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Non-Fermi-liquid behavior of YbCu 52xAl x
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A valency change in YbCu52xAl x from n'2.2(x50) to n53(x52) causes a magnetic instability near a
critical concentrationxcr'1.5. Alloys in the vicinity ofxcr exhibit typical non-Fermi-liquid properties like a
negative logarithmic contribution to the specific heat or substantial deviations of the electrical resistivity from
a T2 behavior. Both pressure and alloying in this series bring about a strong reduction of the Kondo tempera-
ture TK ; the crystal-field interaction and the interatomic exchange gain therefore importance and magnetic
order becomes possible beyondxcr . @S0163-1829~99!03825-4#
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I. INTRODUCTION

In recent investigations we have shown that a Cu/Al s
stitution in YbCu5 causes a crossover from an almost no
magnetic 4f 14 state (YbCu5) to the magnetic 4f 13 state in
YbCu3Al2.1,2 This change in the ground-state configurati
is accompanied by the onset of long-range magnetic o
and by an increase of both the ordering temperature and
magnitude of the ordered moment.

Such an evolution of the magnetic behavior, driven b
change of the valence, is promising with respect to the
pearance of a non-Fermi-liquid~NFL! behavior near to the
critical concentrationxcr at which long-range magnetic orde
sets in. There, a quantum critical point shall exist,3 and mag-
netic correlations can be much higher in energy th
kBTN,(C) . As a consequence, the Fermi-liquid~FL! model is
insufficient to account for the physical behavior of su
systems.4 Previously, we have shown2 that the specific hea
of YbCu3.5Al1.5 behaves logarithmically at low temperatur
indicating substantial deviations from a FL behavior. Th
particular alloy is in the proximity of the onset of long-rang
magnetic order in this series, which was confirmed by ela
neutron scattering experiments forx51.75 (TN'1 K, mord
'1.2mB) andx52 (TN'2 K, mord'2mB).2 More recently,
a study of the magnetic susceptibility and of the temperatu
dependent Mo¨ssbauer spectra revealed magnetic order be
about 0.25 and 0.55 K forx51.6 and 1.7, respectively.5

Investigations of Yb systems, in general, provide the p
sibility to approach a magnetic instability point from the o
posite side when compared to isomorphous Ce system
particular, it was shown that the binary compound CeC5,
which is isostructural to YbCu5, orders antiferromagnetically
below 4 K.6 While a Cu/Al substitution in the former sup
presses long-range magnetic order, it is responsible for
occurrence of a magnetically ordered ground state in the
ter. Moreover, we note that in both cases a simple antife
PRB 600163-1829/99/60~2!/1238~9!/$15.00
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magnetic structure was deduced from elastic neutr
scattering experiments.2,6 Another important aspect of Yb
systems is the fact that pressure can drive such systems
a nonmagnetic to a magnetic state, while Ce systems be
usually mirrorlike due to the electron-hole symmetry b
tween the Ce31 and the Yb31 ions.

The aim of the present paper is to investigate in so
detail the low-temperature physical behavior of alloys in
certain range aroundx'xcr and to show that NFL propertie
may occur also in Yb systems.

II. EXPERIMENTAL DETAILS

Samples with concentrations near toxcr (x51.2, 1.3,
1.4, 1.5, 1.6, and 1.7! have been prepared from stoichio
metric amounts of elements using high frequency melti
To ensure phase purity and homogeneity, the ingots w
remelted several times and subsequently annealed fo
days at 750 °C. X-ray diffraction measurements were carr
out applying CoKa radiation. The x-ray pattern proved pha
purity ~hexagonal CaCu5 structure,P6/mmm), and revealed
a continuous increase of the lattice parametera and a slight
decrease ofc; hence the volume of the unit cell grows wit
increasing Al content~see Fig. 1!.

The electrical resistivity and magnetoresistivity of ba
shaped samples were measured using a four-probe dc me
in the temperature range from 300 mK to room temperatu
A liquid pressure cell with a 4:1 methanol-ethanol mixture
pressure transmitter served to generate hydrostatic pres
up to about 15 kbar. The absolute value of the pressure
determined from the superconducting transition tempera
of lead.7

A superconducting quantum interference device magn
meter served for the determination of the magnetization fr
2 K up to 300 K in fields up to 6 T.

Specific-heat measurements on samples of about 2 g were
performed at temperatures ranging from 1.5 up to 60 K
1238 ©1999 The American Physical Society
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PRB 60 1239NON-FERMI-LIQUID BEHAVIOR OF YbCu52xAl x
means of a quasi adiabatic step-heating technique. Meas
ments down to 400 mK were carried out in a3He semiadia-
batic calorimeter using the heat-pulse method and a th
wires-Ge thermometry.

III. RESULTS

A. Physical properties at ambient conditions

1. Electrical resistivity

Figure 2 displays the temperature-dependent electrica
sistivity r(T) of YbCu52xAl x in a normalized representatio
for various concentrationsx. The most prominent feature ob
served experimentally from the resistivity measurements
concentration-dependent shift of a maximum inr(T) at
Tr, low

max from about 52 K forx51.3 to about 0.9 K forx
51.7 ~see inset, Fig. 2!. No maximum inr(T) was found in
the available temperature range (300 mK,T,300 K) and
at ambient conditions for the alloy withx51.2.

The overall shape ofr(T) for samplesx<1.5 is reminis-
cent of the behavior of a Kondo lattice, with a maximum

FIG. 1. Concentration-dependent variation of the lattice para
eters a and c and of the volumeV of YbCu52xAl x for various
concentrationsx.

FIG. 2. Temperature-dependent electrical resistivityr of
YbCu52xAl x for various concentrationsx. The inset shows the
concentration-dependent variation ofTr, low

max .
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Tr, low
max }TK ,8 whereTK is the Kondo temperature of the lattic

system. In the scope of this model, the Kondo interact
strength of the present series decreases along with grow
values ofx. The lowering ofTK causes a growing importanc
of the crystal-field~CF! interaction, sinceTK may become
much smaller than the energy of the first excited CF lev
Previous 170Yb Mössbauer studies on YbCu3Al2 revealed
that the energy splitting between the first excited doublet
the ground-state doublet is about 100 K.10 In fact, this CF
influence on ther(T) behavior forx51.6 andx51.7 can be
deduced from a shoulder centered aroundT'70 K. Below
and above this shoulder,r(T) can be accounted for in term
of the Kondo interaction in the CF ground state and in
excited CF level~s!, respectively, together with an appropr
ate phonon contribution.9 A similar behavior occurs forx
51.5, the shoulder inr(T) being however less pronounce
For smaller concentrations of Al, the CF influence cannot
resolved anymore from ther(T) data. Additionally to the CF
splitting, the decrease ofTK with growing Al content causes
that the exchange interactionTRKKY gains importance as evi
denced from the onset of long-range magnetic order fox
>1.6 ~with, however, reduced spontaneous magnetic m
ments!.

2. Magnetic susceptibility

Magnetization measurements on various samples of
series have been performed from 2 K up toroom temperature
and at fields up to 6 T. The magnetization in the param
netic temperature range scales well with the applied fie
Data taken at 1 T are shown in Fig. 3. The magnetic susce
tibility x(T) above about 50 K is characterized by a Cur
Weiss-like behavior and can be accounted for in a first
proximation by x(T)5x01C/(T2up), with x0 being a
temperature-independent Pauli susceptibility contributionC
is the Curie constant, andup is the paramagnetic Curie tem
perature. The results of least-squares fits indicate thatup in-
creases substantially from about2190 K for YbCu3.7Al1.3 to
about230 K for YbCu3.3Al1.7, while the effective magnetic
momentmeff per Yb31 ion, evaluated from the Curie con

-

FIG. 3. Temperature-dependent inverse susceptibility 1/x of
YbCu52xAl x for various concentrationsx. The inset shows isother
mal magnetization curves taken atT52 K.
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1240 PRB 60E. BAUER et al.
stant, changes slightly from 4.49mB for x51.3 to 4.16mB for
x51.7. The concentration dependent variation ofup may be
understood as a decrease ofTK @TK}uupu ~Ref. 11!# when
the Al content rises. It is supposed that the decrease ofmeff
with growing Al content results from the crystal-field spli
ting, which changes slightly upon Al/Cu substitution.

The isothermal magnetization of YbCu52xAl x at 2 K,
shown as inset in Fig. 3, significantly grows with increasi
Al content and reflects the stabilization of the magnetic 4f 13

state due to the Al/Cu substitution. This experimental find
is well in agreement with the evolution of the valence of t
Yb ion as it was already demonstrated by means ofLIII
absorption edge spectroscopy.2

3. Specific heat

Specific heat measurements forx51.3, 1.4, 1.5, and 1.6
have been performed from 400 mK to about 100 K. Res
of this study are shown in Fig. 4. The heat capacityCp at low
temperature (T,3 K) increases with increasing Al conten
However, at a temperature slightly above, a mirrorlike b
havior is obtained, inferring that entropy is transferred fro
low to high temperature upon a lowering of the Al conte
The inset of this figure shows the magnetic entropySmag
calculated from the specific-heat data at low temperatu
Here, it should be mentioned that no ‘‘nonmagnetic’’ refe
ence, yielding the phononic contributionCph could be sub-
tracted as the appropriate series starting with LuCu5 crystal-
lizes in the cubic AuBe5-type structure.12 However, since for
the very low-temperature rangeCmag@Cph, we assume tha
S'Smag. It is obvious from the inset of Fig. 4 thatSmag(T)
grows with increasing Al content. In terms of the Kond
effect, responsible for the release of entropy at low tempe
tures, the increase ofSmag with rising Al concentration indi-
cates that the characteristic temperature of the systemTK
decreases, in agreement with the resistivity and susceptib
results. The smooth behavior ofCp(T) aroundT52 K, with
only a tiny anomaly forx51.3 shows that the presen
samples are almost free from Yb2O3.

In order to emphasize the electronic contribution to
specific heat at low temperatures, we have plottedCp /T vs

FIG. 4. Temperature-dependent specific heatCp of various
YbCu5-xAl x alloys. The inset shows the temperature-depend
magnetic entropySmag in the low-temperature range.
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lnT of YbCu52xAl x in Fig. 5. The rise of the Al conten
causes at low temperatureCp /T to increase up to abou
2 J/mol K2. This order of magnitude is typically observe
for heavy fermion systems. Even for those alloys which
already magnetically ordered (x>1.6),Cp /T remains very
large. For Al concentrations slightly below the critical valu
(1.3<x<1.5),Cp /T behaves almost logarithmically below
about 3 K. However, the sample withx51.3 exhibits already
a negative curvature at low temperatures. Finally, the a
with x51 shows just a weak temperature dependence, c
acteristic for an intermediate valence system andCp /T(T
→0) can be extrapolated to about 100 mJ/mol K2. The
most important feature of the heat capacity, however, is
logarithmic behavior, which is considered as a characteris
of a non-Fermi-liquid ~NFL!. Obviously, the observed
2 lnT dependence ofCp /T is related to the proximity of a
magnetic instability owing to the Al/Cu substitution.

A similar evolution of the physical properties, in particu
lar of the specific heat, has been observed in CeCu62xAux.

13

In that case, the decrease of the Kondo coupling is assig
to an increase of the unit cell volume by the Cu/Au subs
tution. At the critical concentration for the onset of lon
range magnetic order (xcr'0.1), significant deviations from
the usual Fermi-liquid properties are observed.

B. Pressure and field-dependent properties of YbCu52xAl x

1. Pressure response

In Figs. 6~a! and 6~b! the pressure dependence of the ele
trical resistivity is shown forx51.3 andx51.6, respectively,
as an example of this series in the temperature range f
1.5 K up to 300 K and for pressures up to 12 kbar.
already mentioned,r(T) of YbCu3.7Al1.3 exhibits at ambient
pressure a maximum atTr, low

max '52 K while that of
YbCu3.4Al1.6 occurs at 1.1 K. Upon an increase of pressu
Tr, low

max of the former lowers; eventually reaching a value
about 9 K for p512 kbar @compare Fig. 6~a!#. As can be
inferred from the inset of Fig. 6~a!, a pressure of the order o
25 to 30 kbar is sufficient to suppressTr, low

max below 1.5 K.

nt
FIG. 5. Specific heatCp of various YbCu52xAl x alloys plotted

asCp /T on a logarithmic temperature scale.
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PRB 60 1241NON-FERMI-LIQUID BEHAVIOR OF YbCu52xAl x
Well aboveTr, low
max the resistivity behaves logarithmically du

to the presence of Kondo interactions.
A growing value of the Al contentx is accompanied by a

decrease ofTr, low
max ~see inset, Fig. 2! and as a consequenc

the value of the pressure sufficient to shiftTr, low
max below 1.5 K

decreases~e.g., x51.4: pcrit'10 kbar). In the temperatur
range of the experiment, no pressure dependence ofTr, low

max

could be deduced for YbCu3.4Al1.6 @compare Fig. 6~b!#.
The pressure-dependent decrease ofTr, low

max indicates that
TK lowers, which is considered as a general feature of
systems.14 Such a behavior is opposite to Ce systems an
assumed to emerge from the electron-hole symmetry of b
elements.

As the Al content grows, a second feature inr(T) slightly
below 100 K becomes evident due to CF splitting@compare
Fig. 6~b!#. The resulting local maximum is further enhanc
with rising values of pressure and the value of this tempe
ture Tr,high

max shifts moderately to higher temperatures. Ev
for YbCu3.7Al1.3 a local maximum at about 80 K appears d
to the crystal-field splitting, however, at substantially e
hanced values of pressure@p.30 kbar, see inset, Fig. 6~a!#,
which is resolved when hybridization is sufficiently deplete
Logarithmic resistivity contributions are found at tempe
tures below and above those local maxima atTr,high

max . In the
scope of the model of Cornut and Coqblin,9 such a particular
behavior follows from Kondo-type interactions in the pre
ence of strong crystal-field splitting. The negative logari
mic resistivity behavior below and aboveTr,high

max reflects the
Kondo effect in the crystal-field ground state and in an
cited level, respectively, while the temperature of the ma
mum itself is a rough measure for the separation of the
cited level from the ground state.

2. Field dependence

The field response of the alloys in the proximity of th
critical concentrationxcr'1.5 has been studied by means
electrical resistivity measurements up to 12 T and in a te
perature range down to 300 mK.

FIG. 6. Temperature and pressure-dependent electrical res
ity r of YbCu3.4Al1.6 and of YbCu3.7Al1.3.
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As an example of ourr(T) results, measurements at co
stant fields as well as at constant temperatures are show
Figs. 7, 8, and 9. While the alloy withx51.2 is characterized
by a field induced increase of the resistivity in the tempe
ture range 0.3<T<100 K, the sample with x51.3
@Fig. 7~a!# reflects the case where the magnetoresistanc
positive at low temperature, but crosses over to a nega
one for a temperature above about 4 K. For concentrati
x.1.3, a negative magnetoresistance is observed for
fields in the temperature range covered@see Fig. 7~b!#. The
maximum ofr(T) at Tr, low

max becomes broader as the magne
field grows and shifts to substantially higher temperature

At lowest temperatures, the data was analyzed in term
r(T)5r01ATn ~by taking the temperature range from 30
mK to 3 K, if possible!. A T2 behavior of the electrica
resistivity, and thus a Fermi-liquid state, can be expected
Kondo lattices below the coherence temperatureTcoh with
Tcoh!TK . Kaga et al.15,16 pointed out thatTcoh'0.1TK in
absence of any other interaction mechanisms. The expo
n for all the samples investigated is found to be strongly fi
dependent and increases, e.g., forx51.3 from aboutn'1 at
m0H50 T to n52 for fields roughly above 6 T@compare
inset, Fig. 7~a!#. Along with the rise of the Al content, the
saturation of the exponentn at a value of 2 occurs subse
quently at higher fields. The deduced increase ofn upon
increasing external fields and the off-leveling at a value
n52 indicates that a Fermi-liquid state for the Cu-rich allo
is recovered in the presence of sufficiently strong magn
fields.

As for the other samples, the field increase causes a ris
the exponentn for x51.7; however, even atm0H512 T a
T2 behavior is not recovered. This is either due to a limit
access to low temperatures or, in our opinion, due to sh
range order correlations above a magnetic phase transi
which cannot be quenched even in fields of 12 T.

In a simple view on Kondo systems one would expect t
the decrease ofTK , driven by the Al substitution, should
cause that already relatively lower fields are sufficient
quench Kondo-like spin fluctuations and restore Fermi-liq

iv- FIG. 7. Temperature and field-dependent electrical resistivitr
of YbCu3.4Al1.6 and of YbCu3.7Al1.3.
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1242 PRB 60E. BAUER et al.
properties. Such a straightforward behavior, however, is
pected to be valid only for systems withTK.TRKKY . Since
with growing Al content TK;TRKKY and eventuallyTK
,TRKKY , the field response of the alloys investigated can
longer be attributed to the Kondo effect only; rather the co
bined interaction of both processes apparently cause a di
ent response of the system to magnetic fields and the loc
of the exponentn at a value of 2 occurs in much larger field
than expected from the reduced values ofTK .

The magnetic phase transition temperature
YbCu3.3Al1.7 with TN'0.55 K and an estimated mome
mord'0.6 mB would imply that fields of the order of 1 T
(kBTN5gmordH,g is assumed to be 2! should be sufficient to
quench magnetic order, in contradiction to the experime
results. A possible explanation for such a discrepancy m
be found from the fact that the strength of magnetic inter
tions is likely better described by the energy scalekBTRKKY ,
which in systems with a Kondo contribution may be subst
tially different from the deduced transition temperature17

For YbCu3.3Al1.7,TRKKY was calculated to be 5.7 K,5 which
is about one order of magnitude larger than the value ofTN .
Nevertheless, alloys and compounds with small order
temperatures may represent examples where the Kondo

FIG. 8. Low temperature and field-dependent electrical resis
ity r of YbCu52xAl x for x51.3, 1.4, 1.5, and 1.6.
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pling, the exchange interaction and the externally appl
magnetic field can yield extraordinary complex interferenc

The field dependence of the low temperature resistiv
for alloys with 1.3<x<1.6 is shown in Fig. 8 plotted on a
quadratic temperature scale. Obviously, common to all all
is the nonquadratic temperature dependence ofr(T) at zero
fields, while the 12 T measurement clearly displays aT2

behavior from about 300 mK to 3 K. As already mentione
enhanced spin fluctuations for the alloys in the proximity
the magnetic instability may be responsible for the obser
deviations from the Fermi-liquid behavior; sufficient
strong fields, however, recover the FL state.

To show in more detail the characteristic crossover from
positive magnetoresistance to a negative one when incr
ing the Al content,Dr/r is plotted in Fig. 9 for 1.2<x
<1.7 atT52.1 K up to 12 T. At this temperature the allo
with x51.2 shows large positive values andx51.3 exhibits
only a tiny positive magnetoresistance~about 0.8% at 12 T!,
while for x51.4 the magnetoresistance is already nega
~about 10% at 12 T! and increases to about 25% forx51.7.
It is interesting to note thatDr/r for x51.5 does not follow
the continuous trend of the other concentrations. The m
netoresistance of this alloy initially decreases strongly w
increasing field, but saturates for external fields above 6

In terms of the Kondo-type interaction present in this s
ries, the overall behavior may follow from an evolution
the ground-state behavior. While a positive magnetore
tance is usually found for coherent ground states, a nega
magnetoresistance is related to interactions of conduc
electrons with isolated Kondo scattering centers.

IV. DISCUSSION

The experimentally observed evolution of the physic
properties in YbCu52xAl x appears to be primarily a result o
a valence change either due to the Cu/Al substitution or
to pressure. This valence change is accompanied by a
nificant decrease ofTK . As a consequence, intersite intera
tions of the Ruderman-Kittel-Kasuya-Yosida~RKKY ! type
between the Yb ions gain weight and eventually, beyon
critical Al concentrationxxr the system is expected to exhib

-

FIG. 9. MagnetoresistanceDr/r of YbCu52xAl x for various
concentrationsx at T52 K.
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a magnetic instability atT'0. Such a zero-temperatur
phase transition influences observable physical prope
even at finite temperatures.18–20Most prominent is a negative
logarithmic contribution to the specific heat and deviatio
of the electrical resistivity from theT2 behavior. Experimen-
tally, significant differences to a Fermi-liquid behavior we
found for Al concentrations near toxcr'1.5. There, a critical
balance ofTK andTRKKY gives rise to a magnetic instability
The lowering ofTK is also responsible for a ground-sta
change in YbCu52xAl x . While for smaller Al concentrations
TK is much larger than both RKKY and crystal-field spl
ting, the growing Al content reverses the former relation a
crystal-field splitting as well as long-range magnetic ord
may dominate the physical properties.

In the scope of a phenomenological systematics21 it has
been shown that the temperature dependence of the hea
pacity of non-Fermi-liquid systems follows a general scal
law:

Cp /t52D logt1ET0 , ~1!

wheret5T/T0 andT0 is the characteristic temperature of th
system (T0;TK). The constantD was deduced for most o
the cerium based non-Fermi liquids asD57.2 J/mol K and
0<E<0.14 J/mol K2.21 In order to check that scaling als
for the Yb series investigated, we have plotted our lo
temperature data in the normalized representationCp /t vs
logt. Results are shown in Fig. 10. A scaling behavior w
reasonable agreement is found from the procedure accor
to Eq. ~1! for x51.3, 1.4, 1.5, and 1.6 with characterist
temperaturesT0522.6, 8, 5, and 3 K, respectively. For co
centrations betweenx51.6 andx51.4,T0 increases slightly,
while E'0. However, forx51.3 bothT0 andE grow sub-
stantially; this behavior coincides with the approach of
unstable valent regime. The coefficientD is deduced for this
series asD56.85 J/mol K, thus being slightly smaller tha
the generally used value for cerium systems. The magn
entropy associated with an idealized behavior according
the slopeD and for temperatures from 0 tot51 follows from
*0

1Cp /tdt52*0
1D log tdt50.434D. The entropy release u

to the characteristic temperatureT0 amounts, therefore

FIG. 10. Scaling of the ‘‘logt’’ dependence of of various
YbCu52xAl x alloys.
es
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roughly to 0.5Rln2. For temperaturest,0.05,Cp /T deviates
from the expected logarithmic behavior. Thus, the entro
derived from the experiment is slightly less than calcula
from Eq.~1!. Both from the theoretical and the experimen
point of view,4,22,23the low temperature limit of the specifi
heat at a quantum critical point should behave likeg5g0
2aT1/2. Such a dependence would provide a natural exp
nation for the observed low-temperature data of the Yb se
studied. However, an experimental study well below 400 m
is necessary in order to draw a final conclusion. Forx51.3,
the finite value ofE0 causes an additional contribution t
Smag, amounting to 0.56 J/mol K'0.1R ln 2 at t51.
Though Cp /t does not become zero att51, the remnant
entropy above that temperature is far from reaching the
pected value ofR ln 2.24

The influence of substitution and pressure on the cha
teristic temperatures of the system was deduced from dis
features like maxima or weak local maxima of the tempe
ture dependent resistivity. Results are plotted in Fig. 11. T
different physical mechanisms cause such maxima inr(T):
i! For x>1.5 the crystal-field splitting in the presence of
Kondo interaction is responsible for the high-temperat
maximumTr,high

max showing only a small concentration depe
dence. Pressure shifts this resistivity maximum to hig
temperatures. This can be explained in terms of the sim
point-charge model, where, putting the ionic charges clo
together, the increasing Coulomb potential enlarges the o
all crystal-field splitting.~ii ! It is obvious from Fig. 2 that the
alloys with smaller Al content do not exhibit evidence
crystal-field effects. These samples are characterized b
maximum atTr, low

max ~for p51 bar) which increases in tem

FIG. 11. Pressure~a! and field~b! dependence of characterist
temperatures of YbCu52xAl x . The solid lines in~b! refer to varia-
tional calculation described in detail in the text.
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1244 PRB 60E. BAUER et al.
perature when the Al content is further reduced.Tr, low
max is, in

absence of any additional interaction mechanisms, a mea
of the Kondo temperatureTK .8 Intersite interactions of the
RKKY type can modify this relation. Pethick and Pines25

showed that in such a case the low-temperature physic
governed by a new temperature scaleT* according to

T* 5TK@12CJ~q,0,T!/TK#, ~2!

where C is the Curie constant andJ(q,0,T) is the wave
vector-dependent-intersite coupling constant at zero
quency and at a temperatureT. Equation~2! indicates that for
TK.CJ(q,0,T), the characteristic temperatureT* coincides
essentially with the Kondo temperatureTK , while in the op-
posite case, i.e.,TK,CJ(q,0,T), RKKY interactions domi-
nateT* .

The concentration-dependent decrease ofTr, low
max is de-

picted in the inset of Fig. 2. Obviously,Tr, low
max changes in a

nonlinear way withx and becomes almost concentration
dependent forx>1.6. In terms of Eq.~2!, Tr, low

max (x) reflects
the crossover from the Kondo dominated concentration ra
~small values ofx) to the range where RKKY interactio
becomes comparable to, or even exceeds the Kondo en
In fact, the alloy withx51.6 is found to exhibit long-range
magnetic order below about 250 mK Ref. 10 andTN in-
creases with further increasingx.

A similar behavior follows also from the pressure r
sponse ofTr, low

max . Increasing values of pressure cause, as
ready discussed, a decrease ofTr, low

max . However,dTr, low
max /dp is

strongly concentration dependent and the initial value
dTr, low

max /dp lowers with growing Al substitution from e.g.
25.4 K/kbar for x51.3 to 20.4 K/kbar for x51.5. More-
over, as follows most clearly from the alloy withx51.3,
dTr, low

max /dp decreases upon rising values of pressure. This
havior is likely also a consequence of Eq.~2!, since, as it is
well known, the pressure response ofTK is large. Thus, as
TK is significantly lowered by pressure in a particular sy
tem, the RKKY interaction becomes of comparable mag
tude and finally surpassesTK . For a system where th
RKKY interaction dominates overTK , much smaller values
of dTr, low

max /dp may be expected.14

Both the concentration- and the pressure-dependen
duction ofTK have to be originated from different physic
mechanisms. On the one side this follows from an incre
of the unit-cell volume due to the Al/Cu substitution~equiva-
lent to a negative chemical pressure!, while on the other side
hydrostatic pressure shrinks the volume of the unit c
However, as both effects are opposite, we have to conc
that the former follows primarily from electronic effects du
to the substitution of a monovalent element (Cu) by a tri
lent one (Al). The optical conductivitys(v) of this series26

indicates a tendency towards a decrease of the numbe
free carriers upon an increasing Al content. As a con
quence, the electronic density of states at the Fermi ene
N(EF), is expected to decrease, too. The latter does not c
trast the observed increase of the low-temperatureCp /T val-
ues. Actually, the free carrier density evaluated froms(v)
refers to an extended energy range~up to 2 eV! and can thus
be associated with the high-temperature metallic proper
of the alloys. The interaction of the 4f states with the con-
ure
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duction electrons, and the renormalization of the density
states, however, occurs at a much lower energy scale w
is of the order of the Kondo temperatureTK .

Defining TK in the usual way by TK}exp@21/
uJk fN(EF)u# and taking into account the Schrieffer-Wol
transformation for the coupling constantJk f as Jk f
5uVk fu2/ue f u (Vk f is the hybridization matrix element be
tween thef and the conduction electron states ande f is the
energy of the 4f level with respect to the Fermi energyEF),
yields the following conclusions: A lowering ofTK may be
referred to a decrease ofN(EF) and/or to a reduction of
uVk fu2/ue f u. Since the Yb ion approaches the 31 configura-
tion on the Al increase, the 4f state becomes more localize
Therefore,uVk fu is thought to decrease as well. To a fir
approximation, the reduction of both quantitiesN(EF) and
uVk fu explains the observed decrease ofTK in YbCu52xAl x
upon the rising Al content.

The pressure-dependent reduction ofTK as a function of
increasing pressure may be understood from the fact tha
number off holesnf in Yb compounds starts to increase wi
rising pressure,27 since the atomic radius of the 4f 13 state is
smaller than that of the 4f 14 one.nf is related toTK via

nf /~12nf !5NfD/TK , ~3!

where D5puVk fu2N(EF) is the hybridization strength be
tween 4f 14(ds)2 and 4f 13(ds)3 electronic states, andNf rep-
resents the degeneracy of thef electrons.28 Hence, ifnf in-
creases,NfD/TK increases as a whole. Pressure, howev
influences both the hybridization parameterNfD as well as
the Kondo temperatureTK . SinceTK changes exponentially
@TK5D exp(2puefu/NfD), D is the effective band width#, it
varies more rapidly than the hybridization parameter. W
therefore, expect that the Kondo temperature decreases
pressure as the number off holes increases.

A decrease ofTK , however, can also be obtained from
change of the hybridization with pressure, which does
necessarily require a change in the f hole count.

The pressure response ofTr, low
max }TK ~Ref. 8! allows the

determination of the electronic Gru¨neisen parameter of thi
series according to

Ge52] ln TK /] ln V5B] ln TK /]p, ~4!

whereB is the bulk modulus of the system.14 Ge is evaluated
as 2102, 2152, and290 for x51.3, 1.4, and 1.5, respec
tively, if B is assumed to be 1 Mbar. The latter value
considered to be typical for Yb systems.29 Values ofGe de-
duced according to Eq.~4! are substantially larger thanGe of
simple metals but match that of typical highly correlat
electron systems such as CeCu6 @Ge557 ~Ref. 30!# or
YbCuAl @Ge5287 ~Ref. 31!#. The negative value ofGe
obviously indicates that]TK /]p,0, again a typical feature
of Yb compounds.

The concentration-dependent variation ofGe is likely a
consequence of the proximity to the onset of long-ran
magnetic order as the Al content increases. Thus, it can
supposed that the alloy withx51.4 andGe52152 is nearest
to that critical concentration, where the quantum-critic
phase transition is expected. In fact, systems which h
been studied in great detail like Ce7Ni3 ~Ref. 32! exhibit also
dramatic variations ofGe . At pressures next to the critica
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pressurepc where NFL behavior occurs,Ge5220, while
well below and abovepc the Grüneisen parameter substa
tially decreases.32 A similar evolution of the Gru¨neisen pa-
rameter can be deduced for Ce(Cu,Au)6.33 The alloy
CeCu5.8Au0.2 with long-range magnetic order atTN(p
51 bar)'0.24 K—next to the critical concentratio
CeCu5.9Au0.1—is characterized byGe'280 while Ge is al-
ready reduced to about 105 for CeCu5.7Au0.3, which exhibits
more stable moments. On the other side, CeCu6, with a
Fermi-liquid ground state, exhibitsGe'57.30

An interesting feature is evident from the field-depend
variation of Tr, low

max . As shown in Fig. 11~b!, this quantity
grows almost linearly with rising fields. Such a behavi
most likely, may be understood from the general behavio
the characteristic temperature scaleTK as a function of the
external magnetic fields. In the scope of the Bethe-an
solution of the Anderson Hamiltonian, Rajan34 has shown
that, e.g., the maximum of the specific heat, which is direc
related withTK , shifts to higher temperatures. Such a beh
ior may be considered to occur formally from a growin
value ofTK . In the very simplej 51/2 picture of the Kondo
effect, the external field causes a splitting of a magnetic t
let state above the nonmagnetic singlet ground state, thu
occupation of levels at higher energies is invoked and
specific heat maximum moves to higher temperatures. S
larly, the field variation ofTr, low

max may be accounted for. In a
attempt to describe the effect of the magnetic field onTr, low

max

more quantitatively, we considered the variational appro
of the impurity Kondo problem.28 In the variational calcula-
tion, the Kondo temperatureTK , which according to Cox
and Grewe8 can be identified in zero fields withTr, low

max , is the
energy separation between the Kondo singlet ground s
and the 4f orbital, the latter being in our case the CF grou
state. An external magnetic field causes a Zeeman split
of this level and concomitantly, the energy of the Kon

singlet lowers. The mean energy distanceT̄0 between the
Kondo singlet and the Zeeman split ground CF state th

FIG. 12. Concentration dependence of characteristic temp
tures of YbCu52xAl x ; Tr, low

max is the low-temperature maximum o
the electrical resistivity,T0 is the scaling temperature according
Eq. ~1!. The antiferromagnetic ordering temperatureTN for x51.6
andx51.7 as well asTK are taken from Ref. 5. The concentratio
range between the hatched areas is the approximate extension
NFL.
t
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fore increases, and we can identifyT̄0(B) with Tr, low
max (B).

The results of the variational calculation of the field depe

dence ofT̄0(B) are shown in Fig. 11~b! as solid lines, as-

sumingT̄0(B→0)550, 12, and 4 K forx51.3, 1.4, and 1.5,
respectively, and the field applied along thec axis. Reason-
able agreement is found between the experimental data
the theoretical predictions in spite of the crudeness of

model. The calculated curves are characterized byT̄0(B)

}B2 for low fields, whileT̄0(B)}B in the high-field limit.
Most of the experimental findings on YbCu52xAl x indi-

cate that the significant deviations of the physical proper
from a FL behavior for alloys near to the critical concentr
tion (xcr'1.5) may descend from the evolution of long
range magnetic order forx.xcr . Thus, a quantum-critica
phase transition is expected atxcr . Many of the yet studied
NFL systems are explained in terms of such a phase tra
tion atT50. Enhanced spin fluctuations in these systems
supposed to cause the breakdown of a Fermi-liquid gro
state. The latter, as it is well known, occurs only in the ca
of weak interactions.

Another route to obtain NFL, stressed in literature,35 is a
distribution of local Kondo temperatures due to disorder
the investigated system. This can cause a broad distribu
of local energy scales with arbitrarily small values ofTK .
Hence, the magnetic moments at certain sites of the lat
are unquenched at low temperatures and dominate the
dynamic and transport properties.35 The presence of such
unquenched moments leads then to the formation of a n
Fermi-liquid phase. UCu52xPdx is considered as the best e
ample, where a NFL behavior results from disorder due
the random substitution of Cu/Pd.36 Different from the
present Yb series, UCu52xPdx crystallizes in the cubic
AuBe5 structure. Strong disorder as the central idea of
above model causes usually thatr(T) of such alloys do not
enter a coherent state at low temperatures as reflected fr
substantial decrease of the resistivity on lowering the te
perature. Rather,r(T) increases steadily with decreasin
temperatures, similarly to single impurity Kondo systems.
fact, such a r(T) dependence was reported fo
UCu52xPdx.

36,37 The particular resistivity behavior o
YbCu52xAl x for concentrations 1.7<x<1.3 hints, however,
to the evolution of a probably not fully developed cohere
state at low temperatures. Support for such a conclusio
revealed from particular features in the energy-dependent
tical conductivitys(v).26 While for samplesx,1.5 the op-
tical conductivity shows a well-defined structure at lowe
frequencies, associated with a plasma resonance, this ty
sign of a coherent ground state vanishes progressively fx
>1.5 and becomes reminiscent of incoherent, single im
rity Kondo systems.

A tentative phase diagram for this series is depicted
Fig. 12, tracing the general trends of YbC52xAl x . When the
Al concentration increases, the hybridization and thusTK
becomes lower, enabling long-range magnetic order bey
a critical concentrationxcr'1.5.

V. SUMMARY

Measurements of thermodynamic quantities like spec
heat and of the pressure and field-dependent resistivity

a-

the
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YbCu52xAl x reveal substantial deviations from a Ferm
liquid behavior for Al concentrations near tox'1.5. This is
concluded from a nonquadratic low-temperature behavio
the electrical resistivity as well as from the negative logari
mic contribution to the temperature-dependent specific h
Moreover, the Gru¨neisen parameterGe of alloys near tox
'1.5 is extraordinarily large and of comparable magnitu
to other NFL systems near to their respective quantum c
cal point.

The most likely mechanism for the observed NFL beh
ior is the proximity of the samples with 1.3,x,1.6 to that
Al content, where long-range magnetic order sets inx
'1.6). In the vicinity of a magnetic instability atT50,
strong spin fluctuations at finite temperatures occur, lead
to deviations of the electrical resistivity from theT2 behavior
and to the appearance of a2 ln(T) dependence in the specifi
heat. However, both magnetoresistance and preliminary
tical conductivity data indicate that for sufficiently large va
ues of Al the system gradually looses coherence, too.

The reason for the crossover of the system from a n
magnetic ground state forx,1.6 to a state with long-rang
.G

ill-

.G

.

ll
of
-
t.

e
i-

-

g

p-

-

magnetic order forx>1.6 is assumed to be caused by t
growing valency of the Yb ion in YbCu52xAl x due to the
Al/Cu substitution. Concomitant with the increase of the v
lency is a decrease of the Kondo temperature of the se
The latter observation follows in a similar manner from t
Mössbauer measurements,5 from the low-temperature spe
cific heat and from the low-temperature maxima of the el
trical resistivity as well. Due to the substantial lowering
TK , both crystal-field splitting and RKKY interactions be
come comparable and eventually exceedTK . The former
effect causes that the degeneracy of the ground state
clines, thus, favoring a magnetically ordered state,38 in line
with TRKKY.TK upon the growing Al concentration.
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