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A valency change in YbGu,Al, from v~2.2(x=0) to v=3(x=2) causes a magnetic instability near a
critical concentratiorx,~1.5. Alloys in the vicinity ofx., 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 Ty ; the crystal-field interaction and the interatomic exchange gain therefore importance and magnetic
order becomes possible beyorg. [S0163-18209)03825-4

[. INTRODUCTION magnetic structure was deduced from elastic neutron-
scattering experiment® Another important aspect of Yb
In recent investigations we have shown that a Cu/Al subsystems is the fact that pressure can drive such systems from
stitution in YbCu causes a crossover from an almost non-@ honmagnetic to a magnetic state, while Ce systems behave
magnetic 4* state (YbCy) to the magnetic #= state in usually mirrorlike due to the electron-hole symmetry be-
YbCusAl,.12 This change in the ground-state configurationtween the C& and the YB* ions. . .
is accompanied by the onset of long-range magnetic order 'ne aim of the present paper is to investigate in some

and by an increase of both the ordering temperature and tHiétail the low-temperature physical behavior of alloys in a
magnitude of the ordered moment. certain range arounxl~x., and to show that NFL properties

Such an evolution of the magnetic behavior, driven by gmay occur also in Yb systems.
change of the valence, is promising with respect to the ap-
pearance of a non-Fermi-liquidNFL) behavior near to the Il. EXPERIMENTAL DETAILS

critical concentratiorx., at which long-range magnetic order Samples with concentrations near tq, (x=1.2, 1.3,
sets in. There, a quantum critical point shall exiahd mag- 1.4, 1.5, 1.6, and 1)7have been prepared from stoichio-
netic correlations can be much higher in energy thametric amounts of elements using high frequency melting.
KsTn,(c)- As a consequence, the Fermi-liqufeL) model is  To ensure phase purity and homogeneity, the ingots were
insufficient to account for the physical behavior of suchremelted several times and subsequently annealed for 10
systemég. Previously, we have showrhat the specific heat days at 750 °C. X-ray diffraction measurements were carried
of YbCus sAl; 5 behaves logarithmically at low temperature, out applying Cé , radiation. The x-ray pattern proved phase
indicating substantial deviations from a FL behavior. Thispurity (hexagonal CaGustructure,P6/mmn), and revealed
particular alloy is in the proximity of the onset of long-range a continuous increase of the lattice parametand a slight
magnetic order in this series, which was confirmed by elastielecrease o€; hence the volume of the unit cell grows with
neutron scattering experiments for=1.75 (Ty=1 K, poq  increasing Al contenfsee Fig. L
~1.2ug) andx=2 (Ty~2 K, uo~2ug).> More recently, The electrical resistivity and magnetoresistivity of bar-
a study of the magnetic susceptibility and of the temperatureshaped samples were measured using a four-probe dc method
dependent Mssbauer spectra revealed magnetic order belovin the temperature range from 300 mK to room temperature.
about 0.25 and 0.55 K fax=1.6 and 1.7, respectivefy. A liquid pressure cell with a 4:1 methanol-ethanol mixture as
Investigations of Yb systems, in general, provide the pospressure transmitter served to generate hydrostatic pressure
sibility to approach a magnetic instability point from the op- up to about 15 kbar. The absolute value of the pressure was
posite side when compared to isomorphous Ce systems. bfetermined from the superconducting transition temperature
particular, it was shown that the binary compound CgCu of lead’
which is isostructural to YbGy) orders antiferromagnetically A superconducting quantum interference device magneto-
below 4 K& While a Cu/Al substitution in the former sup- meter served for the determination of the magnetization from
presses long-range magnetic order, it is responsible for th2 K up to 300 K in fields up to 6 T.
occurrence of a magnetically ordered ground state in the lat- Specific-heat measurements on samples of ebguwere
ter. Moreover, we note that in both cases a simple antiferroperformed at temperatures ranging from 1.5 up to 60 K by
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FIG. 1. Concentration-dependent variation of the lattice param- T K]
etersa and c and of the volumeV of YbCu_,Al, for various . ibili
concentrations. FIG. 3. Temperature-dependent inverse susceptibilify af

YbCu_,Al, for various concentrations The inset shows isother-

means of a quasi adiabatic step-heating technique. Measur&a magnetization curves taken't-2 K.
ments down to 400 mK were carried out ir’He semiadia-
batic calorimeter using the heat-pulse method and a thre E?gWMTK 8 whereT is the Kondo temperature of the lattice
wires-Ge thermometry. system. In the scope of this model, the Kondo interaction
strength of the present series decreases along with growing
. RESULTS values ofx. The lowering ofTx causes a growing importance
of the crystal-field(CF) interaction, sincelx may become
much smaller than the energy of the first excited CF level.
1. Electrical resistivity Previous 1’%b Mossbauer studies on YbGAI, revealed
that the energy splitting between the first excited doublet and
She ground-state doublet is about 100"Kin fact, this CF
influence on thep(T) behavior forx=1.6 andx=1.7 can be
deduced from a shoulder centered arond70 K. Below
4nd above this shouldes(T) can be accounted for in terms
of the Kondo interaction in the CF ground state and in the
excited CF levdk), respectively, together with an appropri-
ate phonon contributioh.A similar behavior occurs fox
=1.5, the shoulder ip(T) being however less pronounced.
For smaller concentrations of Al, the CF influence cannot be
resolved anymore from the(T) data. Additionally to the CF
splitting, the decrease Gfx with growing Al content causes
that the exchange interactidixxxy gains importance as evi-
denced from the onset of long-range magnetic orderxfor
=1.6 (with, however, reduced spontaneous magnetic mo-

A. Physical properties at ambient conditions

Figure 2 displays the temperature-dependent electrical r
sistivity p(T) of YbCus_,Al, in a normalized representation
for various concentrations The most prominent feature ob-
served experimentally from the resistivity measurements is
concentration-dependent shift of a maximum gQT) at
T iow from about 52 K forx=1.3 to about 0.9 K forx
=1.7 (see inset, Fig. 2 No maximum inp(T) was found in
the available temperature range (300 mK<300 K) and
at ambient conditions for the alloy witkh=1.2.

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

1.10 ments.
1.05 2. Magnetic susceptibility
§ 1.00 & Magnetization measurements on various samples of this
& series have been performedrfr@® K up toroom temperature
< 095 o %217 1 and at fields up to 6 T. The magnetization in the paramag-
o X—16 netic temperature range scales well with the applied field.
0.90 e x=15 Data taken &1 T are shown in Fig. 3. The magnetic suscep-
- x=14 tibility x(T) above about 50 K is characterized by a Curie-
0.85 } YbCus Al —<— x=13 ] Weiss-like behavior and can be accounted for in a first ap-
. 5xx —o- x=12 | - proximation by x(T)= xo+C/(T—6,), with x, being a
0'800 50 100 150 200 temperature-independent Pauli susceptibility contribut@n,

T K] is the Curie constant, an@}, is the paramagnetic Curie tem-
perature. The results of least-squares fits indicate ahat-
FIG. 2. Temperature-dependent electrical resistivily of ~ creases substantially from aboufl90 K for YbCu; /Al 5t0
YbCus_,Al, for various concentrations. The inset shows the about—30 K for YbCu; 5Al, 7, while the effective magnetic
concentration-dependent variation B, - moment ¢ per Yo' ion, evaluated from the Curie con-
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FIG. 4. Temperature_ dependent specific h€gt of various FIG. 5. Specific hea€, of various YbCy_,Al, alloys plotted
YbCusAl, alloys. The inset shows the temperature-dependent P
. : asC,/T on a logarithmic temperature scale.
magnetic entropysy,gin the low-temperature range. P

stant, changes slightly from 4.43 for x=1.3 to 4.16g for

! -9 InT of YbCus_,Al, in Fig. 5. The rise of the Al content
x=1.7. The concentration dependent variatiordgimay be

causes at low temperatul@,/T to increase up to about
understood as a decreaseTof [Tyx|6p| (Ref. 1DJwhen 5 3o 2. This order of magnitude is typically observed

the Al content rises. It is supposed that the decrease«pf  for heavy fermion systems. Even for those alloys which are
v_v|th growing Al content results from the cryst_al-fleld split- already magnetically orderedc#1.6)C,/T remains very
ting, which changes slightly upon Al/Cu substitution. large. For Al concentrations slightly below the critical value
The isothermal magnetization of YbEUAIl, at 2 K, (7 3<x<1 5) C,/T behaves almost logarithmically below
shown as inset in Fig. 3, significantly grows with increasingg ot 3 K. However, the sample with= 1.3 exhibits already

Al content and reflects the stabilization of the magnefi&*4 a negative curvature at low temperatures. Finally, the alloy

state due to the Al/Cu substitution. This experimental findingith x=1 shows just a weak temperature dependence, char-
is well in agreement with the evolution of the valence of the taristic for an intermediate valence system T(T,

Yb ion as it was already demonstrated by meand. gf —,0) can be extrapolated to about 100 mJ/mél Rhe

absorption edge spectroscapy. most important feature of the heat capacity, however, is the

- logarithmic behavior, which is considered as a characteristics
3. Specific heat

of a non-Fermi-liquid (NFL). Obviously, the observed
Specific heat measurements for 1.3, 1.4, 1.5,and 1.6 —InT dependence o€, /T is related to the proximity of a

have been performed from 400 mK to about 100 K. Result$nagnetic instability owing to the Al/Cu substitution.

of this study are shown in Fig. 4. The heat capaCityat low A similar evolution of the physical properties, in particu-
temperature T<3 K) increases with increasing Al content. lar of the specific heat, has been observed in GeQAu, 13
However, at a temperature slightly above, a mirrorlike be-In that case, the decrease of the Kondo coupling is assigned
havior is obtained, inferring that entropy is transferred fromto an increase of the unit cell volume by the Cu/Au substi-
low to high temperature upon a lowering of the Al content.tution. At the critical concentration for the onset of long-

The inset of this figure shows the magnetic entrdfy,;  range magnetic ordexg~0.1), significant deviations from
calculated from the specific-heat data at low temperatureshe usual Fermi-liquid properties are observed.
Here, it should be mentioned that no “nonmagnetic” refer-

ence, yielding the phononic contributid®y,, could be sub-

tracted as the appropriate series starting with LyGhystal- B. Pressure and field-dependent properties of YbCsL (Al

lizes in the cubic AuBetype structuré? However, since for 1. Pressure response

the very low-temperature rangé, & C,n, We assume that )

S~ Siag- It is obvious from the inset of Fig. 4 th&,,{T) In Figs. Ga) and Gb) the pressure dependence of the elec-

grows with increasing Al content. In terms of the Kondo trical resistivity is shown fox=1.3 andx=1.6, respectively,
effect, responsible for the release of entropy at low tempera@s an example of this series in the temperature range from
tures, the increase @, with rising Al concentration indi- 1.5 K up to 300 K and for pressures up to 12 kbar. As
cates that the characteristic temperature of the sysigm already mentionedy(T) of YbCus 7Al, 3 exhibits at ambient
decreases, in agreement with the resistivity and susceptibilitpressure a maximum aff'ig,~52 K while that of
results. The smooth behavior 6f(T) aroundT=2 K, with ~ YbCus,Al; g 0ccurs at 1.1 K. Upon an increase of pressure,
only a tiny anomaly forx=1.3 shows that the present T, Of the former lowers; eventually reaching a value of
samples are almost free from Y. about 9 K forp=12 kbar[compare Fig. @]. As can be

In order to emphasize the electronic contribution to theinferred from the inset of Fig.(&), a pressure of the order of

specific heat at low temperatures, we have plo@gdT vs 25 to 30 kbar is sufficient to suppresg',, below 1.5 K.
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FIG. 6. Temperature and pressure-dependent electrical resistiv- FIG. 7. Temperature and field-dependent electrical resistpvity
ity p of YbCu; 4Al, g and of YbCuy /Al 5. of YbCu; 4Al; g and of YbCuy /Al 5.
Well above g‘,?g(w the resistivity behaves logarithmically due  As an example of oup(T) results, measurements at con-
to the presence of Kondo interactions. stant fields as well as at constant temperatures are shown in

A growing value of the Al contert is accompanied by a Figs. 7, 8, and 9. While the alloy witk= 1.2 is characterized
decrease off %, (see inset, Fig. Rand as a consequence, by a field induced increase of the resistivity in the tempera-
the value of the pressure sufficient to sfiftf, below 1.5 K~ ture range 0.8T<100 K, the sample withx=13
decreasese.g., x=1.4: piw~10 kbar). In the temperature [Fig. 7(a)] reflects the case where the magnetoresistance is
range of the experiment, no pressure dependencE™, positive at low temperature, but crosses over to a negative
could be deduced for YbGuUAI, ¢ [compare Fig. 60)]-1” one for a temperature above about 4 K. For concentrations

The pressure-dependeht décreasé';fbifw indicates that X>>1.3, a negative magnetoresistance is observed for all

Tk lowers, which is considered as a general feature of Yﬂields in the tempera'g]lqjarf range covefede Fig. fb)]. The

systems* Such a behavior is opposite to Ce systems and ig@ximum ofp(T) atT,,, becomes broader as the magnetic
assumed to emerge from the electron-hole symmetry of botfield grows and shifts to substantially higher temperature.
elements. At lowest temperatures, the data was analyzed in terms of
As the Al content grows, a second featurgifT) slightly ~ P(T)=po+AT" (by taking theztempergture range from 300
below 100 K becomes evident due to CF splittfagmpare MK t0 3 K, if possiblg. A T* behavior of the electrical
Fig. 6(b)]. The resulting local maximum is further enhanced'esistivity, and thus a Fermi-liquid state, can be expected for
with rising values of pressure and the value of this temperalondo lattices below the coherence temperafligg, with
ture T)', shifts moderately to higher temperatures. Evenlcon<Tk. Kagaet al™>" pointed out thafTco;~0.1Ty in
for prCu3 -Al, s a local maximum at about 80 K appears due@bsence of any other interaction mechanisms. The exponent
to the crystall—field splitting, however, at substantially en-nfor all the samples investigated is found to be strongly field
hanced values of pressurp>30 kbar, see inset, Fig(&], depefdent and [nereases, €.g.er1.3 from aboun~1 at
which is resolved when hybridization is sufficiently depleted.#oH =0 T to n=2 for fields roughly above 6 Tcompare

Logarithmic resistivity contributions are found at tempera-INSet Fig. 18] Along with the rise of the Al content, the
X |nthe Saturation of the exponemt at a value of 2 occurs subse-

tures below and above those local maxima gf,. : : .
scope of the model of Cornut and Cogblisuch a particular _quently_ at higher fle_Ids. The deduced mqreasenoﬁpon
increasing external fields and the off-leveling at a value of

behavior follows from Kondo-type interactions in the pres- "~~~ . C .
ence of strong crystal-field splitting. The negative Iogarith-.n_2 indicates that a Fermi-liquid state for the Cu-rich alloys

mic resistivity behavior below and aboVg'f, reflects the :ciselrde;:overed in the presence of sufficiently strong magnetic

Kondo effect in the crystal-field ground state and in an ex- L :
. . . . As for the other samples, the field increase causes a rise of
cited level, respectively, while the temperature of the maxi-

mum itself is a rough measure for the separation of the e the exponent for x=1.7; however, even aioH=12 T a
. 9 P XTZ behavior is not recovered. This is either due to a limited
cited level from the ground state.

access to low temperatures or, in our opinion, due to short-
range order correlations above a magnetic phase transition,
which cannot be gquenched even in fields of 12 T.

The field response of the alloys in the proximity of the In a simple view on Kondo systems one would expect that
critical concentratiorx,~ 1.5 has been studied by means ofthe decrease of x, driven by the Al substitution, should
electrical resistivity measurements up to 12 T and in a temeause that already relatively lower fields are sufficient to
perature range down to 300 mK. quench Kondo-like spin fluctuations and restore Fermi-liquid

2. Field dependence
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pling, the exchange interaction and the externally applied

0.910 magnetic field can yield extraordinary complex interferences.
0.905 The field dependence of the low temperature resistivity
’ for alloys with 1.3sx<1.6 is shown in Fig. 8 plotted on a
0.88 gquadratic temperature scale. Obviously, common to all alloys

is the nonquadratic temperature dependence(®) at zero
fields, while the 12 T measurement clearly display3%a
behavior from about 300 mK to 3 K. As already mentioned,
enhanced spin fluctuations for the alloys in the proximity of
the magnetic instability may be responsible for the observed
deviations from the Fermi-liquid behavior; sufficiently
strong fields, however, recover the FL state.
0 2 4 6 8 10 To show in more detail the characteristic crossover from a
T2 [K2] positive magnetoresistance to a negative one when increas-
ing the Al content,Ap/p is plotted in Fig. 9 for 1.&x
FIG. 8. Low temperature and field-dependent electrical resistiv<1.7 atT=2.1 K up to 12 T. At this temperature the alloy
ity p of YbCus_,Al, for x=1.3, 1.4, 1.5, and 1.6. with x=1.2 shows large positive values are 1.3 exhibits
only a tiny positive magnetoresistan@bout 0.8% at 12 )T
properties. Such a straightforward behavior, however, is exhile for x=1.4 the magnetoresistance is already negative
pected to be valid only for systems willx>Tgrkky - SinCe  (apout 10% at 12 and increases to about 25% for=1.7.
with growing Al contentTy~Tgkky and eventuallyTy |t js interesting to note thakp/p for x= 1.5 does not follow
<Trkky » the field response of the alloys investigated cannothe continuous trend of the other concentrations. The mag-
longer be attributed to the Kondo effect only; rather the comnetoresistance of this alloy initially decreases strongly with
bined interaction of both processes apparently cause a diffefncreasing field, but saturates for external fields above 6 T.
ent response of the system to magnetic fields and the locking |n terms of the Kondo-type interaction present in this se-
of the exponenh at a value of 2 occurs in much larger fields ries, the overall behavior may follow from an evolution of
than expected from the reduced valuesTqf the ground-state behavior. While a positive magnetoresis-
The magnetic phase transition temperature Ofance is usually found for coherent ground states, a negative
YbCus Al 7 with Ty=~0.55 K and an estimated moment magnetoresistance is related to interactions of conduction

Horg~0.6 ug would imply that fields of the order of 1 T electrons with isolated Kondo scattering centers.
(keTn=0morgH, g is assumed to be) 3hould be sufficient to

guench magnetic order, in contradiction to the experimental
results. A possible explanation for such a discrepancy may
be found from the fact that the strength of magnetic interac- The experimentally observed evolution of the physical
tions is likely better described by the energy sd&J&gxky » properties in YbCgL ,Al, appears to be primarily a result of
which in systems with a Kondo contribution may be substana valence change either due to the Cu/Al substitution or due
tially different from the deduced transition temperattfre. to pressure. This valence change is accompanied by a sig-
For YbCu 5Al; 7, Trexy Was calculated to be 5.7 Kwhich  nificant decrease 6Fy . As a consequence, intersite interac-
is about one order of magnitude larger than the valu&af tions of the Ruderman-Kittel-Kasuya-YosidRKKY) type
Nevertheless, alloys and compounds with small orderindbetween the Yb ions gain weight and eventually, beyond a
temperatures may represent examples where the Kondo cocritical Al concentratiorx,, the system is expected to exhibit

IV. DISCUSSION
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a magnetic instability aff~0. Such a zero-temperature
phase transition influences observable physical properties
even at finite temperaturé%.2°Most prominent is a negative
logarithmic contribution to the specific heat and deviations
of the electrical resistivity from th&? behavior. Experimen-
tally, significant differences to a Fermi-liquid behavior were
found for Al concentrations near tq,~1.5. There, a critical FIG. 11. Pressuréa) and field(b) dependence of characteristic
balance ofTx andTgkky gives rise to a magnetic instability. temperatures of YbGu,Al,. The solid lines in(b) refer to varia-
The lowering of Tx is also responsible for a ground-state tional calculation described in detail in the text.
change in YbCgL ,Al, . While for smaller Al concentrations )
Ty is much larger than both RKKY and crystal-field split- roughly to 0.RIn2. For temperatures<0.05C,,/T deviates
ting, the growing Al content reverses the former relation androm the expected logarithmic behavior. Thus, the entropy
crystal-field splitting as well as long-range magnetic orderderived from the experiment is slightly less than calculated
may dominate the physical properties. from Eq.(1). Both from the theoretical and the experimental
In the scope of a phenomenological systematigshas ~ point of view;*?*?*the low temperature limit of the specific
been shown that the temperature dependence of the heat &gat at a quantum critical point should behave like yo
pacity of non-Fermi-liquid systems follows a general scaling— @ T2 Such a dependence would provide a natural expla-
law: nation for the observed low-temperature data of the Yb series
studied. However, an experimental study well below 400 mK
Cp/t=—Dlogt+ET,, (1) is necessary in order to draw a final conclusion. ¥erl.3,
the finite value ofE, causes an additional contribution to
wheret=T/T, andT, is the characteristic temperature of the 5., ,, amounting to 0.56 J/mol%0.1RIn2 at t=1.
system [o~T). The constanD was deduced for most of ThoughC,/t does not become zero &t 1, the remnant
the cerium based non-Fermi liquids Bs=7.2 J/mol K and  entropy above that temperature is far from reaching the ex-
0<E=<0.14 J/mol K% In order to check that scaling also pected value oR In 224
for the Yb series investigated, we have plotted our low- The influence of substitution and pressure on the charac-
temperature data in the normalized representa@giit vs teristic temperatures of the system was deduced from distinct
logt. Results are shown in Fig. 10. A scaling behavior withfeatures like maxima or weak local maxima of the tempera-
reasonable agreement is found from the procedure accordirtgre dependent resistivity. Results are plotted in Fig. 11. Two
to Eq. (1) for x=1.3, 1.4, 1.5, and 1.6 with characteristic different physical mechanisms cause such maxima(if):
temperature,=22.6, 8, 5, and 3 K, respectively. For con- i) For x=1.5 the crystal-field splitting in the presence of a
centrations betweex= 1.6 andx=1.4T, increases slightly, Kondo interaction is responsible for the high-temperature
while E~0. However, forx=1.3 bothT, andE grow sub- ~ maximumT}'{i,, showing only a small concentration depen-
stantially; this behavior coincides with the approach of thedence. Pressure shifts this resistivity maximum to higher
unstable valent regime. The coefficiétis deduced for this  temperatures. This can be explained in terms of the simple
series aD =6.85 J/mol K, thus being slightly smaller than point-charge model, where, putting the ionic charges closer
the generally used value for cerium systems. The magneti@gether, the increasing Coulomb potential enlarges the over-
entropy associated with an idealized behavior according tall crystal-field splitting (ii) It is obvious from Fig. 2 that the
the slopeD and for temperatures from 0 te= 1 follows from  alloys with smaller Al content do not exhibit evidence of
fécp/tdtz—féD logtdt=0.434D. The entropy release up crystal-field effects. These samples are characterized by a

to the characteristic temperatur®, amounts, therefore, maximum atT]ic,, (for p=1 bar) which increases in tem-
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perature when the Al content is further reduc@ﬁf?&‘w is, in  duction electrons, and the renormalization of the density of

absence of any additional interaction mechanisms, a measupéates, however, occurs at a much lower energy scale which
of the Kondo temperatur& .% Intersite interactions of the is of the order of the Kondo temperatufg .

RKKY type can modify this relation. Pethick and Pifes  Defining Tyx in the usual way by Tcxexd—1/
showed that in such a case the low-temperature physics I9kiN(Eg)|] and taking into account the Schrieffer-Wolff

governed by a new temperature sc@fe according to transformation for the coupling constanly; as Jis
=|Vl?|ef] (Vis is the hybridization matrix element be-
T* =T [1-CJ(q,0.T)/T«] ) tween thef and the conduction electron states ands the

energy of the 4 level with respect to the Fermi energy),

where C is the Curie constant and(q,0.T) is the wave yields the following conclusions: A lowering &f may be
vector-dependent-intersite coupling constant at zero frel€ferred to a decrease of(Eg) and/or to a reduction of
quency and at a temperatuFeEquation(2) indicates that for |ykf|2/|ff|- Since the Yb ion approaches the-3configura-
T«>CJ(q,0.T), the characteristic temperatufé coincides tion on the Al increase, thefdstate becomes more Iocahze;d.
essentially with the Kondo temperatuFg , while in the op- Therefore,|V,;| is thought to decrease as well. To a first

posite case, i.eT«<CJ(q,0,T), RKKY interactions domi- approximation, the reduction of both quantitii¢Er-) and
nateT* . [Vl explains the observed decreaseTgf in YbCus_,Al,

upon the rising Al content.
The pressure-dependent reductionTef as a function of
increasing pressure may be understood from the fact that the

The concentration-dependent decreaseTHf,, is de-
picted in the inset of Fig. 2. Obviousl¥;),, changes in a

nonlinear way withx and becomes almost concentration in- number off holesn; in Yb compounds starts to increase with
dependent fox=1.6. In terms of Eq(2), T" (X) reflects f P

p,low i 7 qj i i i
the crossover from the Kondo dominated concentration rangreISIng pressuré; since the atomic radius of thef # state is

4 : .
(small values ofx) to the range where RKKY interaction Smaller than that of the 4 one.n; is related toTy via
becomes comparable to, or even exceeds the Kondo energy. ne/(1—ng) =N;A/Ty, 3
In fact, the alloy withx=1.6 is found to exhibit long-range ) . S
magnetic order below about 250 mK Ref. 10 afig in-  Where A=7|V,(|*N(Eg) is the hybridization strength be-
creases with further increasing tween 4% ds)? and 4f*¥(ds)? electronic states, ard; rep-

A similar behavior follows also from the pressure re-resents the degeneracy of thelectrons’® Hence, ifn in-
sponse Oﬂ—,T?c:(w' |ncreasing values of pressure cause, as a|creasestA/TK increases as a whole. Pressure, however,
ready discussed a decreasd fZ, . Howeverd TT2 /dpis influences both the hybridization paramelyA as well as

1 A . L) p’ . .
strongly concentration dependent and the initial value ofh€ Kondo temperatur . SinceTy changes exponentially
dTI /dp lowers with growing Al substitution from e.g., [Tk=D exp(- 7"|€_f|/NfA)’ D is the effective band width it
_5”’4 K/kbar forx=1.3 to —0.4 K/kbar forx=1.5. More- varies more rapidly than the hybridization parameter. We,
over. as follows most clearly./ from the alloy witk=1.3  therefore, expect that the Kondo temperature decreases upon

dT’;"?g‘W/dp decreases upon rising values of pressure. This be[-)re:sduégr:;stgi;umﬁg\jvte)cglreié?f;?:sise' obtained from a
havior is likely also a consequence of Ef), since, as it is K ’

well known, the pressure responseTf is large. Thus, as change of the hybridization with pressure, which does not

Tk is significantly lowered by pressure in a particular Sys_ne?rehssarlly require a Chang‘? Iar>]< T-? f (hlslef coun”t. th
tem, the RKKY interaction becomes of comparable magni-d € .pre.ssure;c rﬁspolnse E'OV& K (Rel. 8 a OWSf E.
tude and finally surpasseB,. For a system where the etermination of the electronic Qraisen parameter of this

RKKY interaction dominates oveF, , much smaller values series according to
of Ty, /dp may be expectetf. Te=—aInTc/aINV=BaInT¢/dp, @
Both the concentration- and the pressure-dependent re-
duction of T« have to be originated from different physical whereB is the bulk modulus of the systethI', is evaluated
mechanisms. On the one side this follows from an increases —102, —152, and—90 for x=1.3, 1.4, and 1.5, respec-
of the unit-cell volume due to the Al/Cu substitutiGequiva-  tively, if B is assumed to be 1 Mbar. The latter value is
lent to a negative chemical pressynehile on the other side considered to be typical for Yb systerisValues ofl', de-
hydrostatic pressure shrinks the volume of the unit cellduced according to Eq4) are substantially larger thdr, of
However, as both effects are opposite, we have to concludg&mple metals but match that of typical highly correlated
that the former follows primarily from electronic effects due electron systems such as CeCU =57 (Ref. 30] or
to the substitution of a monovalent element (Cu) by a triva-YbCuAl [I'.=—87 (Ref. 31)]. The negative value of ',
lent one (Al). The optical conductivity(w) of this serie§®  obviously indicates tha# T, /dp<0, again a typical feature
indicates a tendency towards a decrease of the number of Yb compounds.
free carriers upon an increasing Al content. As a conse- The concentration-dependent variation Idf is likely a
guence, the electronic density of states at the Fermi energgpnsequence of the proximity to the onset of long-range
N(Eg), is expected to decrease, too. The latter does not conmagnetic order as the Al content increases. Thus, it can be
trast the observed increase of the low-tempera@y£T val-  supposed that the alloy with=1.4 andl’= — 152 is nearest
ues. Actually, the free carrier density evaluated frofw) to that critical concentration, where the quantum-critical
refers to an extended energy rarige to 2 e\j and can thus phase transition is expected. In fact, systems which have
be associated with the high-temperature metallic propertiebeen studied in great detail like @¥i; (Ref. 32 exhibit also
of the alloys. The interaction of thef4states with the con- dramatic variations of',. At pressures next to the critical
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60 — 25 fore increases, and we can identﬂ_'y)(B) with T70./(B).
| YbCug, Al e Ty The results of the variational calculation of the field depen-
= max J—
50 q|] o IP-'°W 2 20 dence ofTy(B) are shown in Fig. 1(b) as solid lines, as-

2 wl | o sumingTo(B—0)=50, 12, and 4 K fox=1.3, 1.4, and 1.5,
3 \l / {15< respectively, and the field applied along thexis. Reason-

S =l @ L ST Z able agreement is found between the experimental data and
= \":\\7 NFL // / 0 the theoretical predictions in spite of the crudeness of the
> ; o, 4 . i J—

E% 20 | '\'\é é / . model. The calculated curves are characterizedTh{B)
- \é v % { «B? for low fields, while To(B)=B in the high-field limit.
10 /N V/ 4 100 M f th i | findi YbguAl, indi
7 a / / ost of the experimental findings on YbCuAl, indi-
% \\!\\/? Vg - cate that the significant deviations of the physical properties
ol Ll —a : — 0.0 from a FL behavior for alloys near to the critical concentra-
13 14 15 16 17 18 19 20

tion (X,~1.5) may descend from the evolution of long-
range magnetic order fat>x.. Thus, a quantum-critical
FIG. 12. Concentration dependence of characteristic temperd2hase transition is expectedat. Many of the yet studied
tures of YbCy_,Al,; T is the low-temperature maximum of NFL systems are explained in terms of such a phase transi-
the electrical resistivityT, is the scaling temperature according to tion atT=0. Enhanced spin fluctuations in these systems are
Eq. (1). The antiferromagnetic ordering temperatiligfor x=1.6  supposed to cause the breakdown of a Fermi-liquid ground
andx=1.7 as well asT¢ are taken from Ref. 5. The concentration state. The latter, as it is well known, occurs only in the case
range between the hatched areas is the approximate extension of tbEweak interactions.
NFL. Another route to obtain NFL, stressed in literatéités a
distribution of local Kondo temperatures due to disorder in
pressurep. where NFL behavior occurd’,=220, while  the investigated system. This can cause a broad distribution
well below and abovep. the Grineisen parameter substan- of local energy scales with arbitrarily small values Bf .
tially decreased? A similar evolution of the Gineisen pa- Hence, the magnetic moments at certain sites of the lattice
rameter can be deduced for Ce(Cu,At) The alloy are unquenched at low temperatures and dominate thermo-
CeCuy gAug, with long-range magnetic order aly(p  dynamic and transport properti#&sThe presence of such
=1 barj~0.24 K—next to the critical concentration unquenched moments leads then to the formation of a non-
CeCu gAug i—is characterized by ¢~280 whileT', is al-  Fermi-liquid phase. UG ,Pd, is considered as the best ex-
ready reduced to about 105 for CaGAu, 3, which exhibits  ample, where a NFL behavior results from disorder due to
more stable moments. On the other side, GeGuith a  the random substitution of Cu/PEl. Different from the

Fermi-liquid ground state, exhibi§,~573 present Yb series, UGu,Pd, crystallizes in the cubic
An interesting feature is evident from the field-dependentAuBe; structure. Strong disorder as the central idea of the
max

variation of T\j,,. As shown in Fig. 1(b), this quantity —above model causes usually thgfT) of such alloys do not
grows almost linearly with rising fields. Such a behavior, enter a coherent state at low temperatures as reflected from a
most likely, may be understood from the general behavior obubstantial decrease of the resistivity on lowering the tem-
the characteristic temperature scalg as a function of the perature. Ratherp(T) increases steadily with decreasing
external magnetic fields. In the scope of the Bethe-ansatemperatures, similarly to single impurity Kondo systems. In
solution of the Anderson Hamiltonian, Rafdrhas shown fact, such a p(T) dependence was reported for
that, e.g., the maximum of the specific heat, which is directiyUCus_,Pd, 353" The particular resistivity behavior of
related withTy, shifts to higher temperatures. Such a behav-YbCus_,Al, for concentrations 1£x=<1.3 hints, however,

ior may be considered to occur formally from a growing to the evolution of a probably not fully developed coherent
value of Tk . In the very simplg =1/2 picture of the Kondo state at low temperatures. Support for such a conclusion is
effect, the external field causes a splitting of a magnetic triprevealed from particular features in the energy-dependent op-
let state above the nonmagnetic singlet ground state, thus aital conductivity o (w).?® While for samplesx<1.5 the op-
occupation of levels at higher energies is invoked and theical conductivity shows a well-defined structure at lowest
specific heat maximum moves to higher temperatures. Simifrequencies, associated with a plasma resonance, this typical
larly, the field variation off 7'{¢, may be accounted for. Inan sign of a coherent ground state vanishes progressively for
attempt to describe the effect of the magnetic fieldTQ]‘ﬁ;‘W =1.5 and becomes reminiscent of incoherent, single impu-
more quantitatively, we considered the variational approactity Kondo systems.

of the impurity Kondo probler® In the variational calcula- A tentative phase diagram for this series is depicted in
tion, the Kondo temperatur&y , which according to Cox Fig. 12, tracing the general trends of YhGAI, . When the
and Grew& can be identified in zero fields wi Mo IS the Al concentration increases, the hybridization and tfigs
energy separation between the Kondo singlet ground staeecomes lower, enabling long-range magnetic order beyond
and the 4 orbital, the latter being in our case the CF grounda critical concentratiox .~ 1.5.

state. An external magnetic field causes a Zeeman splitting

of this level and concomitantly, the energy of the Kondo V. SUMMARY

singlet lowers. The mean energy distarntg between the Measurements of thermodynamic quantities like specific
Kondo singlet and the Zeeman split ground CF state thereheat and of the pressure and field-dependent resistivity of
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YbCus_,Al, reveal substantial deviations from a Fermi- magnetic order fox=1.6 is assumed to be caused by the
liquid behavior for Al concentrations near xe=1.5. Thisis  growing valency of the Yb ion in YbGu,Al, due to the
concluded from a nonguadratic low-temperature behavior oAl/Cu substitution. Concomitant with the increase of the va-
the electrical resistivity as well as from the negative logarith-lency is a decrease of the Kondo temperature of the series.
mic contribution to the temperature-dependent specific healThe latter observation follows in a similar manner from the
Moreover, the Grnoeisen parametel, of alloys near tox Mossbauer measurementfom the low-temperature spe-
~1.5 is extraordinarily large and of comparable magnitudecific heat and from the low-temperature maxima of the elec-
to other NFL systems near to their respective quantum crititrical resistivity as well. Due to the substantial lowering of
cal point. Tk, both crystal-field splitting and RKKY interactions be-
The most likely mechanism for the observed NFL behav-cqme comparable and eventually excéBd. The former
ior is the proximity of the samples with 1x<1.6 to that  effect causes that the degeneracy of the ground state de-
Al content, where long-range magnetic order sets ¥ ( clines, thus, favoring a magnetically ordered stitm line

~1.6). In the vicinity of a magnetic instability af=0,  \jth T,y > Ty upon the growing Al concentration.
strong spin fluctuations at finite temperatures occur, leading

to deviations of the electrical resistivity from tAé behavior

and to the appearance of-dn(T) dependence in the specific

heat. However, both magnetoresistance and preliminary op-

tical conductivity data indicate that for sufficiently large val-  This work was supported by the Austrian Science Foun-

ues of Al the system gradually looses coherence, too. dation Projects No. P 10947 and P 12899, and by Conicet
The reason for the crossover of the system from a nonfRes. No. 811 One of us(A.G.) is grateful to the ESF

magnetic ground state for<1.6 to a state with long-range (project FERLIN for financial support.
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