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Onset of magnetic order in YbCu52xAl x
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Spectroscopic, magnetic, thermal, and transport measurements under pressure are presented which were
performed on YbCu52xAl x intermetallics. The substitution of Cu by Al in YbCu5 drives the system from an
almost divalent behavior of the Yb ion in YbCu5 to a trivalent state in YbCu3Al2. A compensation between the
normal thermal expansion and a valence-driven contraction was found for YbCu4Al. Antiferromagnetic order
sets in forx.1.5, where an increasing Al content causes both a growing transition temperature and rising
saturation moments reaching 2 K and about 2.1mB , respectively, forx52. At the critical concentration
(x'1.5) the possibility of a non-Fermi-liquid state is analyzed together with its tuning by pressure.
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I. INTRODUCTION

A substitution of Cu by Al or Ga in YbCu5 offers the
possibility to study the evolution of the ground-state config
ration of the Yb ion in this hexagonal compound~space
group P6/mmm) from the almost nonmagnetic 4f 14 state
(YbCu5) to a magnetic 4f 13 state in YbCu3Al2 or
YbCu3Ga2.

1,2 This conclusion was drawn from various in
vestigations of bulk properties performed on differe
samples of YbCu52xMx with M5Al , Ga. In particular, it
was shown that YbCu3Al2 exhibits even long-range antifer
romagnetic order below'2 K.1 The magnetic structure o
this compound was already examined by means of ela
neutron scattering experiments, yielding a saturation mom
of about 2.1mB /Yb for T→0.3 On the contrary, the Ga-base
alloys remain paramagnetic down to 1.5 K. Concomit
with this observation is the fact that the valencen of the
compound richest in Ga does not attain the full integer
lence limit (YbCu3Ga2, n300 K'2.9).2 Negative logarithmic
contributions to the electrical resistivity in the Al-base
samples1 as well as in the Ga-based materials und
pressure,2 enhanced values of the electronic contribution
the specific heat, or large thermopower values indicate
the Kondo effect is a predominant interaction mechan
within both series of alloys.

The aim of this paper is to present different experimen
results allowing us to better understand the onset of magn
order and to confirm the trivalent ground-state stabilizat
of the Yb ions upon the Cu/Al substitution. This evolutio
will be analyzed by a number of different investigations li
theL III absorption edge, elastic neutron scattering, ac an
susceptibility, and specific heat measurements, and b
study of the pressure response of the electrical resisti
560163-1829/97/56~2!/711~8!/$10.00
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under hydrostatic pressures up to about 15 kbar.
At the onset of magnetic order for a critical concentrati

x0.1.5 the possibility of a non-Fermi-liquid behavior is an
lyzed, together with its tuning by applying pressure on o
nonmagnetic sample.

II. EXPERIMENTAL DETAILS

The preparation of polycrystalline YbCu52xAl x samples
with 0<x<2 was already described in Ref. 1. To charact
ize the sample quality, both x-ray-diffraction and electr
microprobe measurements were done forx51, 1.5, and 2.
While for x51 indications of an impurity phase~consisting
mainly of Cu5Al) were observed, further increase of Al~i.e.,
x51.5 and 2! stabilizes the expected CaCu5 structure and the
impurity phase completely vanishes.

X-ray-absorption spectroscopy~XAS! was carried out at
the French synchrotron radiation facility~LURE! in Orsay
using the x-ray beam of the DCI storage ring~working at
1.85 GeV and'320 mA! on the EXAFS D22 station. A
double Si~311! crystal was used as a monochromator. R
jection of third-order harmonics was achieved with the h
of two parallel mirrors adjusted to cut off energies high
than 10 keV. Experiments were carried out in the ene
range 8080–9060 eV in order to study theL III edge of Yb.
Finely powdered samples were spread onto an adhesive
ton tape and four such tapes were stacked together to pre
a sample layer of sufficient thickness to ensure a good sig
Moreover, this was also helpful to eliminate sample-free
gions in the path of the radiation. The XAS spectra we
measured at two fixed temperatures 10 K and 300 K.

Elastic neutron scattering experiments were done at
Saphir reactor of the PSI, Villigen, Switzerland, using t
711 © 1997 The American Physical Society



te
A
5

r
o
50
he
h
g
en
th
er
o

a
al
y
-
2

n
e

s
c

.
e
n
ith
itt
b
t

on

tu
in
n
a-
on
en

ak
th
d
o
in
n
t

ly
e
-

nd

ot
in-

m-
de-
t

d
era-

h

of

set
of
-

712 56E. BAUER et al.
double-axis multicounter neutron powder diffractome
DMC ~Ref. 4! and the double-axis diffractometer P2AX.
4He cryostat was used to obtain temperatures down to 1.
while a standard Oxford3He/4He dilution refrigerator
served to reach temperatures down to 10 mK. The powde
samples~about 20 g! were enclosed under a He gas atm
sphere into cylindrical V tubes of 10 mm diameter and
mm height. For the dilution refrigerator experiments t
samples were filled into a similar Cu container. The hig
resolution mode was used employing a neutron wavelen
l51.6984 Å. The absorption-corrected neutron profile int
sities were analyzed by means of a modified version of
Wiles-Young program. For investigation of magnetic ord
ing, neutron diffraction measurements were performed
the DMC in the high-intensity mode (l51.7034 Å!.

Bulk magnetization measurements in fields up to 8 T were
carried out fromT51.5 K up to room temperature using
standard extraction method. The low-field susceptibility v
ues~shown in Fig. 4! were deduced from Arrott plots alread
presented in Ref. 1. A standard3He cryostat allowed ac sus
ceptibility measurements with an excitation frequency of 1
Hz from 0.4 K to about 10 K.

Specific heat measurements on samples of about 2 g were
performed at temperatures from 1.5 K up to 60 K by mea
of a quasiadiabatic step heating technique. Measurem
down to 300 mK were carried out in a3He semiadiabatic
calorimeter using the heat-pulse method and a three-wire
thermometry. Additionally, the heat capacity of a small pie
('50 mg! of the alloy YbCu3.25Al1.75 ~sample No. 2! was
studied down to 300 mK using the time constant method5

The electrical resistivity of bar-shaped samples was m
sured using a four-probe dc method in the temperature ra
from 1.5 K to room temperature. A liquid pressure cell w
a 4:1 methanol-ethanol mixture as pressure transm
served to generate hydrostatic pressure up to about 15 k
The absolute value of the pressure was determined from
superconducting transition temperature of lead.6

III. RESULTS AND DISCUSSION

A. L III absorption edge measurements

Since the magnetic state of Yb systems is intimately c
nected with the valence state of the Yb ions,L III absorption
edge measurements were done at two different tempera
in order to evaluate the thermal stability of the Yb valence
YbCu52xAl x . Figure 1 shows results of such measureme
performed atT510 K and 300 K, respectively. These me
surements unambiguously indicate a concentrati
dependent shift of spectral weight from the nearly dival
state of Yb in YbCu5 to the trivalent state of Yb as
YbCu3Al2 is approached. Additionally, there is also a we
temperature dependence of the valence state in some of
alloys, which is considered to be characteristic of interme
ate valence materials. To establish the relative weight of b
electronic configurations, the spectra were decomposed
a pair of Lorentzians and modified inverse tange
functions.2 Based on least squares fits of these functions
the data, the valencen of the Yb ions in the different alloys
was evaluated. Figure 2 represents results of these ana
for all concentrations investigated for 10 K and 300 K, r
spectively. In contrast to an almost 21 state which was con
r
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cluded from susceptibility measurements by Iandelli a
Palenzona,7 the presentL III measurements on YbCu5 indicate
a valence ofn'2.3 at room temperature which does n
change as the temperature is lowered. As the Al content
creases, the valencen of Yb ions starts to rise. A 31 state is
approached forx.1.5 where the valence appears to be te
perature independent. One has to note that the valence
pendence on temperature forx50.75 and 1.0 indicates tha
the energy difference (Eex) between the Yb31 and the
Yb21 electronic configurations~EC’s! is of the order of the
thermal excitation energy (.300 K!, whereas forx50 and
for x>1.5 the difference of the EC’s is much larger an
consequently no valence change is observed in the temp
ture range investigated. For concentrationsx50.75 and
x51, it follows that the Yb21 configuration is the one with
lower energy becausen increases with temperature, thoug
even in case ofx50, the noninteger value ofn denote a

FIG. 1. X-ray absorption as a function of energy
YbCu52xAl x at T510 and 300 K.

FIG. 2. Concentration and temperature dependent valencyn of
YbCu52xAl x . The dash-dotted line is a guide for the eyes. The in
shows the concentration-dependent unit cell volume
YbCu52xAl x ~at T512 K and 300 K! and of the isomorphous non
magnetic series LaCu52xAl x .
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56 713ONSET OF MAGNETIC ORDER IN YbCu52xAl x
weak mixture between both configurations. Since the Cu
substitution does not cause a change of the crystal struc
but an increase of the volume of the unit cell~see inset of
Fig. 2!, one would expect to favor the Yb21 configuration
with the larger ionic volume asx increases. However, a
discussed later, the increase of the number of electrons in
conduction band of the system appears to be the domi
effect.

B. Magnetic properties

1. Elastic neutron scattering experiments

The difference diagrams of the neutron scattering inte
ties measured atT510 mK andT52.2 K and 6.4 K for
YbCu3Al2 and YbCu3.25Al1.75 are shown in Figs. 3~a! and
3~b!, respectively. Both compounds exhibit additional Bra
peaks below the magnetic phase transition temperature,
cating antiferromagnetic order. Since the magnetic inten
for the latter alloy is much weaker compared to that
YbCu3Al2, the peaks of magnetic origin above abo
2u'40° vanish in the background and are therefore skip
in Fig. 3~b!. However, a comparison of the observed pe

FIG. 3. Magnetic difference neutron diffraction patternI ~10
mK!–I ~6.4 K! and I ~10 mK!–I ~2.2 K! of antiferromagnetic
YbCu3Al2 ~a! and YbCu3.25Al1.75 ~b!, respectively.
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and intensity distribution of both compounds corrobora
similar crystal and magnetic structures.

Since the structural unit cell contains only one Yb ato
each type of antiferromagnetic structure is responsible fo
enlarged magnetic unit cell. A Rietveld analysis of the po
tion and the intensities of the magnetic Bragg peaks point
an antiferromagnetic structure with a propagation vector
kW5(1/2,1/2,0). Along the cW axis, all the Yb moments are
aligned ferromagnetically. Both the propagation vector a
the moment alignment do not change with Al concentrati
The best fit is achieved for moments parallel to thecW axis
with mYb52.10(5)mB in the case of YbCu3Al2 and
mYb51.18(2)mB in the case of YbCu3.25Al1.75.

The crystal field~CF! with hexagonal symmetry cause
the eightfold degenerate ground state~GS! of the Yb moment
to be lifted into four doubletsG75u61/2&, G95u63/2&,
G8a5au65/2&1bu67/2&, and G8b5bu77/2&1au65/2&,
with the respective moments along thecW direction obtained
from mc5gjmB^G i uJzuG i&. AssumingG7 or G9 as a possible
CF GS, the calculated moments are 0.57mB and 1.71mB ,
respectively, which are smaller than the ones observed
YbCu3Al2. Consequently, theG7 or theG9 doublet can be
excluded from being the GS in YbCu3Al2; by analogy this
should hold also for YbCu3.25Al1.75. Such a conclusion also
applies to isothermal magnetization results1 and is confirmed
from recent low-temperature Mo¨ssbauer spectroscopy data
YbCu3Al2.

8 Depending on the value ofa andb, the moment
associated with theG8a and theG8b doublet ranges betwee
2.85mB and 4mB . Thus the observed values of the saturati
moments are in any case substantially reduced to a maxim
value of 2.1mB /Yb for x52. In accordance to the previousl
studied transport properties and the entropy evolution of
ordered phase of YbCu52xAl x ~shown in the inset of Fig. 5!,
Kondo interaction seems to be responsible for this reduct
The results observed from the neutron scattering study i
cate that the Cu/Al substitution favors the development
magnetic order, with a consequent increase of the spont
ous magnetic moment.

2. Magnetic susceptibility

The temperature dependence of the inverse magnetic
ceptibility x21 of YbCu52xAl x is displayed in Fig. 4 for
x51, 1.5, and 2. The inset showsx(T) of x51.5, 1.75, and
2 at low temperatures. This susceptibility data reflect
onset of magnetic order at 1.05 K and 2 K for x51.75 and
x52, respectively. No order down to 0.4 K is observed f
x51.5. As already indicated in a previous paper,1 x(T) data
of x51.5 andx52 can be described above'50 K by a
Curie-Weiss law, i.e.,x(T)5x01Cc /(T1up), with x0 a
temperature-independent Pauli susceptibility contributi
Cc the Curie constant, andup the paramagnetic Curie tem
perature. The results of least squares fits are indicate
Table I. Although the deviation ofx21(T) from the Curie-
Weiss behavior below 50 K for thex52 sample may be
ascribed to CF splitting, in the case ofx51.5, the Kondo
effect or magnetic fluctuations should play a more import
role as will be discussed later.

For x51, a crude approximation according t
x(T)5Cc /(T1up) and T.100 K gives values of
meff'4.7mB andup'2350 K. However, due to the slightly
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714 56E. BAUER et al.
positive curvature ofx21(T) at high temperatures, that a
sumption does not describe properly the experimental d
Therefore, a model accounting for the noninteger valenc
the Yb ion has to be used. A phenomenological descrip
of such a situation is provided by the interconfiguration flu
tuation model~ICF!.9 This model evaluatesx(T) as the re-
sult of the two EC contributions~Yb31 and Yb21 in this
case!, taking into account their respective thermal occupat
weight. There, the usual Curie-Weiss law is simply modifi
by considering the Curie constant as temperature depen
C(T)5Ccnf(T), with

nf~T!5
8

81exp@2Eex/kB~T1Tsf!#
, ~1!

whereEex is the energy difference between both EC’s w
respective degeneracies 8 and 1, andTsf is proportional to

FIG. 4. Temperature-dependent magnetic susceptibilityx of
YbCu52xAl x compounds plotted asx21 vs T. The solid lines are
least squares fits according to the ICF model. The inset shows
low-temperature magnetic susceptibility forx51.5, 1.75, and 2.
ta.
of
n
-

n

nt,

the fluctuation frequency among them. For practical p
poses, the energy scale ofTsf resembles the Kondo tempera
tureTK .

Least squares fits to the susceptibility data according
this model are shown as solid lines in Fig. 4. Since magn
impurities (x51) or CF effects (x52) may become signifi-
cant below'50 K, the fits were performed above that tem
perature. The obtained parameters are collected in Tab
The large negative value ofEex evaluated for YbCu4Al in
fact indicates that the magnetic 4f 13 state is situated wel
above the nonmagnetic 4f 14 ground state. A typical Curie-
Weiss behavior is therefore expected only at considera
higher temperatures. On the other hand, the same ana
performed on YbCu3.5Al1.5 and YbCu3Al2 yields an inverse
situation; i.e., positive values ofEex reflect that the magnetic
4 f 13 configuration is the GS, resulting in a Curie-Weiss-li
behavior. The valence of YbCu52xAl x can subsequently be
evaluated byn(T)521nf(T); see Table I. The coincidenc
between then values obtained fromL III -XAS experiments
and those evaluated by applying the ICF phenomenolog
model tox(T) is remarkable despite the fact that CF effec
were not taken into account. A further analysis of t
x21(T) data of YbCu3.5Al1.5 at low temperatures~cf. Fig. 7!
indicates that certain magnetic interactions are present at
concentration because the best fit obtained up to 50 K
lows a power law with an exponent close to 2/3 instead o
~expected from the usual Curie-Weiss law!.

Taking Tsf as a measure of the mixture of both Yb ele
tronic configurations, the values extracted from the resp
tive fittings ~see Table I! indicate that the significant mixture
observed for YbCu4Al becomes negligible forx>1.5.

C. Thermal properties

The temperature-dependent specific heatCp of
YbCu52xAl x for x51.5, 1.75, and 2 is shown in Fig. 5. Th
Cp(T) for x51.75 was studied on samples from two diffe
ent batches. WhileCp(T) of sample No. 1 was measured o
the usual bulk material,Cp(T) of No. 2 was obtained on a
powdered and subsequently pressed specimen which
also used for the neutron scattering experiments.Cp(T) of
both x51.75 andx52 show anomalies atT'1 K and

he
e
F

TABLE I. Néel temperatureTN , saturation momentmYb , effective magnetic momentmeff , paramagnetic
Curie temperatureup , valence obtained from theL III spectra at 300 Kn300 K, energy difference between th
4 f 14 and the 4f 13 state of the Yb ionEex, fluctuation temperatureTsf , and valency deduced from the IC
model,n300 K* .

YbCu52xAl x x51 x51.5 x51.75 x52

TN @K# — — 1.05 2.0
mYb @mB /Yb# — — 1.18~2! 2.10~5!

meff @mB /Yb# no CWa 4.28 n.d.b 4.3
up
c @K# '2350c 222 n.d.b 217

n300 K 2.85 2.97 2.99 2.99
Eex/kB @K# 2390 530 n.d.b 660
Tsf @K# 170 20 n.d.b 18
n300 K* 2.78 2.93 n.d.b 2.95

aNo Curie-Weiss behavior.
bNot determined.
cObtained from a high-temperature extrapolation.
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56 715ONSET OF MAGNETIC ORDER IN YbCu52xAl x
T'2 K, respectively, indicating the onset of long-ran
magnetic order. The thus-deduced transition temperat
agree well with the data observed from the susceptibi
measurements of the previous section. In thex51.5 sample,
an anomaly in the vicinity of 2.3 K originates from a sma
amount of magnetically ordered Yb2O3. The height of the
specific heat jump atTN , dCp, increases with increasing A
content. The observed broadened phase transition indic
short-range-order effects above the transition temperat
partially intrinsic and partially due to the polycrystallin
character of the samples. Nevertheless, the concentra
dependent increase ofdCp(x) seems to overcome these e

fects, indicating a decrease ofTK(x) as the primary mecha
nism for such a variation, in agreement with theoreti
predictions10 and transport properties such as resistivity a
thermopower.1 Within that pattern10 the experimental data
yield TK'4 K and 3 K for YbCu3.25Al1.75 and YbCu3Al2,
respectively. The magnetic entropy gainSmag of this system
at T5TN and at 4 K~inset, Fig. 5! is concomitant with this
tendency. Although the expected entropy ofRln2 for a dou-
blet GS is not reached, there is a clear tendency towards
value as the Al content increases.

Remarkably large values of the electronic contribution
the specific heat are found for some concentrations of
series. A value of more than 1 J/mol K2 is approached by
YbCu3.5Al1.5 if Cp /T is extrapolated towards zero. Th
value contrasts with the observed one for YbCu4Al ~0.05
J/mol K2) representing the intermediate valence~IV ! behav-
ior of this alloy system. On the other hand,Cp /T of
YbCu3.25Al1.75 attains about 2 J/mol K2 ~depending on the
extrapolation criterion!, despite this alloy exhibiting a mag
netically ordered GS.

D. Pressure response of the electrical resistivity

Previous studies showed already that pressure applie
Yb-based compounds is responsible for the stabilization
the 4f 13 state of the Yb ion.11 This follows from the fact that
the atomic radius of the nonmagnetic 4f 14 state is larger than

FIG. 5. Temperature-dependent specific heatCp of various
YbCu52xAl x alloys. The inset shows the concentration depende
of the magnetic entropy depicted atT5TN and atT54 K.
es
y
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that of the magnetic 4f 13 state. Thus, a reduction of volum
by pressure is expected to favor the magnetic configurat
Figure 6 shows the pressure- and temperature-dependen
sistivity of YbCu52xAl x for x52, 1.5, and 1.

It is important to note that the residual resistivity of th
series at ambient pressure increases with increasing C
substitution. This seems to be correlated, at least partly, w
the growing crystallographic disorder, since Al replaces
statistically at the 3(g) sites of the CaCu5 structure.

Starting from the magnetic side, the most striking featu
observed for YbCu3Al2 under pressure is the almost ‘‘para
lel’’ decrease of the absolute resistivity in the low tempe
ture range@Fig. 6~a!#. Above that range, local maxima in th
vicinity of 70 K are shifted slightly to higher temperature
Well below and above these maxima, the temperatu
dependent resistivity can be accounted for in terms of
residual resistivity, electron-phonon interaction, and by
negative logarithmic Kondo term, as proposed in Ref. 1, i
r(T)5r01rph(T)1rK(T). The results of least squares fi
at high and at low temperatures for two values of press
are shown as solid lines in Fig. 6~a!. The reasonable agree
ment between the theoretical prediction and experime
data confirms the Kondo interaction to be present in t
compound. According to a model of Cornut and Coqblin12

the particular behavior of the magnetic contribution to t
electrical resistivity,rm , arises from the competition be
tween CF splitting and Kondo effect. The negative logari
mic behavior at low and high temperatures reflects
Kondo effect in the CF ground state and the excited levels
the Yb ion, respectively, whereas the maximum ofrm is
roughly a measure of the overall CF splitting (DCF). The

e

FIG. 6. Temperature- and pressure-dependent electrical res
ity r of YbCu52xAl x : ~a! x52, ~b! x51.5, and~c! x51.
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slight shift of the local maximum inr(T) to higher tempera-
tures as the pressure increases can be understood in ter
the simple point-charge model. As already indicated,
negative logarithmic slope of the resistivity in the crys
field ground state appears to be unchanged as the pre
varies. According to Ref. 12, the slope ofrm(T) depends on
J3N(EF)

2, whereJ is thes-f coupling constant andN(EF)
is the electronic density of states at the Fermi energy. S
TK of Yb systems decreases with applied pressure

11 and fur-
thermore sinceTK}exp@21/(uJuN(EF)#, a decrease of the
slope would be expected too. However, the observed be
ior is in contradiction to this model. It is therefore suppos
that, at least, additional parameters of that model have to
taken into consideration in order to get an appropriate
scription of the pressure dependent changes in YbCu3Al2.

From a more phenomenological point of view, the pec
liarities of the pressure response Dr(p,T)
@Dr(p,T)5r(p,T)2r(p51bar,T)# of YbCu3Al2 can be
understood from a different pressure impact at low and
high temperatures. WhileDr(p,T) in the low-temperature
region is almost temperature independent, a clear temp
ture dependence is observed above 20 K, i.e., in a temp
ture region where the occupancy of the excited crystal fi
levels becomes important. Two effects can contribute to s
a Dr(p,T) dependence:~i! an increase of crystal field split
ting due to the pressure-driven decrease of the interato
lattice spacing and therefore an approaching of the io
charges and~ii ! a narrowing of the CF levels because hybr
ization in Yb systems is expected to decrease with press
Such a mechanism obviously would cause a reduction
scattering, more pronounced at low temperatures, and in
a smaller resistivity would result. In contrast to well-studi
Ce-based Kondo systems, e.g., CeAl2,

13 the overall pressure
response of YbCu3Al2 appears to be mirrorlike in the pres
sure and temperature range covered.

Passing over to the IV limit~i.e., YbCu4Al) the pressure
response appears to be completely different; see Fig. 6~c!. In
this caser(T) increases in the whole temperature range
der pressure. Moreover,r(T) of YbCu4Al at normal pres-
sure exhibits aT2 behavior at low temperatures as is e
pected for a Fermi-liquid system, but the exponent decrea
with increasing pressure to become close to unity atp'15
kbar. It can be expected that, as the valence of the Yb
increases with pressure, magnetic interactions gain we
because the magnetic 4f 13 state is progressively approache
Consequently, magnetic scattering of the conduction e
trons on the Yb moments becomes much more import
and hence the resistivity values become larger.

The temperature-dependent resistivity and the pressur
sponse of YbCu3.5Al1.5 @Fig. 7~b!# appears to be roughly be
tween both former cases. At ambient pressure, the t
temperature-dependent variation ofr(T) ~between 1.5 and
300 K! does not exceed 2.5mV cm, less than one-tenth o
the total variation ofx51 andx52 samples. Local maxima
in the vicinity of 100 K indicate the crystal field splitting
The striking feature of ther(T,p) dependence at this A
concentration is the increase of the low-temperature resis
ity ~like for x51) while above about 50 K it decreases~like
for x52). Such an apparently ambiguous behavior can
understood taking at first into account thatTsf ~or TK) be-
comes smaller thanDCF, allowing for an independent behav
s of
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ior of the ground and excited CF levels. Then, if the elas
energy provided by the applied pressure is compared w
the thermal energy, one would expect that the latter w
exceed the former at a certain temperature, which in this c
appears to be smaller than theDCF value. In other words,
there are magnetic correlations related to the GS energy s
that can be driven byp513 kbar, whereas such a perturb
tion will only produce a slight shift in the excited CF energ
levels. We note that the change of the pressure response
an increase ofr(T) to a decrease, observed roughly
T.10 K, appears to be similar to the energy shift of t
excited CF levels.

IV. DISCUSSION

Two driving forces compete in the evolution of the ma
netic properties of YbCu52xAl x . One is the increase of th
number of electrons in the band originating from the sub
tution of a single-electron element~Cu! by a three-electron
one ~Al !. This growing electron number is assumed to
responsible for the observed valence change throughout
series. The other one is the enlargement of the volume of
unit cell produced by the difference between the atomic si
of Cu and Al. Because the volume of the nonmagne
Yb21 configuration is larger than that of the magne
Yb31 one, both effects should be opposite. Within such
panorama, some striking features like the significantn(T)
dependence forx50.75 and 1 may occur to be in contrast
a constant value ofn(T) observed forx50 andx>1.5.

The particular behavior ofn(T) of YbCu52xAl x influ-

FIG. 7. Logarithmic temperature dependence ofCp /T: x21 of
YbCu3.5Al1.5 andrm(T,p) of YbCu4Al.
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ences also the usual thermal expansion of the unit cell~inset,
Fig. 2!. While for the stable valence regime (x>1.5) a vol-
ume changeDV/V between room temperature and 12 K
more than 1% is observed,DV/V of x51 amounts just to
about 0.5%. There, the increase ofV with increasing tem-
perature is partly compensated by the decrease in vol
associated with the change in valence on heating. Additio
evidence for such a volume contraction due the vale
change can be found atT512 K from theV(x) slope which
changes as the Yb ion tends to the 31 state~cf. inset, Fig. 2!.
In contrast,V(x) of the reference series LaCu52xAl x at
T512 K shows a much steeper and almost constant slo

The evolution ofn(x) as observed from theL III spectra is
confirmed by the crossover from an almost-temperatu
independent Pauli susceptibility in YbCu5 to a Curie-Weiss
behavior in the case of YbCu3Al2, which is accompanied by
a substantial reduction of the absolute value of the param
netic Curie temperatureuupu from about2350 K for alloys
near to YbCu4Al to a value of about220 K for alloys near
to YbCu3Al2. In the scope of the Kondo picture,uupu is
proportional toTK ;

14 thus, asTK decreases the screening
the Yb moments becomes weaker and long-range magn
order gets possible. A similar description applies toTsf .

Concerning pressure effects, contrary to Ce compou
the resistivity of stable valent YbCu3Al2 decreases as th
pressure rises@cf. Fig. 6~a!#. However, within the unstable
valent region the effect is reversed because pressure fa
the smaller Yb31 magnetic EC’s, which enhances the ma
netic electronic scattering@cf. Fig. 6~c!#.

When Yb(Cu,Al)5 and Yb(Cu,Ga)5 ground states are
compared, a sort of shift in the magnetic properties is e
denced. While the former exhibits long-range magnetic
der, the latter series seems to stay paramagnetic.2 This quali-
tative difference appears to be correlated with the valenc
the respective alloys: Only systems in both series withn very
close to 31 are able to form a long-range-ordered grou
state. This condition is proved just for the Al-based allo
beyondx.1.5, while the Ga-based series at ambient pr
sure and at room temperature does not exceed a valen
about 2.9. In this context it should be noted that for t
isomorphous cerium series, i.e., Ce(Cu,Al)5 and
Ce(Cu,Ga)5, the more ‘‘magnetic’’ state is observed for th
Ga-based alloys.15 However, it is ambiguous whether th
difference of the hybridization strength between Al and G
on the one hand, as well as Ce and Yb, on the other han
only a consequence of the electron-hole symmetry. Un
pressure,L III XAS measurements up to 175 kbar indica
that the Yb valence in YbCu4Ga increases from 2.57 (p51
bar! to 2.96 (p5175 kbar!.16 Since at ambient pressuren of
YbCu4Al is much larger than YbCu4Ga, a smaller value o
pressure should be sufficient to obtain for this alloy the m
netic 31 state.

Various investigations were recently devoted to Kon
systems at the verge of the onset of magnetic order,17 which
can be considered as candidates for the so-called non-Fe
liquid ~NFL! behavior. In order to examine whethe
YbCu52xAl x at x51.5.x0 is also characterized by such
behavior, the presentCp /T(T) results were plotted a
f (lnT) in Fig. 7~a!. In this case, there is a clear tendency to
logarithmic temperature dependence, which is considere
a sign of a NFL-type state. A tentative fit below'1.5 K
e
al
e
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,
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according toCp /T5aln(T/T0) yields a logarithmic diver-
gence (a,0) and the characteristic temperatureT0'6 K
@solid line in Fig. 7~a!#. At this concentration of the series
signs for NFL behavior were also found from th
temperature-dependent magnetic susceptibility by a po
law according to 1/x5a(T1Tp)

2/32b ~up to .50 K!,
wherea, Tp , andb are constants@Fig. 7~b!#. To our knowl-
edge, at present there is not a model proposing aT22/3 de-
pendence forx(T); however, the divergent character of bo
x(T) and Cp /T(T) at low temperatures clearly place
YbCu3.5Al1.5 into the group of those systems which cann
be described as usual Fermi liquids.

Complementary information is found from the pressu
effect on the @r(T)2r0#}T

n dependence of YbCu4Al,
which is shown in Fig. 7~c! in a double-logarithmic repre
sentation. There, the evolution ofn5 f (p) is clearly evi-
denced as a decrease of the exponentn (n52, 1.47, and 1.02
for p51 bar, 8 kbar, and 15 kbar, respectively!. While
n52 represents a typical Fermi liquid at ambient pressu
values withn,2 for increasing pressures may be interpre
as a breakdown of the Fermi-liquid ground state. Expone
similar to that found for YbCu4Al ( n'1.5 at 8 kbar! were
already calculated theoretically for non-Fermi-liquid sy
tems, e.g., in the scope of a generalized scaling theory
heavy fermions,18 by an interplay of disorder and correla
tions yielding to a distribution of Kondo temperatures19 or by
using a sum rule to account for spin fluctuations around th
antiferromagnetic instability.20

V. SUMMARY

The present investigations on the series YbCu52xAl x
show the onset of long-range magnetic order due to
Cu/Al substitution, with a simultaneous growth ofTN and the
magnitude of the saturation moments for concentrati
x.1.5 as the Yb31 electronic configuration stabilizes. Th
valence evolution of the Yb ion due to the Cu/Al substituti
is also reflected in the effect of pressure on the electr
resistivity, which makes possible to distinguish the diffe
ence between the ground and excited CF levels in the
ticular case of YbCu3.5Al1.5. At the intermediate valence re
gion, a compensation of the usual thermal expansion and
Yb valence driven contraction is observed. The series
lected is also an example for a crossover of the regimes f
high (YbCu5) to low Kondo temperatures (YbCu3Al2). In
the proximity to the onset of magnetic order~i.e.,
x5x051.5) some hints for non-Fermi-liquid behavior a
observed. There, the low-temperature specific heat
YbCu3.5Al1.5 follows aCp /T; ln(T/T0) dependence and th
decrease of the temperature exponent of ther(T) of
YbCu4Al recalls the ‘‘tuning’’ of this behavior in
CeCu62xAux .

21
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