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Disappearance of hyperscaling at low temperatures in non-Fermi-liquid CeCglbAgg g

K. Heuser, E.-W. Scheidt, T. Schreiner, and G. R. Stewart
Institut fur Physik, Universita Augsburg, Universtitsstrale 1, 86159 Augsburg, Germany
(Received 14 July 1998

Following the recently published resulidown to 0.3 K on magnetic-field induced non-Fermi-liquid be-
havior in polycrystalline CeGu ,Ag, (0.09<x<1.2) we present here specific h&ameasurements down to
T=70 mK on a CeCg,Ag, g single crystal. In the single crystal we find that in a critical magnetic fldnly
along the magnetic eagy) axis, where the long-range antiferromagnetic ordgy=£0.7 KinB=0T) is just
suppressed td =0, a quantum critical point is reached with non-Fermi-liquid properties down to our lowest
temperature of measurement. The lowest tempera@iie data, Blic, for B>B. are proportional to 1
—aT%5 a temperature dependence proposed in the Gaugsiaweakly interacting spin fluctuationself-
consistent renormalized spin-fluctuation theory. In contrast, the data at higher temperatures—including scaling
with B/T# of both C and magnetization as a function Bf—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 vBifT# (“hyperscaling”) does not function
at the lowest temperaturdss0163-18208)51648-7

INTRODUCTION «—logT for a limited (~60% of a decaderegion at higher
temperature. The SCR theory has limitationg.g.,
Alloying of the nonmagnetic heavy fermion compound 3-dimensional character vs the quasi-2-dimensional character

CeCy with Ag leads to a linear increase of the unit cell observed in the comparable CeGu,Au,, as well as not
volume of the orthorhombi®nma structure and therefore including the magnetic field—central to the present
changes the hybridization between the conduction electron@sults—in the effective Hamiltoniammaking the utility of
and the Ce-#moments in the system. For Ag concentrationsthe theory for comparison to the present work only qualita-
higher thanx=0.09, the Ruderman-Kittel-Kasuya-Yosida tive.
(RKKY) exchange coupling overcomes the single-site

Kondo screening and long-range antiferromagnetic order ap- EXPERIMENTAL DETAILS

pears. The ordering temperatufg increases linearly with

further substitutions up te=1 with Ty=0.812 At a critical The CeCyAg, g single crystal was grown by the Czo-
concentratiork.= 0.09, just wherel'y=0 in CeCy_,Agy, chralski method in a tri-arc furnace out of a stoichiometric

typical non-Fermi-liquid(nFl) properties(for a review of melt with a small Ag excess to prevent a Ag deficiency dur-
NFI experiment and theory, see Ref. 1 and the referencesg the growth process. An x-ray analysis of the beginning
therein are found: similar to Au dopingg C/T is and the end of the crystal shows a single phase orthorhombic
proportionat to —log T and the data are nearly identical to Pnma structure equal to Ce@uand to the polycrystalline
those at the critical concentration=0.1 in CeCy_,Au,.>  samples. By comparing with the well-known dependencies
Reference 1 reported that magnetic field is an effectiveof the lattice constants, b, ¢ and of Ty with Ag doping; the
tool to reach the quantum critical poif@CP with nFl prop-  composition of the single crystal is found to be exactly
erties down to 0.3 K in a wide range of the magnetic partCeCuAgyg, Wwith a=8.325A, b=5.093A, and c
(x>0.09) of the phase diagram of CeCyAg,. Changing =10.377 A. Along the growth direction no Ag-concentration
of the magnetic field results in a change of the relevant cougradient was detectable. For the measurements of the specific
pling of the spin fluctuations and does not change the atomibeat a 1-mg sample was prepared from the crystal and
disorder. The first measuremehtwere on polycrystalline mounted on a sapphire disk; the orientation was confirmed
samples which, because of the magnetic anisotropy of theia measurements of the anisotropic dc susceptibility.
orthorhombic system, leads to a deviation from a pure tem- Magnetic susceptibility measurements down to 1.8 K and
perature dependence in the specific heaT at0.3 K, be- upto 7 T were made using a Quantum Design magnetome-
cause there is a mix of several directions present in théer. The specific heat and resistivity in magnetic fields up to
samples. Therefore we present here measurements of specifid T were measured in a dilution refrigerator downTio
heat, as well as discussing recently published resistivity re=50 mK using established methots.
sults, on a single crystal of Ce€uig, g With magnetic field

applied along the and theb axes. Furthermore we compare RESULTS AND DISCUSSION
our results at lowest temperatures with the theoretical predic-
tions of the self-consistent renormalizd$CR theory? As expected from the existing datan CeCy_,Ag, for

which describes well the results for Cgla,Ru,Si, (Ref. 5  x=0.8, the antiferromagnetic phase transition occur$at
and CeCySi,.® The SCR model predicts that at lowest tem- =0.7 K (see Fig. 1 with a sharp peak in the specific heat
peraturesp=po+cT>® and thatC/T=1—aT®% while C/T  In accordance with Ref. 9, almost the same anisotropy of the
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FIG. 3. Specific hea€ of a CeCy_Agy g Single crystal plotted
as C/T vs logT betweenT=0.07 an 3 K for B=0, 4,5,5.7
(=B¢llb), and 13 T, applied parallel to the axis. nFl behavior
(strongly divergentC/T) is never observed, but rathe€/T
—const asT—0. The straight line through the 5.7 T datapen
circles shows theC/To —log T behavior between 0.3 and 2 K.

FIG. 1. Specific heaf vs logT of a CeCy ,Ag, g Single crystal
for small magnetic fields applied parallel to the easgirection,
shown in(a), and to theb axis as shown irtb). The inset gives the
magnetic-field dependence of thém ordering temperatur&,, for
Blic andBllb, determined from the peak i@.

magnetic susceptibility, smaller than obserfedfor
CeCy_,Au,, is found(data not shownwith the c axis be-  ture region between 0.2 and 1.2 K. F6x0.2 K, theC/T
ing the easy magnetic axis with the highg&2 K). In Fig. 1 data deviate from the log increase, withC/T= y,—aT%>,
the specific heaC(T) is shown for small magnetic fields Increasing the magnetic field to 2.5 T shows already a cross-
parallel to thec axis in Fig. Xa) and the theb axis in Fig.  over behavior in the specific heat with a distinct deviation
1(b). In contrast to Ref. 9 the peak @@(T) is shifted con-  from C/T«—logT for T<0.3K. InB=3 T, C/T starts to be
tinuously to lower temperatures with increasing field and reconstant at lowest temperatures, reaching the Fermi-liquid
mains sharp. No second phase transition is observed in owggime. These results, in the regiofi*0.3 K) where they
single crystal. Extrapolating the magnetic-field dependenceverlap agree with our previotipolycrystalline data.
for the easy direction the afm transition vanishesBigic One would expect that by applying the critical magnetic
~2.3 T (see Fig. 1 insgt Measurements of the specific heat field B,=5.7 T along theb direction of the single crystal, the
with fields parallel to theb direction yields a critical mag- same behavior will be observable. This is in fact true for the
netic fieldBllb of ~5.7 T. data abovel' =0.3 K as shown in Fig. 3. However, at lower
In Fig. 2 C/T is plotted for Blic in fields B=B_lc temperaturesC/T for Bllb increases only up tcC/T (T
=2.3T, in addition to the zero field data. Non-Fermi-liquid =0.1 K)=3 J/mole ¥, whereby forBlic, a value ofC/T
behavior is observed at the critical magnetic figB}  (T=0.1K)=3.7 J/mole K is reached. The differences be-
=2.3T, whereTy is just suppressed td=0, with C/T  tween the two field directions are already visible in Fig. 1 for
«—logT (straight line in Fig. 2in an intermediate tempera- smaller magnetic fields, i.e., f@ic the value forC at lowest
temperatures in Fig. 1 increases continuously with the field
T while for Bllb, the value ofC in the field never breaks
CeCu,Agy, Blle | through the zero field curve beloW(B) andC(T—0) de-
;ﬂ. BeoT creases continuously with the magnetic field. These results
"985, " B-23T show that the anisotropy of the spin-fluctuation spectrum is
© B=25T 1 not fixed to the anisotropy of the ordering moments.
Consider now the resistivity measureméh{®ot shown
with the magnetic field also applied in tleedirection of the
crystal. In accordance with the specific heat results nFl be-
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havior is also observed for the resistivity in the critical field
B.lc=2.3T. p clearly shows a linear temperature depen-
dence between 0.17 and 0.3 K, while at lowest temperatures

0.05 0.1 1 3 p=po+cT***%L This is in agreement with the prediction of
T(K) the SCR theory, used above to describe the specific heat
data, thalp=py+cT*® at lowest temperatures. A further in-

asCIT vs logT betweenT=0.07 ani 3 K for magnetic fieldss ~ C'€aSe of the field yields the usual Fermi-liquid behavior

=0, 2.3(=B,), 2.5, 2.75, 3, and 5 T, applied parallel to the easy with p=.p0+AT2. .

axis. For all measurements the hyperfine contribution caused by the 'NSPired by the question of whether the crossover from an
Cu content in the sample is subtraci@®ef. 13. In B,=2.3 T nFl  intermediate temperature range behavio/{x—logT and
behavior is found between 0.07 and 2 K. The straight line is a guide?*po+BT) above~0.2 K to a low temperature, noninter-
to the eye forAC/Te—log T behavior for theB=B, data, while ~ acting fluctuation SCR theory behavidE{T«1-aT%*and

the curved line through the 2.3 T data below 0.2 K is adif ~ p=po+cT 1 implies a change in the nature of the fluc-
= yo—aT%® (y,=4.89 J/mole R, a=3.67 J/mole RY). tuations responsible for the nFl behavior in CeGAgg g,

FIG. 2. Specific hea€ of a CeCuyAgg g Single crystal plotted
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FIG. 4. (a) Scaling of the change of the specific heat divided by ~ FIG- 5. [C(B)/T—c(B.)/T] vs (B— BC)/TB,_ at lowest tempera-
temperature of CeGwAg, s With applied fieldBlic vs B—B, tures for CeCtl,Agos, Blic, for B=1.1, which brings the data
(=AB) divided by T*-6 in the intermediate temperature range. The closest to lying on one common curve. Even with this “best” fit,
points for all fieldsB>B,, scale onto one universal curv@) The the data clearly do not scale in this lowest temperature range.

same as fofa), but for the Iowest_temperature data. Note that thediate and low temperature regimes both demonstrate nFl be-
data do not even tend toward falling onto one curve. havior, the behaviors are strongly differentiated. The strong,
non-Gaussian fluctuation behavior at higher temperatures is
we consider now the scaling behavior of(B)/T  replaced a§—0 by weak, Gaussian fluctuations. This may
—C(B.)/T for both temperature regimes. In Fig(a4 for  be theoretically picturéd as a depopulation of the fluctua-
T>0.2 K, the scaling data demonstrate definite scaling withtion phase space as temperat(#e thermal energyis low-
B/T# with B=1.6+0.1. This is consistent with the scaling ered, causing a weakening of the fluctuation interactions.
data forC(B)/T—C(B,)/T for T>0.3K and forM for T  Work is underway to determine the temperature at which this
>1.8K observetl for polycrystalline CeCy ,Ag,. It  crossover between hyperscaling and Gaussian behavior oc-
should be stressed that this type of scaling, known as hypefurs as a function of silver concentration in CgCyAgy ™
Sca”ng, may be taken as proof that there exist abBye As a final remark, our Observat|0n Of the Tailure at |0West
strongly interacting fluctuations that require a non-Gaussiafemperature of hyperscaling is additional evidence of the ex-
theoretical approach. Thus, the qualitative agreement of thistence of hyperscaling in the higher temperature data. Our
SCR theory predictiofithat C/T«= —log T in an intermediate dat_a are clearly precise enc_:ugh to allow the correct determi-
temperature rangevith our data above 0.2 K is negated by nation of the scaling behavior.
the fact that the data obey hyperscaling in this temperature
regime—the data taken as a whole are not compatible with
the SCR theory in this temperature range. The authors gratefully thank A. M. Tsvelik for fruitful
What is found forT<0.2 K for scaling ofC(B), Fig.  discussions and a critical reading of the manuscript, G.-F.
4(b), offers a sharp contrast to the higher temperature scalingon Blanckenhagen for helpful discussions at the beginning
in Fig. 4@). The data do not scale onto one curve, neither forof this work, and C. Geibel and F. Steglich for using their
B=1.6 nor for the “best fit" (Fig. 5 usingB=1.1. Thus, our tri-arc apparatus to grow the single crystal. The work in
data and their scaling offer evidence that, as the QCP iSainesville was supported by the U.S. Department of En-
approached from higher temperature, although the intermeergy, Contract No. DE-FGO5-86ER45268.
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