S was measured between 4 and 300 K
by a differential method.

III. RESULTS AND DISCUSSION
A. Composition range and crystal structure of Yb(Cu,Si;_,), .

EMPA of the samples shows almost a single-phase
structure for an atomic content in the range of
Ybsy 1-36.6CU7 6105155 3_56 8- Despite this narrow composition
range, x-ray powder diffraction profiles unambiguously re-
veal the existence of two different structure types. The novel
ternary compound coexisting in equilibrium with pure Si
adopts ThSi,-type structure, while the crystal structure of the
ternary phase in the samples that are slightly enriched by Yb
shows a close relation to the AlB, type. Based on these data
the composition of both phases are expressed as
Yb(Cu,Si;_,),_,. Relation between both structure types is
shown in Fig. 1.

Results of the Rietveld structural refinement of the
ThSi,-type structure are listed in Table I. A preliminary re-
finement, based on a simplified model assuming full occu-
pancy of the 8¢ site [space group I4,/amd, yields a good
representation of the experimental diffraction intensities for
composition Ybs; ¢CuoSiss; (at. %)]. For the composition
Ybss,Cug 6Sise -, however, the structural refinement reveals
Cu defects in the 8c site. Introducing EMPA data on the
defect structure, the refinements with random occupation of
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FIG. 1. Crystal structures of alloys Yb(Cu,Sij_,),_, with the
ThSi, type and AIB, type.

Si and Cu atoms in the 8¢ sites show excellent agreement
with observed data for both samples. Starting from the same
nominal composition but arriving at a slightly higher Yb con-
tent in the as-cast alloy, sample 2 appears to be a single
phase according to SEM and LOM. The x-ray powder dif-
fraction pattern could be indexed with the AlB,-type crystal
structure yielding the lattice parameters a=0.39025(6) nm
and ¢=0.3997(1) nm. Additional weak reflections could not
be attributed to known ternary or binary phases from the
Yb-Cu-Si system, which may indicate a supercell and/or a
small quantity of secondary phases unidentified by SEM. On
the other hand, as-cast samples with higher Yb content con-
tain binary YbSi with CrB type; all peaks in the x-ray dif-
fraction profile are attributed to this two-phase mixture of the
ternary phase (AlB,-structure type) and binary YbSi. In
Table IT we show the results of the Rietveld refinement. The
crystallographic data were standardized using Program
Structure Tidy.® Clearly, the data for the AlB,-type phase
may confirm the suggestion of vacancies in the Si sublattice
(1a site) obtained from EPMA data. In this context, the ex-
istence of a deficiency in Si-site binary YbSi,_, shall be men-
tioned, the crystal structure of which was found to derive
from the AIB,-structure type.* The dependence of the lattice
parameters of the AlB, phase on the Cu content is presented
in Fig. 2 and compared with data on as-cast binary YbSi,_,.
One can see that, in agreement with the difference in atomic
radii of Si and Cu atoms, the unit cell volume and a-lattice
parameters increase, whereas c-lattice parameter and c¢/a ra-
tio decrease. Finally, this tendency shows that interatomic
distances between Yb atoms along [001] become almost
equal to the Yb—Yb bond length in the a—b plane. Notable is
a decrease of the vacancy level (x) with Cu/Si substitution
(v). Whereas the crystal lattice of the binary YbSi,_, with
AlB,-type structure has a significant defect (0.26<x
<0.33),* a ternary phase with 9.5 at. % Cu contains only
17% of the vacancies in the 2b site. Around this Cu content
appears a single-phase region of the ternary phase with ThSi,
type. This compound shows a smaller level of the vacancies
in the Si sublattice and much higher formula unit volume
(see Fig. 2). The existence of two compounds with close
composition offers a possibility to investigate the influence
of crystal symmetry on physical properties. Therefore, two
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TABLE L. Results of x-ray and electron microprobe analyses of Yb(Cu,Si;_y),_,.

EMPA Data (at %) Yb(Cu,Si;_,);_,

Unit Cell Dimensions

Yb Cu Si X y Structure Type a (nm) ¢ (nm) V(nm?) Secondary Phases
35.212 8.6 56.2 0.156 0.132 ThSi, 0.3981(4) 1.3720(3) 0.2174(2) eutectic with Si
34.1 9.3 56.6 0.067 0.141 ThSi, 0.39857(4) 1.3777(3) 0.21886(6) eutectic with Si
339 10.0 56.1 0.050 0.151 ThSi, 0.39835(2) 1.3776(2) 0.21860(3) eutectic with Si
35.624 7.6 56.8 0.191 0.118 AlB, 0.39025(6) 0.3997(1) 0.05271(2) single phase
35.3 9.4 55.3 0.167 0.145 AlB, 0.39261(1) 0.39893(2) 0.053251(4) binary Ybyg 4Sis50.6

4Compositions used for measurements of the physical properties denoted as sample 1 and 2, respectively.

single-phase as-cast compositions Ybss,Cug ¢Siss, (tetrago-
nal ThSi, type) and Ybss3Cuq 4Siss 3 (hexagonal AlB, type)
were subjected to subsequent investigations.

B. Magnetic susceptibility and magnetization

The temperature dependence of the magnetic susceptibil-
ity of sample 1 is shown in Fig. 3. A broad maximum in the
susceptibility is observed at around 140 K. This maximum is
a characteristic feature of intermediate valent Ce-based and

Yb-based compounds. There are several theoretical ap-
proaches to the intermediate valence (IV). In the so-called
ionic-configuration-fluctuation (ICF) model’ the rare-earth
ion is assumed to fluctuate between the ground-state configu-
ration and excited state configuration. In consequence, there
are two relevant physical parameters: the energy difference
between the two states E,, and the effective fluctuation tem-
perature T, characterizing the width of the 4f band. For
Yb-based compounds, the ground state could be the f'* con-

TABLE II. Structural data of Yb(Cu,Si;_y),_,, standardized using Program Structure Tidy (Ref. 6).

Parameter

Yb3s5,Cug 6Si56.2"

Yb353Cug 4Siss53"

Formula from EPMA
Formula from refinement

Structure type, space group

Yb(Cug 13,Si0.868)1.844
Yb(Cug 135Si0.865)1.844
ThSi,, 14,/amd

Yb(Cug 145Sig.855)1.883
Yb(Cug 151Sig.849)1.883
AlB,, P6/mmm

a (nm), Guinier 0.398 14(5) 0.39261(1)
¢ (nm), Guinier 1.3720(4) 0.398 93(2)
Reflections measured 42 20
0 range 20<26<100 20<26<100
Number of variables 20 19
Rp=2|F,~F/|/2F, 0.024 0.026
R=3|1,~1,]/21, 0.032 0.035
Ry p=[Zwilyoi=yeil 1 Zwily o1 0.088 0.086
Rp==y,0i=Veil I Z]yoil 0.068 0.111
R,=[(N-P+C)/Zwy)]"? 0.022 0.019
=R, p/R,)? 16.0 32.7
atom parameters
Yb 4a(0,3/4,1/8) la (0, 0, 0)
B, (10 nm?) 1.29(1) 1.68(2)
Si+Cu 6.38(2)Si+0.99Cu 1.556(5)Si+0.277Cu
8e[0,1/4,0.2912(1)] 2d(1/3,2/3,1/2)
Bi,,(10’nm?) 1.71(3) 2.47(4)

Interatomic distances [nm]

Yb-4Yb: 0.3966
Yb-4Yb: 0.3981
Yb-4Si: 0.3036

Yb-6Yb: 0.3926
Yb-2Yb: 0.3989
Yb-12Si: 0.3019

Yb-8Si: 0.3036

Si-Si: 0.2275

Si-38i: 0.2667

Si-2Si: 0.2302

2Compositions from EPMA.
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FIG. 2. Lattice parameters and unit cell volumes of

Yb(Cu,Si;_,),_, as a function of Cu contents.

figuration with the total momentum J=0 and the effective
magnetic moment Merr=0, while the excited state could cor-
respond to Yb** with the f!3 configuration, for which J
=7/2 and p,=4.54pup. Accordingly, the susceptibility of
Yb-based intermediate valent compounds may be accounted
for using the formula’

7= N44.542 531 - u(T)]
O Bky(T+ 1)

Xo (1)

where the fractional occupation of Yb®* states is given as
UT)=1/[1+8 exp(-E,/kg(T+T))]. The term x, is the
temperature independent susceptibility accounting for con-
duction electrons contribution (Pauli paramagnetism). The
measured susceptibility of IV compounds often shows a rise
at low temperatures, in most cases owing to some spurious
magnetic contribution of Yb** ions. For sample 1, an upturn
in the susceptibility is observed below 60 K. As will be
shown below, it is probably due to a small quantity of anti-
ferromagnetic impurity Yb,0O5 with the Néel temperature of
2.3 K.® Therefore, in order to analyze the susceptibility of
sample 1, we have taken into account the principal contribu-
tion from the fluctuating valence, as given in Eq. (1),
and additionally a term describing the contribution of impu-
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FIG. 3. (Color online) Temperature dependence of the magnetic
susceptibility of sample Yb(Cuy 13,Siggsg)1 344 measured at a field
of 0.5 T. In the insets we compare the experimental data to theoret-
ical curves. The solid line in the inset (a) is the fit using the ICF
model, while in the inset (b), the solid line is a simulated suscepti-
bility based on calculations of Rajan for J=7/2, T=750 K.
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rities. Assuming the Curie-Weiss behavior of the susceptibil-

ity of impurities T_—Cé')"f;, we obtained the following fit param-
eters: Eex=872(10‘) K and  T,=250(5) K, C,
=0.05(1) cm® K/mol, 0,,,=-7(2) K, and x,=3.57(0.5)
%X 1073 cm®/mol. From the value of Cimp the amount of
stable Yb>* ions in the sample was estimated to be 1.3 at. %.
The valence of intrinsic Yb ions in the sample can be de-
duced from the values of E,, and T, to vary from 2.19 at 2
K up to 2.78 at 800 K. It should be noted that this valence
change is comparable to those reported for other Yb-based
intermediate valent compounds.”® From Eq. (1), one
may calculate the susceptibility at 0 K, x(0)
=3.59 X 1073 cm?/mol.

Alternatively, the appearance of a broad maximum in the
susceptibility of IV compounds can be explained in the
framework of the Anderson impurity (AI) and/or Anderson
lattice (AL) models,'%!1314 which predict also the occur-
rence of a maximum in the specific heat. The mentioned
models have recently been applied for a number of IV ma-
terials such as YbXCuy,'> YbAIL,,'¢ and CeNiSi,.!” In prin-
ciple, the thermodynamic properties of IV compounds can be
scaled by the Kondo temperature Ty. Following the calcula-
tions within the Bethe ansatz of the Coqglin-Schrieffer model
given by Rajan,'® one can estimate Ty from the relation

_ N = Dpg’

07 24k x(0) @

Applying x(0)=3.59 %X 1073 cm*/mol, as derived above for
sample 1, the orbital degeneracy N=2J+1=8 and g=8/7,
one obtains 7,=914 K. Consequently, the Kondo tempera-
ture Ty amounts to Tx=0.529T,=483 K.'®!° Alternatively,
one can estimate T from the position of the susceptibility
maximum as shown in the inset (b) of Fig. 3. Comparing the
experimental data with a simulated curve based on the
calculations of Rajan, we obtained Tx=395 K and x(0)
=2.9X 1073 ¢cm?/mol, which are somewhat smaller than the
values derived above.

As far as the susceptibility of sample 2 is considered, the
Curie-Weiss (CW) law is obeyed for the experimental data
over a wide temperature range 50—400 K. This fact implies a
localized electron magnetism of the Yb ions in this com-
pound. From the fit of the experimental data to the CW law
(inset of Fig. 4), the paramagnetic Curie temperature of
—140 K and the effective magnetic moment of 4.1uz were
deduced. The negative ®, value strongly suggests that in this
sample the antiferromagnetic interactions dominate. The ob-
served w, s value is comparable to the value of the free Yb3*
ions. Below 50 K, the susceptibility deviates from the Curie-
Weiss law, suggesting an influence of crystalline electric field
(CEF) effect and/or some magnetic correlations between the
Yb ions.

In Fig. 5 we compare the susceptibility and magnetization
data at low temperatures of the two investigated samples.
Apparently, the susceptibility of sample 2 [panel (a)] is much
larger than that of sample 1. At 1.8 K, y of sample 2 reaches
a value as large as 29.7 X 1073 ¢cm3/mol, compared to about
6 X 1073 cm?/mol found in sample 1. In the case of the ab-
sence of any magnetic order, an enhancement in the suscep-
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FIG. 4. (Color online) Temperature dependence of the suscepti-
bility of sample 2 measured in a field of 0.5 T. The inset shows the
Curie-Weiss law behavior of the sample.

tibility may imply a smaller value of the Kondo temperature.
Using Eq. (2) and the measured value of the susceptibility of
sample 2, one obtains Tx=58 K. A very interesting feature of
the susceptibility of sample 2 is that below 5 K it scales with
a power law, as illustrated by the solid line in Fig. 5(a).
Fitting of the susceptibility data in the temperature range
1.7-5 K to the function x(7)=x(0)-B=*T”" yields 7=0.3.
The effect of electron correlations in sample 2 may be further
assessed by examining the magnetic response on an applied
magnetic field [Fig. 5(b)]. The magnetization data exhibit a
clear curvature as a function of magnetic field and at the
highest magnetic field applied (5 T) the magnetization is
rather small (0.21ug), compared to the value of 4up ex-
pected for free Yb>* ions. The reduction in the magnetization
value is probably caused by a combined effect of Kondo and
CEF interactions. In turn, the magnetization of sample 1 is
almost linear with respect to the field at least up to 2 T. The
magnetization at 5 T is about four times smaller than that of
sample 2.

C. Specific heat

In Fig. 6 we show the specific heat data measured at 0 T
and 5 T for sample 1, in the form of the ratio C,/T versus T.
The C,/T ratio at 0 T shows an upturn below about 5 K,
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FIG. 5. (Color online) (a) Temperature dependence of suscepti-
bility at low temperatures in the log-log scale. (b) Magnetization as
a function of fields at 2 K.
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FIG. 6. (Color online) Temperature dependence of the specific
heat divided by temperature of sample 1. The open points are data
collected at the zero field, while solid squared points are collected at
5 T. The dashed line is the fit involved in the electric and phonon
contributions to the specific heat. The inset shows the 4f-electron
contribution to the specific heat C44/T as a function of temperature.

reaching a value of about 150 mJ/K? mol at 2 K. However,
this upturn is somewhat influenced by a small amount of
Yb,0O5 impurity. The presence of this phase is reflected by
maximum at 2.2 K in the C,/T(T) curve. In the temperature
range 8.5-16 K the specific heat follows the relation

C,(T) =T+ BT° 3)

with the electronic coefficient of the specific heat vy
=37 mJ/mol K? and the coefficient of the low-temperature
Debye approximation for the phonon contribution S
=0.36 mJ/mol K*. The value of y is comparable to the value
of archetypal intermediate valent compound CePd;
(35 mJ/mol K?).2° An enhanced v value in IV compounds is
due to the high density of states at the Fermi level resulting
from a strong hybridization between 4f and conduction elec-
trons. It should be noted that in a magnetic field of 5 T the
peak structure at 2.2 K is no longer visible, and the value of
v evaluated from Eq. (3) for the temperature range 7-16 K
increases up to 43 mJ/mol K2. This observation is consistent
with the expected behavior of IV compounds in magnetic
fields being smaller than the Kondo field By~ kzTx/ pp.>!
The value of Tk can be estimated from the electronic specific
heat using the Bethe-ansatz formula for J=7/2

~ 4.72157°R

Tx= 4
K 24y 4)

Applying this equation for y=37 mJ/mol K> we obtained a
Kondo temperature of 436 K, which is of the same order of
magnitude as that deduced from the magnetic susceptibility
data.

The obtained B value yields an estimate for the Debye
temperature © ;=253 K. Bearing in mind that Eq. (3) for the
specific heat of metals is valid at temperatures below &/10
only, one should examine the lattice contribution at higher
temperatures by considering a sum of the Debye function
and an Einstein mode. These two basic phonon contributions
are distinguished by the respective characteristic tempera-
tures ®p and Oy as well as by the numbers of involved
oscillators np and ng
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FIG. 7. (Color online) Temperature dependence of the specific
heat divided by temperature of sample 2. The dashed line is the
theoretical curve, simulated from the values ©@,=280 K, O
=110 K, np=2, and np=1. The inset shows the difference between
the experimental specific heat data and theoretical ones, which is
assumed to be the contribution of 4f electrons.

T 3o X4€x (@E/T)ze(E/T)
Clun=9npkp . de + 3nEw.

(5)

Fitting Eq. (5) to the experimental data of sample 1 between
5 K- and 100 K (taking into account the electronic contribu-
tion C,;) we obtained: ®,=280 K, ®;=98 K, n,=2.1, and
np=0.4. The result of the fit is shown in Fig. 6 by a dashed
line. It is worth noting that the presence of the Einstein mode
may be justified by plotting the C,,/ T data vs T. In fact this
curve for sample 1 exhibits a clear maximum at about 20 K,
which implies roughly ®;=100 K. An interesting finding is
that the sum of np and nj gives the total number of oscilla-
tors being smaller than three. This feature possibly reflects
the presence in sample 1 of some defects in the crystallo-
graphic site occupancies. Another interesting observation
comes out from the subtraction of the phonon contribution
from the total C, data. It is a broad maximum at around 34
K, which matches with a maximum near this temperature in
the temperature derivative of electrical resistivity (see be-
low). The existence of such maxima has been reported for
some IV compounds that possess two energy scales'®!” and
ascribed to the coherence effect. Presumably a similar inter-
pretation holds also for sample 1; however, one should take it
with some caution until a suitable reference compound be-
comes available to provide a more reliable estimate of the 4f
contribution to the measured specific heat.

In Fig. 7 we show the temperature dependence of the
specific heat divided by temperature C,/T for sample 2. C,
in the temperature range 9-15 K may be analyzed as a sum
of two contributions as given in Eq. (3). From the fit, we
obtained y=95 mJ/mol YbK? and 3=0.267 mJ/mol K*.
The latter value corresponds to the Debye temperature of 280
K. Furthermore, we have plotted the C,,/ 73 data vs T to
estimate the Einstein temperature and obtained a value of
110 K, similar to that determined for sample 1. The numbers
of oscillators in sample 2 may be estimated from the C,
value at 7=80 K, to be np=2 and ny=1. Taking into account
three different contributions, i.e., C,;, Debye, and Einstein
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FIG. 8. (Color online) Temperature dependence of the specific
heat divided by temperature of sample 2 measured at several mag-
netic fields.

modes, we have tried to fit the specific heat data for the
whole temperature range. However, as is apparent from Fig.
7, no satisfactory conformity between the experimental and
calculated data was obtained. Near 40 K the theory underes-
timates the magnitude of the specific heat by 3 J/mol Yb K.
Since the theory reproduces the experimental data of sample
1 quite well, the origin of the problem encountered for
sample 2 is unclear. Most likely it arises because of a sub-
stantial contribution of the 4f electrons, presumably originat-
ing from the Kondo and CEF effects. Ascribing the differ-
ence between the experimental specific heat and the
calculated results to the 4f-electron contribution, we plotted
the temperature dependence of Cy; in the inset of Fig. 7. One
can see that the C4(T) curve in the logarithmic temperature
scale displays a Lorentzian shape, and this feature suggests
that a Kondo-like mechanism is plausible. Hence, for com-
parison we show by the solid line the theoretical curve cal-
culated within the Coglin-Schrieffer model.'® From this plot
one may evaluate the Kondo temperature to be of 55 K, i.e.,
nearly the same as that deduced from the magnetic data.

Regarding the behavior of the specific heat at low tem-
peratures, we see that the ratio C,,/T significantly rises below
10 K. Though there are some Yb,O5 impurities present that
manifest themselves as a small anomaly at 2.2 K, we believe
that the upturn in the C,/T ratio below 8 K is intrinsic. In
Fig. 8 we display the specific heat measured in several dif-
ferent magnetic fields. Apparently, in field lower than 2 T the
C,/T ratio measured at 2 K hardly changed with the increas-
ing field and persists at the level of 250 mJ/mol K2. In a
field of 6 T the C,/T ratio lowers to about
200 mJ/mol Yb K2. Thus, the observed large specific heat
contribution may be attributed to the effect of electronic cor-
relations. Some more information about this feature may be
obtained by examining the C,,/T vs T plot (Fig. 9), where in
the temperature range 3-8 K, one observes a power 7-!2 law
dependence. Clearly, a similar power law is not found in the
specific heat of sample 1.

D. Electrical resistivity

The electrical resistivity of sample 1 as a function of tem-
perature is displayed in Fig. 10. This curve clearly shows a
metallic behavior. At low temperatures, p(7) exhibits a
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FIG. 9. (Color online) Temperature dependence of the magnetic
specific heat divided by temperature. The dashed line presents a
power T-'? law. The solid lines are guides for the eye.

Fermi-liquid 7° dependence with the prefactor A in the
p(T) = AT? variation being equal to 0.012 £} cm. The ratio
A/%?, known as the Kadowaki-Woods ratio,?? amounts to
0.87 X 107> uQ cm (mol K/mJ)?, which is comparable to
the common value of 1X 107 u€ cm (mol K/mJ)? for in-
termediate valence and heavy-fermion compounds.??> The
temperature derivative of the resistivity (see the inset of Fig.
10) shows a broad maximum near 37 K. We tentatively at-
tribute this maximum to the coherence temperature in con-
cord with the specific heat data. Besides, from the relation-
ship between the ratio Ty/T.,, and the degeneracy (2J
+1)/v.,'"" one may expect that T, should be an order of
magnitude smaller than Tj. For sample 1, assuming Ty
~400 K, one indeed gets T.,,~40 K.

In Fig. 11 we show the temperature dependence of the
electrical resistivity of sample 2. At the first glance, the re-
sistivity behavior resembles those of dense Kondo com-
pounds. A broad maximum in p(7) is observed around 150 K
and can be attributed to the overall crystalline electric field
splitting, as already observed for YbNiSn.'?> A drop in the
resistivity below the maximum may indicate that the coher-
ence sets in. However, it should be noted that no Fermi-
liquid-like behavior is seen below 10 K. Fitting the resistiv-
ity data in the temperature range 2—-10 k to the power law
form

250 ; :
g 0.8F T 4 T T
2250 § 06}
g o4l
= 5
E 200 3 02
o °
| I
= 0 20 40 60 80 100
= 175} T(K) ]
150 Yb(Cug 1328i0.868)1.844
ThSiy-type
125 : :
4 10 100 300
T(K)

FIG. 10. (Color online) Temperature dependence of the electri-
cal resistivity for sample 1. The solid line is a 7% law. The inset
shows the temperature derivative of the resistivity.
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FIG. 11. Temperature dependence of the electrical resistivity for
sample 2. The inset shows the low-temperature part of the
resistivity.

p(T) = py— AT", (6)

we find that the exponent n appears to approach the constant
value of 1+0.1. Such a dependence of the resistivity points
to a non-Fermi-liquid behavior of the compound. In this con-
text we emphasize that both the magnetic susceptibility and
the specific heat do exhibit non-Fermi-liquid dependencies,
namely, y*—T7 and y= T2,

E. Thermoelectric power

The temperature dependencies of the thermoelectric
power S(7T) for both studied samples of Yb(Cuy ;3,Sio.68) 1 344
and Yb(Cuy 14551 gs5)1 83 are shown in Fig. 12. The Seebeck
coefficient of sample 1 is negative in the whole temperature
range measured. At room temperature, S amounts to
—11 wV/K, which exceeds almost by one order of magni-
tude the values characteristic of simple metals like Cu and
Au. The thermopower of sample 1 shows a broad minimum
at 7,,;,,=80 K and a maximum at 7,,,,=140 K. The former
feature arises presumably due to Kondo scattering on the
crystalline electric field ground state;?® whereas the latter has
no clear explanation yet, though interestingly 7,,,, coincides
with the position of the maximum in the magnetic suscepti-
bility.

T T T

Yb(C UySi-[ -y)2-x

AlBy-type

-15 L L 1 ( 1
0 50 100 150 200 250 300

T(K)

FIG. 12. Temperature dependence of the thermoelectric power
of Yb(Cuy 13:Si0.868)1.844 and Yb(Cug 145Si0.855)1.883-
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For intermediate valence systems, the S(7) dependence at
high temperatures is usually described by the formula®*

B>+ T?

T/S = (7)
with A=2(e;—€p)/e and B*=3[(e;— €p)*+1?]/37ky where
€, is the energy position of f-electron level, € is the Fermi
energy, and I stands for the width of the Kondo resonance
peak having the Lorentzian shape. Fitting the S(7T) data in the
temperature range 145-300 K, one can estimate the distance
of the 4f level from the Fermi level, €~ €p, 1O be 11 meV,
and the width of the Kondo peak I'=41 meV. These values
are comparable to those reported for other intermediate va-
lent ytterbium compounds, e.g., YbCu,Si, (8.2 and 20 meV,
respectively)”® and Yb,Pt;Sns (5.6 and 30 meV,
respectively).?

The temperature dependence of the thermopower of
sample 2 is definitively different from that of sample 1.
Within a large temperature range 100-300 K, the Seebeck
coefficient is nearly zero, and only at low temperatures are
some interesting features found. The S curve exhibits a deep
minimum at approximately 30 K, at which the thermopower
attains a noticeable value of —13 uV/K. Moreover, we rec-
ognize a pronounced maximum in the S(7) curve around 7
K. The latter feature might possibly be associated with the
onset of magnetic correlations, which lead to the non-Fermi-
liquid (NFL) like behavior, as manifested in the x(7), C4(T),
and p(T) characteristics.

IV. CONCLUDING REMARKS

We have shown that Yb(Cu,Si,_,),_,, x=0.05-0.19 and
y=0.12-0.15 crystallizes in either tetragonal ThSi,-type or
hexagonal AIB,-type structure. The results of magnetic sus-
ceptibility, specific heat, electrical resistivity, and thermo-
electric power measurements indicated a distinct difference
in the electronic properties between these samples. The te-
tragonal compound is a mixed-valent system, while the hex-
agonal one shows at low temperatures several features char-
acteristic of a class of NFL systems: a linear dependence of
the electrical resistivity, and power law divergences in the
temperature dependencies of the magnetic susceptibility and
the electronic specific-heat coefficient. The differences in the
electronic properties between Yb(Cug ;3,Sioses)1 844 and
Yb(Cuy 145Sips55)1 333 samples seem consistent with a de-
scription in which the nature of the ground state depends on
a sensitive balance between competing Kondo and RKKY
interactions. The change in the composition brings about
some modification of the density of state near the Fermi
energy, which is accompanied with the change in the crystal
structure. It appears that N(Ep) of sample 1 is much lower
than that of sample 2. In consequence, the Kondo tempera-
ture of sample 1 is higher, giving rise to intermediate valence
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behavior. To support this approach we may compare the unit
cell volumes and the magnetic behavior of the mutually re-
lated AlB,-type compounds, i.e., YbSi,_, (V=50.82 A%) is
an intermediate valent,”” while Yb(Cug45Siggss);ss3 (V
=52.7 A% is a NFL system. The doping of some amounts of
Cu clearly increases the unit-cell volume and thus increases
distances between Yb and (Cu, Si) atoms. In other words, the
exchange constant J becomes smaller owing to the Cu dop-
ing. This effect is equivalent to a weakening of the hybrid-
ization between the 4f and conduction electrons. In turn, the
Kondo temperature decreases, allowing the system to pass
into a non-Fermi-liquid state.

It is interesting that if one makes a comparison of the
physical properties of sample 2 with those of other NFL
materials, one would see, e.g., some similarities to solid so-
lutions U,_,Y Pd,Al; reported by Freeman et al.?® These au-
thors suggested the presence of the quantum critical point
(QCP) near the composition x=0.7, as being the reason of
the observation of the NFL behavior in these alloys. Further-
more, the studies of other NFL systems showing QCP, e.g.,
CeCuq_,Au,, Ce,_,La,Ru,Si,,* and YbRh,(SipgsGeg5)2s>"
indicated that the antiferromagnetic instability is the key fac-
tor in their quantum criticality. In the case of
Yb(Cug 45Sipgss)1 833, @ nearby magnetic instability seems
evident from the fact that the magnetic behavior of this com-
pound can easily be modified by slightly changing the con-
centration of the involved elements. However, the theory of
quantum phase transitions®' does not include crystallo-
graphic disorder effects, which are certainly important in the
samples studied. In turn, a disorder-driven mechanism is the
crucial ingredient of the model based on a distribution of
Kondo temperatures®? and of the Griffiths-phase model.*34
The latter approach considers both the presence of atomic
disorder and the competition between RKKY and Kondo in-
teractions, and hence seems to be more relevant for
Yb(Cuy 145Si( s55)1 sg3- Yet, the comparison of the experimen-
tal data with the Griffiths-phase model shows that it properly
accounts for the specific heat only, and no satisfactory de-
scription is provided for the susceptibility data. On the other
hand, the magnetic studies of sample 2 were limited to the
temperatures above 2 K; therefore, the Griffiths-phase model
cannot be ruled out yet. For this reason, further experiments
carried out at much lower temperatures and possibly also
under hydrostatic pressure are highly desired to shed more
light on the actual nature of the NFL-like behavior observed
for this compound.
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