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SEARCH FOR A QUANTUM CRITICAL POINTIN CePd2Al2Ga BY SPECIFIC HEATMEASUREMENTS UNDER PRESSURE�H. Neemann, A. EihlerInstitut für Tehnishe Physik, Tehnishe Universität BraunshweigMendelssohnstrasse 2, 38106 Braunshweig, GermanyS. SüllowIMNF, Tehnishe Universität BraunshweigMendelssohnstrasse 3, D-38106 Braunshweig, Germanyand J.A. MydoshKamerlingh Onnes Laboratory, Leiden University, Leiden, The Netherlands(Reeived July 10, 2002)In CePd2Ga3, one of the few ferromagnetially ordered heavy fermionmaterials, the transition temperature Tmag (� 6:4 K) is lowered by pres-sure. From a omparison of resistane data with DC suseptibility datathere is evidene, however, that the FM magnetization disappears beforeTmag is suppressed to zero. The isostrutural ompound CePd2Al2Ga alsoshows FM order, but with a muh lower Tmag � 1:8 K. It ould be expeted,therefore, to reah Tmag = 0 K within a pressure range where thermody-nami properties like � and Cp an be determined. Earlier data of the asuseptibility have shown that after an initial steep deline Tmag saturateswith a tendeny to inrease again above 0.4 GPa. Here we present spei�heat data extending up to 2.5 GPa whih on�rm this dependene as a bulkproperty of CePd2Al2Ga. Moreover, they show a maximum in Tmag around1.8 GPa followed by a steep deline extrapolating to 0 K below 2.8 GPa.This deline is aompanied by a �attening of the transition anomaly above1.9 GPa. Notwithstanding the hints on a hange of the type of magnetiorder from a suseptibility results the magneti struture under pressureis not known. So the interesting question if there exists a quantum ritialpoint between a FM phase and a Kondo Fermi liquid is still open.PACS numbers: 71.27.+a, 75.40.�s� Presented at the International Conferene on Strongly Correlated Eletron Systems,(SCES02), Craow, Poland, July 10�13, 2002.(1085)



1086 H. Neemann et al.A great number of antiferromagneti (AFM) Kondo lattie materials anbe desribed by the Doniah model in a very satisfatory way. Aording tothis model an inrease of the interation parameter g = N(EF)J will drivethe material from a magnetially ordered into a paramagneti (PM) Fermi-liquid state. The inrease in g an be attained by suitably alloying (x) or� in erium alloys � by appliation of pressure (p). At ritial values xCor pC, respetively, a so alled Quantum Critial Point (QCP) is reahedwhere TN = 0. In the proximity of this QCP the physial properties aredetermined by quantum �utuations. A desription as a Fermi-liquid is notappropriate. For the temperature dependenes of the spei� heat, magnetisuseptibility and eletrial resistane unusual power or logarithmi laws arefound [1℄. The study of QCPs under high pressure is espeially useful sinepressure does not hange the hemial omposition nor the atomi order.There are only omparatively few examples of ferromagnetially (FM)ordering Kondo-latties though to our knowledge there are no prinipial rea-sons against the ourrene of FM in materials showing Kondo-interations.Rather often the magneti phase diagrams of FM Kondo-latties are moreompliated; beyond the FM phase there exist di�erent magneti phaseswith the onsequene that there is no diret transition from the FM to thePM state (as an example see CeRu2Ge2 [2℄). Beause of the limited hoieof FM Kondo-latties, the probability is rather low to �nd one with a pClow enough that an extensive investigation of the bulk properties an beperformed under pressure.CePd2Ga3 is a FM erium ompound with lear signs of Kondo e�etabove the Curie temperature TC � 6:4 K [3℄. Its pC appears to be around5 GPa as was extrapolated from resistane data under pressure [4℄. On theother hand DC suseptibility measurements under pressure have shown thatthe signs of FM abruptly disappear at 2.3 GPa [5℄. Combined with theresistane data this �nding suggests that the FM order hanges to anothertype of magneti order before the transition to the PM state is reahed.To supplement the investigation of this phenomenon by measurements of asuseptibility and spei� heat is very di�ult aording to the high pres-sures needed. On the other hand, an approah to the QCP by ontinuouslyalloying into CePd2Ga3 is not possible [6℄. There exists, however, a sto-ihiometri intermetalli ompound CePd2Al2Ga whih also rystallizes inthe hexagonal PrNi2Al3 struture and shows FM order below about 1.8 K [6℄.Thus the pressure needed to suppress the FM order is expeted to be muhless than in CePd2Ga3. Indeed, a suseptibility measurements under pres-sure have shown a steep inipient drop of TC whih stopped, however, near0.07 GPa [7℄. After staying onstant Tmag started to rise again beyond0.4 GPa, thus leaving the question of the possible existene of a QCP in thistype of material open again.



Searh for a Quantum Critial Point in : : : 1087Here we present results of spei� heat measurements on CePd2Al2Gaunder high pressure whih where performed to get additional informationson the state of the material in the bulk. The tehnique used was a relax-ation method applied to the sample on�guration in the interior of a pistonylinder ell. An overview on the results is shown in Fig. 1. The magneti
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Fig. 1. Magneti spei� heat in a logarithmi sale. Insert: Tmag as de�ned by theposition of the maximum in C(T ).transition is learly pronouned; there is no evidene for any other transitionin the whole temperature range. The non monotonous dependene Tmag(p)as found in the suseptibility measurements [7℄ is on�rmed in an exellentway and ontinued to muh higher pressure. Around 1.8 GPa Tmag reahesits maximum value of about 2.4 K. At higher pressures Tmag falls again withinreasing slope. Beyond 2.3 GPa, however, the determination of Tmag fromthe anomaly beomes more di�ult. At p = 0 the transition anomaly al-ready shows some intrinsi broadness, whih diminishes a bit with inreasingpressure. Only around 2.3 GPa it starts to inrease distintly aompaniedby a pronouned derease of the height of the anomaly. The ritial stateseems to be beyond the tehnial limit of our pressure ell and has not yetbeen reahed. From extrapolation of the Tmag(p) data the limit Tmag = 0 isexpeted to lie between p = 2:6 and p = 2:8 GPa. The magneti entropy asdetermined by an integration of the (C �Cphon)=T data is rather small andamounts to only 0:6R ln 2 at 6 K and p = 0. Under pressure it is furtherdiminished.There are no doubts on the existene of a magnetially ordered phasewithin the whole pressure range investigated. On the nature of the mag-neti order, however, we still an only speulate more or less. At p = 0CePd2Al2Ga is de�nitely FM as shown by magnetization measurements [6℄.



1088 H. Neemann et al.At the same time the signal of the a suseptibility is very strong as oftenfound in FM materials. It dereases rapidly under pressure and beomesvery weak beyond 0.3 GPa suggesting a hange in the type of magneti or-der [7℄. Arguments in favor of a hange of the type of magneti order arebased on the peuliarities of the PrNi2Al3 struture. The erium momentsare FM aligned within the basal planes of the hexagonal unit ell. Longrange order is mediated by RKKY oupling aross the intermediate lay-ers omposed of Al/Ga and an be FM (CePd2Ga3, CePd2Al2Ga) or AFM(CePd2Al3). The idea is that the magneti LRO an be swithed from FMto AFM by tuning the anisotropi RKKY interation via the -axis lattieparameter [6,7℄. If this is the main in�uene a ommon pressure phase dia-gram should hold for CePd2(Ga,Al)3. At least, the spei� heat data on theshape of the transition anomaly seem to exlude the presene of a spin glassstate. There are, however, no distint indiations for a hange in the mag-neti ordered state like for instane a hange in the shape of the transitionanomaly as was found in CePb3, e.g. [8℄. Measurements of the ontributionof magneti exitations to the eletrial resistane at very low temperaturesseem to indiate the disappearane of FM lose to 0.4 GPa [9℄. The bestmethod for the determination of the magneti order of a material is neutronsattering. Presently suh investigations, however, are beyond any tehnialfeasibility beause of the high pressures and low temperatures needed, thesmall redued magneti moments, and the fat that single rystals are notavailable.So the onlusion of our study is that there is a QCP in CePd2Al2Galose to p = 2:8 GPa. But the question is still open if this is a direttransition from the FM to the PM state or if there is an AFM phase inbetween.The support of this work by the Deutshe Forshungsgemeinshaft isgratefully aknowledged. REFERENCES[1℄ H. v. Löhneysen, J. Magn. Magn. Mater. 200, 532 (1999); G.R. Stewart, Rev.Mod. Phys. 73, 797 (2001).[2℄ S. Süllow et al., Phys. Rev. Lett. 82, 2963 (1999).[3℄ E. Bauer et al., Z. Phys. B92, 411 (1993).[4℄ R. Hauser et al., Physia B206 & 207, 231 (1995).[5℄ T. Burghardt, E. Hallmann, A. Eihler, Physia B230�232, 214 (1997).[6℄ B. Ludoph et al., Physia B223 & 224, 351 (1996).[7℄ T. Burghardt et al., Physia B259�261, 99 (1999).[8℄ T. Kirsh, A. Eihler, P. Morin, U. Welp, Z. Phys. B86, 83 (1992).[9℄ J.A. Larea J. et al., this onferene.


