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Disappearance of hyperscaling at low temperatures in non-Fermi-liquid CeCu5.2Ag0.8
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~Received 14 July 1998!

Following the recently published results~down to 0.3 K! on magnetic-field induced non-Fermi-liquid be-
havior in polycrystalline CeCu62xAgx (0.09,x,1.2) we present here specific heatC measurements down to
T570 mK on a CeCu5.2Ag0.8 single crystal. In the single crystal we find that in a critical magnetic fieldBc only
along the magnetic easy~c! axis, where the long-range antiferromagnetic order (TN50.7 K in B50 T) is just
suppressed toT50, a quantum critical point is reached with non-Fermi-liquid properties down to our lowest
temperature of measurement. The lowest temperatureC/T data, Bic, for B.Bc are proportional to 1
2aT0.5, a temperature dependence proposed in the Gaussian~⇔ weakly interacting spin fluctuations! self-
consistent renormalized spin-fluctuation theory. In contrast, the data at higher temperatures—including scaling
with B/Tb of both C and magnetization as a function ofB—require a non-Gaussian strongly interacting
spin-fluctuation model. In order to test this apparent crossover in behavior we have examined the scaling of
C(B) for T,0.2 K and find that the high-temperature scaling withB/Tb ~‘‘hyperscaling’’! does not function
at the lowest temperatures.@S0163-1829~98!51648-7#
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INTRODUCTION

Alloying of the nonmagnetic heavy fermion compoun
CeCu6 with Ag leads to a linear increase of the unit ce
volume of the orthorhombicPnma structure and therefore
changes the hybridization between the conduction elect
and the Ce-4f moments in the system. For Ag concentratio
higher than x50.09, the Ruderman-Kittel-Kasuya-Yosid
~RKKY ! exchange coupling overcomes the single-s
Kondo screening and long-range antiferromagnetic order
pears. The ordering temperatureTN increases linearly with
further substitutions up tox51 with TN50.8.1,2 At a critical
concentrationxc50.09, just whereTN50 in CeCu62xAgx ,
typical non-Fermi-liquid~nFl! properties~for a review of
NFl experiment and theory, see Ref. 1 and the referen
therein! are found,1 similar to Au doping.3 C/T is
proportional1 to 2logT and the data are nearly identical
those at the critical concentrationxc50.1 in CeCu62xAux .3

Reference 1 reported that magnetic field is an effec
tool to reach the quantum critical point~QCP! with nFl prop-
erties down to 0.3 K in a wide range of the magnetic p
(x.0.09) of the phase diagram of CeCu62xAgx . Changing
of the magnetic field results in a change of the relevant c
pling of the spin fluctuations and does not change the ato
disorder. The first measurements1 were on polycrystalline
samples which, because of the magnetic anisotropy of
orthorhombic system, leads to a deviation from a pure te
perature dependence in the specific heat atT,0.3 K, be-
cause there is a mix of several directions present in
samples. Therefore we present here measurements of sp
heat, as well as discussing recently published resistivity
sults, on a single crystal of CeCu5.2Ag0.8 with magnetic field
applied along thec and theb axes. Furthermore we compa
our results at lowest temperatures with the theoretical pre
tions of the self-consistent renormalized~SCR! theory,4

which describes well the results for Ce12xLaxRu2Si2 ~Ref. 5!
and CeCu2Si2 .6 The SCR model predicts that at lowest tem
peraturesr5r01cT1.5 and thatC/T}12aT0.5, while C/T
PRB 580163-1829/98/58~24!/15959~3!/$15.00
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}2logT for a limited ~;60% of a decade! region at higher
temperature. The SCR theory has limitations~e.g.,
3-dimensional character vs the quasi-2-dimensional chara
observed7 in the comparable CeCu62xAux , as well as not
including the magnetic field—central to the prese
results—in the effective Hamiltonian! making the utility of
the theory for comparison to the present work only quali
tive.

EXPERIMENTAL DETAILS

The CeCu5.2Ag0.8 single crystal was grown by the Czo
chralski method in a tri-arc furnace out of a stoichiomet
melt with a small Ag excess to prevent a Ag deficiency d
ing the growth process. An x-ray analysis of the beginn
and the end of the crystal shows a single phase orthorhom
Pnma structure equal to CeCu6 and to the polycrystalline
samples.1 By comparing with the well-known dependencie
of the lattice constantsa, b, c and ofTN with Ag doping,1 the
composition of the single crystal is found to be exac
CeCu5.2Ag0.8, with a58.325 Å, b55.093 Å, and c
510.377 Å. Along the growth direction no Ag-concentratio
gradient was detectable. For the measurements of the spe
heat a 1-mg sample was prepared from the crystal
mounted on a sapphire disk; the orientation was confirm
via measurements of the anisotropic dc susceptibility.

Magnetic susceptibility measurements down to 1.8 K a
up to 7 T were made using a Quantum Design magneto
ter. The specific heat and resistivity in magnetic fields up
13 T were measured in a dilution refrigerator down toT
550 mK using established methods.2,8

RESULTS AND DISCUSSION

As expected from the existing data1 on CeCu62xAgx for
x50.8, the antiferromagnetic phase transition occurs atTN
50.7 K ~see Fig. 1! with a sharp peak in the specific heatC.
In accordance with Ref. 9, almost the same anisotropy of
R15 959 ©1998 The American Physical Society
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magnetic susceptibility, smaller than observed10 for
CeCu62xAux , is found~data not shown! with the c axis be-
ing the easy magnetic axis with the highestx~2 K!. In Fig. 1
the specific heatC(T) is shown for small magnetic field
parallel to thec axis in Fig. 1~a! and the theb axis in Fig.
1~b!. In contrast to Ref. 9 the peak inC(T) is shifted con-
tinuously to lower temperatures with increasing field and
mains sharp. No second phase transition is observed in
single crystal. Extrapolating the magnetic-field depende
for the easy direction the afm transition vanishes inBcic
;2.3 T ~see Fig. 1 inset!. Measurements of the specific he
with fields parallel to theb direction yields a critical mag-
netic fieldBcib of ;5.7 T.

In Fig. 2 C/T is plotted for Bic in fields B>Bcic
52.3 T, in addition to the zero field data. Non-Fermi-liqu
behavior is observed at the critical magnetic fieldBc
52.3 T, whereTN is just suppressed toT50, with C/T
}2 logT ~straight line in Fig. 2! in an intermediate tempera

FIG. 1. Specific heatC vs logT of a CeCu5.2Ag0.8 single crystal
for small magnetic fields applied parallel to the easyc direction,
shown in~a!, and to theb axis as shown in~b!. The inset gives the
magnetic-field dependence of theafm ordering temperatureTN for
Bic andBib, determined from the peak inC.

FIG. 2. Specific heatC of a CeCu5.2Ag0.8 single crystal plotted
as C/T vs logT betweenT50.07 and 3 K for magnetic fieldsB
50, 2.3 (5Bc), 2.5, 2.75, 3, and 5 T, applied parallel to the easc
axis. For all measurements the hyperfine contribution caused by
Cu content in the sample is subtracted~Ref. 13!. In Bc52.3 T nFl
behavior is found between 0.07 and 2 K. The straight line is a gu
to the eye forDC/T}2 log T behavior for theB5Bc data, while
the curved line through the 2.3 T data below 0.2 K is a fitC/T
5g02aT0.5 (g054.89 J/mole K2, a53.67 J/mole K2.5).
-
ur
e

ture region between 0.2 and 1.2 K. ForT,0.2 K, theC/T
data deviate from the logT increase, withC/T5g02aT0.5.
Increasing the magnetic field to 2.5 T shows already a cro
over behavior in the specific heat with a distinct deviati
from C/T}2 logT for T,0.3 K. InB53 T, C/T starts to be
constant at lowest temperatures, reaching the Fermi-liq
regime. These results, in the region (T.0.3 K) where they
overlap agree with our previous1 polycrystalline data.

One would expect that by applying the critical magne
field Bc55.7 T along theb direction of the single crystal, the
same behavior will be observable. This is in fact true for t
data aboveT50.3 K as shown in Fig. 3. However, at lowe
temperaturesC/T for Bib increases only up toC/T (T
50.1 K)53 J/mole K2, whereby forBic, a value ofC/T
(T50.1 K)53.7 J/mole K2 is reached. The differences be
tween the two field directions are already visible in Fig. 1 f
smaller magnetic fields, i.e., forBic the value forC at lowest
temperatures in Fig. 1 increases continuously with the fi
while for Bib, the value ofC in the field never breaks
through the zero field curve belowTN(B) andC(T→0) de-
creases continuously with the magnetic field. These res
show that the anisotropy of the spin-fluctuation spectrum
not fixed to the anisotropy of the ordering moments.

Consider now the resistivity measurements11 ~not shown!
with the magnetic field also applied in thec direction of the
crystal. In accordance with the specific heat results nFl
havior is also observed for the resistivity in the critical fie
Bcic52.3 T. r clearly shows a linear temperature depe
dence between 0.17 and 0.3 K, while at lowest temperatu
r5r01cT1.460.1. This is in agreement with the prediction o
the SCR theory, used above to describe the specific
data, thatr5r01cT1.5 at lowest temperatures. A further in
crease of the fieldB yields the usual Fermi-liquid behavio
with r5r01AT2.

Inspired by the question of whether the crossover from
intermediate temperature range behavior (C/T}2 logT and
r}r01BT) above;0.2 K to a low temperature, noninter
acting fluctuation SCR theory behavior (C/T}12aT0.5 and
r5r01cT;1.5) implies a change in the nature of the flu
tuations responsible for the nFl behavior in CeCu5.2Ag0.8,

he

e

FIG. 3. Specific heatC of a CeCu5.2Ag0.8 single crystal plotted
as C/T vs logT betweenT50.07 and 3 K for B50, 4, 5, 5.7
(5Bcib), and 13 T, applied parallel to theb axis. nFl behavior
~strongly divergent C/T) is never observed, but ratherC/T
→const asT→0. The straight line through the 5.7 T data~open
circles! shows theC/T}2 log T behavior between 0.3 and 2 K.
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we consider now the scaling behavior ofC(B)/T
2C(Bc)/T for both temperature regimes. In Fig. 4~a!, for
T.0.2 K, the scaling data demonstrate definite scaling w
B/Tb with b51.660.1. This is consistent with the scalin
data for C(B)/T2C(Bc)/T for T.0.3 K and forM for T
.1.8 K observed1 for polycrystalline CeCu62xAgx . It
should be stressed that this type of scaling, known as hy
scaling, may be taken as proof that there exist aboveBc
strongly interacting fluctuations that require a non-Gauss
theoretical approach. Thus, the qualitative agreement of
SCR theory prediction~thatC/T}2 log T in an intermediate
temperature range! with our data above 0.2 K is negated b
the fact that the data obey hyperscaling in this tempera
regime—the data taken as a whole are not compatible w
the SCR theory in this temperature range.

What is found forT,0.2 K for scaling ofC(B), Fig.
4~b!, offers a sharp contrast to the higher temperature sca
in Fig. 4~a!. The data do not scale onto one curve, neither
b51.6 nor for the ‘‘best fit’’~Fig. 5! usingb51.1. Thus, our
data and their scaling offer evidence that, as the QCP
approached from higher temperature, although the inter

FIG. 4. ~a! Scaling of the change of the specific heat divided
temperature of CeCu5.2Ag0.8 with applied field Bic vs B2Bc

(5DB) divided byT1.6 in the intermediate temperature range. T
points for all fields,B.Bc, scale onto one universal curve.~b! The
same as for~a!, but for the lowest temperature data. Note that
data do not even tend toward falling onto one curve.
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diate and low temperature regimes both demonstrate nF
havior, the behaviors are strongly differentiated. The stro
non-Gaussian fluctuation behavior at higher temperature
replaced asT→0 by weak, Gaussian fluctuations. This m
be theoretically pictured12 as a depopulation of the fluctua
tion phase space as temperature~⇔ thermal energy! is low-
ered, causing a weakening of the fluctuation interactio
Work is underway to determine the temperature at which
crossover between hyperscaling and Gaussian behavio
curs as a function of silver concentration in CeCu62xAgx .13

As a final remark, our observation of the failure at lowe
temperature of hyperscaling is additional evidence of the
istence of hyperscaling in the higher temperature data.
data are clearly precise enough to allow the correct dete
nation of the scaling behavior.
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FIG. 5. @C(B)/T2c(Bc)/T# vs (B2Bc)/T
b, at lowest tempera-

tures for CeCu5.2Ag0.8, Bic, for b51.1, which brings the data
closest to lying on one common curve. Even with this ‘‘best’’ fi
the data clearly do not scale in this lowest temperature range.
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