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INVESTIGATION OF THE QUANTUM PHASETRANSITION IN CeCu6�xAux�H. v. Löhneysena;b, F. Obermaira, C. Pfleidereraand O. StokertaPhysikalishes Institut, Universität KarlsruheD-76128 Karlsruhe, GermanybInstitut für Festkörperphysik, Forshungszentrum KarlsruheD-76021 Karlsruhe, GermanyMax-Plank-Institut für Chemishe Physik Fester Sto�eD-01187 Dresden, Germany(Reeived July 10, 2002)Reent experiments on the quantum phase transition between nonmag-neti (x � x) and magnetially ordered (x > x) CeCu6�xAux alloys,ourring at a ritial onentration x � 0:1 are reviewed. In partiular,we investigate how the q-dependene of the ritial �utuations observedfor x = 0:1 by inelasti neutron sattering evolve when moving away fromthe ritial onentration. We also explore the �utuations when a magnet-ially ordered alloy (x = 0:2) is exposed to a magneti �eld suppressing themagneti order. Finally, we address the question whether at the quantumphase transition the Kondo temperature vanishes, i.e. the heavy quasipar-tiles loose their identity, as proposed by reent theories.PACS numbers: 75.30.Mb, 71.27.+a, 71.10.Hf, 75.20.Hr1. IntrodutionCeCu6�xAux has beome a prototype heavy-fermion system (HFS) where,starting from not magnetially ordered CeCu6 with strongly enhaned Pauliparamagnetism, Au doping introdues long-range inommensurate antifer-romagnetism for Au onentration x > x � 0:1 [1℄. This transition arisesbeause the strength of the ondution-eletron�f -eletron exhange intera-tion J an be tuned by omposition, by virtue of the lattie expansion ausedby the large Au radius [2℄. Indeed, the long-range magneti order an besuppressed by applying hydrostati pressure p [2,3℄. Hene omposition and� Presented at the International Conferene on Strongly Correlated Eletron Systems,(SCES02), Craow, Poland, July 10�13, 2002.(707)



708 H. v. Löhneysen et al.pressure an be employed to tune the deliate balane between dominantKondo or Ruderman�Kittel�Kasuya�Yosida (RKKY) interations, whih isgoverned essentially by J [4℄. Of ourse, for an anisotropi system suh asCeCu6�xAux with the orthorhombi Pnma struture, anisotropy e�ets inthe x or p dependene of the lattie parameters have to be taken into aount.In addition, a small monolini distortion (< 1:5Æ) ours for x < 0:14 [5℄.(For simpliity, we always use the orthorhombi unit ell to denote the rys-tallographi diretions.) However, a detailed study of this transition bymeans of thermal expansion measurements has shown that it is not relatedto a magneti instability [6℄. Thus, we are dealing with a bona �de mag-neti instability, whih an ideally be traed to absolute zero temperature,o�ering the possibility of studying a magneti quantum phase transition. Inthe viinity of this transition, non-Fermi-liquid (NFL) behavior manifestsitself as a strong deviation of thermodynami and transport properties fromFermi-liquid (FL) preditions. The linear spei�-heat oe�ient  = C=Taquires an unusual temperature dependene,  � �ln(T=T0), and theT -dependent part of the eletrial resistivity �� = � � �0 where �0 is theresidual resistivity, varies as �� � Tm with m < 2.It is generally believed that the NFL behavior observed in HFS at themagneti-nonmagneti transition arises from a proliferation of low-energymagneti exitations [7�9℄. This transition, being indued by an externalparameter suh as onentration or pressure, as mentioned above, may inpriniple our at T = 0. If the transition is ontinuous, it is driven byquantum �utuations instead of thermal �utuations in �nite-T transitions.The ritial behavior of suh a quantum phase transition (QPT) at T = 0 isgoverned by the dimension d and the dynamial exponent z. In the Hertz�Millis theory [7, 8℄ the e�etive dimension is given by de� = d + z. Heneone is in general above the upper ritial dimension de� = 4 exept in themarginal ase d = z = 2.While in three spatial dimensions the renormalization-group treatmentby Millis [8℄ essentially orroborates the previous preditions of the self-onsistent renormalization (SCR) theory of spin �utuations [9℄, new resultsare obtained for two-dimensional (2D) systems. The ase of 2D �utua-tions oupled to itinerant quasipartiles with 3D dynamis has been workedout by Rosh et al. [10℄. The NFL features observed in CeCu6�xAux,i.e. C=T � �ln(T=T0) and � � T , an be niely explained by this se-nario. Indeed, inelasti neutron sattering (INS) experiments performed on ax = 0:1 single rystal over a wide range in reiproal spae revealed a strongspatial anisotropy of the ritial magneti �utuations, thus suggesting thepresene of quasi 2D �utuations [11℄.On the other hand, a detailed study of the energy and temperaturedependene of the �utuations arried out by Shröder et al. [12,13℄ demon-



Investigation of the Quantum Phase Transition in CeCu6�xAux 709strated onviningly E=T saling of the dynami suseptibility, indiatingthat taking the Hertz�Millis theory at fae value, one is in fat belowthe upper ritial dimension. Even more, the E=T saling omes with ananomalous saling exponent � = 0:75 that is distintly di�erent from theLorentzian response (� = 1). In addition, this highly unusual E=T saling(observed earlier � with a di�erent value of � � for another NFL system,i.e. UCu5�xPdx [14℄) appears everywhere in the Brillouin zone, and � = 0:8is even observed for the T dependene of the stati uniform suseptibility(i.e. E = 0; q = 0) [12, 13℄. This implies that the dynamis of the rit-ial �utuations is loal, prompting Coleman et al. [13, 15℄ to suggest thatone is witnessing a more drasti variant of non-Fermi-liquid behavior thanin the Hertz�Millis senario applied to HFS, where the heavy quasiparti-les su�er from singular sattering by magneti �utuations at the quantumritial point (QCP). In ontrast, the loal ritiality might signal that theheavy quasipartiles themselves, being omposite objets arising from theondution eletron�f -eletron interation, disintegrate [13, 15℄. Therefore,one might expet that the Kondo temperature TK, being a measure of thebinding energy of the quasipartiles, goes to zero at the QCP. In a modelof a loally ritial QPT, a �destrution� of the Kondo resonane has beensuggested whih leads to ritial loal-moment �utuations [16, 17℄.As a �nal, more general point to this introdution we remark that, ofourse, a quantum phase transition is a deliate phenomenon. On the onehand, disorder may have pronouned e�ets on the transition. Like in las-sial phase transitions, inhomogeneities will limit the divergene of the or-relation length � of the �utuations. The Harris riterion [18℄ states that theritial exponent of the spei� heat � (not to be onfused with the salingparameter � disussed above in onjuntion with INS) must be smaller thanzero in order to be irrelevant for a lassial phase transition. The eluida-tion of disorder e�ets on quantum phase transitions requires areful studiesof systems where disorder an be introdued in a quantitatively ontrolledfashion.On the other hand, any residual interations might break the deliate bal-ane between quantum liquid (Fermi liquid) and quantum solid (magnetiorder) at the QCP. For instane, there is inreasing evidene for magnetiordering in CeCu6 ourring around 2mK [19℄. The presene of a orre-sponding (very small) energy sale of ourse renders quantum �utuationsirrelevant below that energy.In this paper, we will disuss reent experiments on CeCu6�xAux whihaddress the following issues: (i) exploration of the �utuations away from theritial onentration x � 0:1, (ii) searh for �utuations when �eld tuninga magnetially ordered system to a magneti instability, �rst performedin the related system CeCu6�xAgx [20℄, and (iii) searh for evidene for a



710 H. v. Löhneysen et al.Kondo energy sale that vanishes at the QCP. These points will be anteededby a brief introdution to the magneti instability and NFL behavior ofCeCu6�xAux.2. Brief review of non-Fermi-liquid features of CeCu6�xAuxThe ourrene of antiferromagneti order in CeCu6�xAux beyond athreshold onentration x � 0:1 was inferred early on from sharp maximain the spei� heat and low-�eld d magnetization [21, 22℄. For x > 0:1 theNéel temperature TN varies linearly with x up to x = 1 where the stoihio-metri ompound CeCu5Au is formed, with the Au atoms ompletely andexlusively oupying the Cu(2) site of the CeCu6 struture [23℄ (see Fig. 1).
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Fig. 3. Spei� heat C of CeCu6�xAux (0 � x � 0:3) divided by temperature T ,plotted vs T on a logarithmi sale.measured in a magneti �eld B � 0.1T [26℄. As already mentioned above,Shröder et al. showed that the �(T ) data an be desribed very well bya di�erent funtional dependene, i.e. �(T )�1 � �(0)�1 = a00T� with � =0.8 [12℄. This �t extends to 7K, i.e. to well above TK. This is surprisingbeause the FL regime in CeCu6 is observed only well below TK.The abundane of low-energy magneti exitations when TN is just tunedto zero, has been suggested early on to ause the NFL behavior at themagneti instability [26℄. However, the �lnT dependene of C=T and thelinear T dependene of � in CeCu6�xAux at the magneti instability haveonstituted a major puzzle ever sine they were �rst reported beause spin-�utuation theories for 3D itinerant fermion systems predit [8, 9℄ C=T =0 � �pT and �� � T 3=2 for antiferromagnets (z = 2) in the limit T ! 0.In addition, TN should depend on the ontrol parameter Æx = x � x orÆp = p � p as T �j Æ j� with � = z=(d + z � 2) = z=(z + 1) for d = 3 [8℄,while for CeCu6�xAux � � 1 for both Æx [26℄ and Æp [3℄ is found. However, 2Dritial �utuations oupled to quasipartiles with 3D dynamis do indeedlead to the observed behavior C=T � �lnT , �� � T and TN � j Æ j, i.e.� = 1 as pointed out by Rosh et al. [10℄.A detailed investigation right at the ritial onentration x = 0:1 byStokert et al. [11℄ showed that the ritial �utuations as measured with
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714 H. v. Löhneysen et al.an energy transfer of 0.10meV by INS lie in the a�� plane. This is inferredfrom a large number of sans in the a�� plane, some of whih are shownin Fig. 4(b). Hene the dynamial struture fator S(q; ~! = 0.10meV) hasthe form of rods as indiated by the bright regions in the false olor plotsof Fig. 5(b). The 3D ordering Bragg peaks for x = 0:15; 0:2 and 0.3 fall onthe rods for x = 0:1 [24℄ whih therefore an be viewed as preursors of 3Dordering.3. Magneti �utuations away from the ritial onentrationWhat happens to the ritial �utuations if one moves away from the rit-ial onentration x? The investigation of magneti �utuations in CeCu6,i.e. not too far from the QCP, has in fat a long history [28, 29℄. Fig. 4shows sans along the  diretion in the reiproal a�� plane for x = 0, and0.2, together with the previous data for x = 0:1 for omparison. The �u-tuations as measured with an energy transfer of 0.15meV persist on bothsides of the QCP, albeit muh broader in q spae, as might be expeted.Overall, they look rather �symmetri� about the QCP. This might be om-pared with the spei� heat (Fig. 3) where the data for x = 0:05, just belowx, are almost undistinguishable from those for x = 0:1 while the data forx = 0:15, just above x, learly show the magneti transition at 0.08K, withpreursor e�ets being visible already at 0.5K as an upward deviation fromthe C=T � ln(T0=T ) behavior. Moving further away from x = 0:1, viz.x = 0 and 0.2, the data look nearly �symmetri� with respet to x = 0:1:the upward deviation of the x = 0:2 data from the ln(T0=T ) urve aboveTN orresponds to the downward deviation of the x = 0 data, in qualitativeagreement with the neutron data.An important observation is that the peuliar q dependene of the �u-tuations, niknamed �rods� [11℄ or �butter�y� [13℄ persists to x = 0:2 aswell as to x = 0 (see Fig. 5). We note that the present data for CeCu6have been taken with muh higher resolution than the previous data [28,29℄.However, all data are ompatible with eah other, taking the di�erene inresolution into aount. The fat that the �rod/butter�y� struture of riti-al �utuations in CeCu5:9Au0:1 is present in pure CeCu6 as well, rules outdisorder as an origin of this remarkable feature of the quantum phase tran-sition in CeCu6�xAux. That disorder does not qualitatively a�et the QPThas already been inferred from the fat that pressure tuning the Néel tem-perature to zero for x = 0:2 and 0.3 leads to the same spei�-heat behaviorC=T = aln(T0=T ) at the ritial pressure p of about 4 and 8 kbar, respe-tively, with idential (within the auray of measurement) oe�ients aand T0 [1℄.



Investigation of the Quantum Phase Transition in CeCu6�xAux 7154. Magneti �utuations at the �eld-tuned transition for x = 0:2As just mentioned, tuning a magnetially ordered CeCu6�xAux alloy tothe QCP by hydrostati pressure yields the same behavior for the spei�heat at p as for an alloy with the ritial Au onentration x = 0:1 atambient pressure. Likewise, the eletrial resistivity for x = 0:2 exhibits alinear T dependene at the ritial pressure [30℄. This strongly suggests thatthe magneti �utuation spetrum under pressure may be similar to that ofx = 0:1 at ambient pressure. However, when applying a magneti �eld tosuppress the inommensurate antiferromagnetism for x = 0:2, spei� heatand resistivity an be desribed quite aurately [30℄ by the standard 3DSCR theory [9℄ when the �eld reahes the ritial �eld B = 0:42T, i.e.C=T = 0 � �T 0:5 and �� � T 1:5. Here B was determined unambiguouslyby the vanishing of the intensity of the magneti re�etions [30℄.
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716 H. v. Löhneysen et al.Shown in Fig. 6(a) is S(q; ~!) at q = (0.138 0 1.74) for two di�erent tem-peratures. The applied �eld was 0.35T, i.e. lose to B. The �ts orrespondto Lorentzians onvoluted with the Gaussian shaped energy resolution ofthe triple-axis spetrometer IN 12 at the ILL Grenoble, where the data weretaken. The data are learly ompatible with a Lorentzian lineshape whihwould orrespond to � = 1 in the dynamial suseptibility. Hene these datasupport our previous interpretation [30℄, based on marosopi thermody-nami and transport measurements, that a magneti-�eld indued instabilityin the inommensurate antiferromagnet CeCu5:8Au0:2 leads to �utuationsthat are well aounted for by the standard Hertz�Millis�Moriya model [7�9℄.Fig. 6(b) shows the linewidth � (FWHM) as derived from S(q; ~!), as a fun-tion of T for two �elds B = 0.35T and 0.15T. � sales with T , supportingthat T is the only relevant energy sale and hene that one is indeed dealingwith a quantum phase transition. It is interesting to note that even far awayfrom B, � has not hanged within the (rather large) error bars. Only be-low 0.15T does the linewidth inrease onsiderably. Unfortunately, beauseof the required sattering geometry, with the sattering vetor in the a��plane and the �eld applied along the (easy)  diretion, the use of a hori-zontal magnet was neessary whih eliminated the possibility to investigatethe q dependene of S(q; ~!).5. Tuning of the Kondo temperature in CeCu6�xAuxThe Kondo temperature TK is well de�ned for a single isolated magnetiimpurity in a metalli host only. It is well known that in a HFS suh asCeCu6 whih an in ertain aspets be viewed as a Kondo lattie, TK will berenormalized beause of the interations between Kondo �impurities�. Herewe adopt the pragmati point of view that TK in a HFS presents the meanbinding energy of the heavy quasipartiles. Well below TK, in a lattiewith translational symmetry, these quasipartiles will be eigenstates of theperiodi potential, strongly modi�ed by eletron-eletron interations. Thisgives rise to a maximum �max of the resistivity �(T ) in many HFS, signalingthe onset of lattie oherene of the quasipartiles. The temperature of thisoherene maximum is therefore usually alled oherene temperature Toh.Again, CeCu6 presents a textbook example of a HFS derived from Kondophysis. First, the spei� heat of La1�yCeyCu6 sales with the Ce onen-tration y, indiating that the large linear spei� heat oe�ient  = C=T �1:6 J/moleK2 an be viewed as a simple superposition of individual Kondoimpurity ontributions [32℄, although one has to bear in mind that there arenumerous ounter examples where suh a saling does not hold. Seond, TKan be tuned by hydrostati pressure beause it depends sensitively on J ,TK � exp(�1=N(EF)J) where N(EF) is the (unrenormalized) ondution



Investigation of the Quantum Phase Transition in CeCu6�xAux 717eletron density of states at the Fermi level. For CeCu6, the eletrial re-sistivity, normalized to its value �max under pressure, sales reasonably wellwith T=Toh over a wide range of T and p [32℄, implying the presene of anintimate relation between Toh and TK.Beause TK is not well de�ned for a HFS and, in addition, is not easyto determine unambiguously, we adopt the view that the very presene of aoherene maximum in CeCu6�xAu6 implies the existene of a �nite Kondoenergy. This qualitative assessment is independent of exatly how the Kondotemperature depends on x or p and therefore muh more robust than anattempt to quantitively evaluate TK.
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718 H. v. Löhneysen et al.under pressure. In addition, the onset of magneti order, with its pronounede�et on transport [24℄, preludes the observation of a maximum for x >0:2. For x = 0:2, an upper bound an be given by Tmax < TK, leadingto the position of the x = 0:2 data as indiated in Fig. 7(a). Tmax vs x isshown in Fig. 7(b). The main point to note is the smooth, nearly linearderease of Tmax whih appears to vanish at x � 0:16. In partiular, noanomaly of Tmax(x) ours in the viinity of the QCP at x = 0:1. Weonlude that beause Tmax remains �nite, a fortiori TK must remain �niteas well, whatever the exat relation between Tmax and the binding energyof quasipartiles may be. Hene it appears that the loal energy sale whihhas been suggested to vanish in reently proposed senarios [13, 15℄ of theQPT in CeCu6�xAux, is not diretly related to TK. Work on pressure tuningthe oherene temperature of an initially magnetially ordered CeCu5:8Au0:2alloy is in progress. 6. ConlusionAlthough CeCu6�xAux has been studied for a number of years, new fea-tures evolve ontinuously as this prototype NFL system is probed in depth.The existene of the omplex q dependene of the magneti �utuations �ndsits expression in preursor e�ets with the same q dependene in pure CeCu6,showing that disorder is not relevant for this feature. On the other hand, theobserved swithing of the temporal response of the �utuations to a moreonventional behavior at the �eld-tuned QCP, ompared to anomalous sal-ing at the QCP in zero magneti �eld, alls for an explanation. Likewise,the searh for a relevant loal low-energy sale that vanishes at the QCPmust be ontinued. Finally, an all-important issue is whether the physisof CeCu6�xAux presents a singular ase, or whether it is a respresentativeof a more general behavior akin to strongly orrelated eletron systems at aQCP, as suggested, e.g. by thermodynami and transport measurements onYbRh2Si2 [33℄. Therefore, the searh for new systems and their thoroughinvestigations, is a hallenging task for the future.The inelasti neutron sattering experiments were arried out at theInstitut Laue-Langevin Grenoble. We are grateful for the possibility to per-form these experiments and for tehnial support. We thank the DeutsheForshungsgemeinshaft for �nanial support. This work was also supportedby the European Siene Foundation within the progam of Fermi liquid in-stabilities in orrelated metals (FERLIN).
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