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DE HAAS�VAN ALPHEN EXPERIMENTSIN THE QUANTUM CRITICAL REGIONOF CERIUM AND URANIUM COMPOUNDS�Y. 	OnukiGraduate Shool of Siene, Osaka University, Toyonaka, Osaka 560-0043, JapanAdvaned Siene Researh Center, Japan Atomi Energy Researh InstituteTokai, Ibaraki 319-1195, JapanR. Settai, S. Araki, M. Nakashima, H. Ohkuni, H. ShishidoA. Thamizhavel, Y. InadaGraduate Shool of Siene, Osaka University, Toyonaka, Osaka 560-0043, JapanY. Haga, E. YamamotoAdvaned Siene Researh Center, Japan Atomi Energy Researh InstituteTokai, Ibaraki 319-1195, Japanand T.C. KobayashiResearh Center for Materials Siene at Extreme Conditions, Osaka UniversityToyonaka, Osaka 560-8531, Japan(Reeived July 10, 2002)When pressure is applied to the erium and uranium ompounds, theirmagneti ordering temperatures are suppressed and beome zero at a riti-al pressure P. Around P, non-Fermi liquid and/or superondutivity areobserved. We lari�ed a hange of the eletroni state via the de Haas�vanAlphen (dHvA) experiment when pressure rosses P. The dHvA exper-iment under pressure was done for antiferromagnets CeRh2Si2, CeRhIn5and URu2Si2, and a ferromagnet UGe2. We �nd an abrupt hange of theFermi surfae for CeRh2Si2 and UGe2 when rossing P, indiating a �rst-order like phase transition. For CeRhIn5 and URu2Si2, a hange of theylotron mass is learly observed.PACS numbers: 71.27.+a, 71.18.+y� Presented at the International Conferene on Strongly Correlated Eletron Systems,(SCES02), Craow, Poland, July 10�13, 2002.(667)



668 Y. 	Onuki et al.1. IntrodutionIn erium and uranium ompounds, the Ruderman-Kittel-Kasuya-Yosida(RKKY) interation and the Kondo e�et ompete with eah other [1, 2℄.Competition between the RKKY interation and the Kondo e�et was dis-ussed by Doniah [3℄ as a funtion of jJf jD("F), where jJf j is the mag-nitude of the magneti exhange interation and D("F) is the eletronidensity of states at the Fermi energy "F. Most erium ompounds ordermagnetially, when the RKKY interation overomes the Kondo e�et atlow temperatures. The magneti order is formed by loalized-4f moments.The topology of the Fermi surfae for the ondution eletrons is thereforequite similar to that of the orresponding non-4f lanthanum ompound, al-though the ylotron mass of the erium ompound is one to two orders ofmagnitude larger than that of the lanthanum ompound.On the other hand, some erium ompounds suh as CeCu6 and CeRu2Si2show no long-range magneti ordering, beause the Kondo e�et overomesthe RKKY interation. These ompounds are alled heavy fermion om-pounds sine they have a large eletroni spei� heat oe�ient  :  '104=TK (mJ/K2mol) [1, 2℄. In fat, a large ylotron e�etive mass of120m0 was deteted in the de Haas�van Alphen (dHvA) experiment forCeRu2Si2 [4℄. Moreover, the topology of the Fermi surfae is well explainedby the 4f -itinerant band model, although the ylotron e�etive mass ismuh larger than the orresponding band mass.Some uranium ompounds suh as UPd2Al3 and UPt3 are very similarto the heavy fermion ompounds. In many aspets, however, uranium om-pounds are di�erent from the erium ompounds. They appear to possessthe dual nature, both itinerant and loalized.Reently a new aspet of erium and uranium ompounds with magnetiordering has been disovered. When pressure P is applied to the ompoundswith antiferromagneti ordering suh as CeIn3 and CePd2Si2 [5℄, the Néeltemperature TN dereases, and a quantum ritial point orresponding tothe extrapolation TN ! 0 is reahed at P = P. Here, jJf jD("F) in theDoniah model an be replaed by pressure. Surprisingly, superondutivityappears around P. Moreover, the heavy fermion state is also formed aroundP, where the non-Fermi liquid nature is found in some ompounds. Similarpressure-indued superondutivity was reported for other ompounds suhas CeRh2Si2 [6℄, CeRhIn5 [7℄ and UGe2 [8℄.The rossover from the magnetially ordered state to the non-magnetistate under pressure, rossing the quantum ritial point, is the most in-teresting issue in strongly orrelated f -eletron systems. The purpose ofthe present work is to larify the nature of f eletrons by using a miro-sopi probe � the dHvA method � on CeRh2Si2, UGe2, CeCoIn5 and



De Haas�Van Alphen Experiments in the Quantum Critial Region . . . 669URu2Si2. Previous dHvA works were arried out for magneti and non-magnetif -eletron ompounds and were ompared to the results of the orrespond-ing non-4f lanthanum ompounds and/or energy band alulations. Thepresent work was done for a single ompound aross the quantum ritialpoint, due to the extreme tehnial hallenge method.2. Experimental results and disussion2.1. CeRh2Si2 and UGe2 � a drasti hange of the Fermi surfaeCeRh2Si2 with the tetragonal struture orders antiferromagnetially be-low the Néel temperature TN1 = 36 K. Below TN2 = 25 K, there oursa hange of the magneti struture, from the antiferromagneti state withthe propagation vetor q1 = �12 12 0� to the 4q-struture [9℄. CeRh2Si2is onsidered to be a usual 4f -loalized system. When pressure is ap-plied to CeRh2Si2, TN2 = 25K and TN1 = 36 K are suppressed to 0 Kat P 0 ' 0:6GPa and P = 1:06GPa, respetively, and superondutivityappears at Ts ' 0:4 K around P [6, 10℄.Fig. 1 shows the pressure dependene of TN1, TN2 and Ts, whih wasobtained by the eletrial resistivity measurement [11℄. Superondutivityappears around P, as shown in Fig. 2. An indiation of superondutivityappears in the pressure region from 0.97 to 1.20GPa, whih is shown in
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670 Y. 	Onuki et al.Fig. 1 as a gray region. The resistivity zero is, however, observed in anextremely narrow pressure region around P, whih is shown in Fig. 1 asa dense-gray region. Namely, the resistivity at P = 1:05 and 1.06 GPain Fig. 2 dereases below 0.5K and beomes zero at 0.4K. This impliesthat homogeneous bulk-superondutivity is realized in an extremely narrowpressure region around P.
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Fig. 2. Low-temperature resistivity under pressure in CeRh2Si2.The pressure dependene of the dHvA frequeny up to 1.54 GPa is plot-ted in Fig. 3. Here, the dHvA frequeny F (= ~SF=2�e) is proportional tothe extremal ross-setional area SF of the Fermi surfae, and is expressedas a unit of magneti �eld [1,2℄. The dHvA branhes are slightly hanged atP 0 '0.6GPa. Branhes o, � and � disappear ompletely and new branhesnamed p, q and r appear above P 0 '0.6GPa. This is beause the magnetistruture hanges from the 4q-struture to the q1-struture at P 0 '0.6GPa.Branhes d and � are unhanged against pressure up to P. Note thatbranhes d and � are found at 1.03GPa, while at 1.08GPa they disappearompletely and a new branh named A appears. With further inreasingpressure, two branhes named B and C are also deteted. These branhesare well identi�ed by the 4f -itinerant band model [12℄.The ylotron e�etive massesm� were determined from the temperaturedependene of the dHvA amplitude [1, 2℄. The ylotron masses inreaseswith inreasing pressure, reahing 28m0 at 1.03 GPa for branh d, whihis four to �ve times larger than that at ambient pressure. Above P, theylotron masses of branhes A, B and C are large, ranging from 24 to 34m0.
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Fig. 3. Pressure dependene of the dHvA frequeny in CeRh2Si2.It is thus oluded that the deteted dHvA frequenies learly hange atP ' 1:06 GPa, implying a �rst-order like plase transition. This indiates adisontinuous hange of the Fermi surfae.Next we note a novel eletroni state of UGe2. UGe2 with the orthorhom-bi rystal stature is a new pressure-indued superondutor in the ferro-magneti state [8,13℄. In the pressure experiment, it was lari�ed that withinreasing pressure P , the Curie temperature TC (= 52 K) beomes zeroroughly at P � ' 1.5GPa [14℄. The seond phase transition was later foundbelow TC, at T � ' 30 K at ambient pressure [15℄. T � also beomes zeroat P � ' 1.2GPa. Around P � , namely in the pressure region from 1.0 to1.5GPa, still in the ferromagneti state, superondutivity was observed be-low TSC = 0.7 K [8, 13℄. The temperature region from TC to T � and/orthe pressure region from P � to P were named the weakly polarized phase,while the lower temperature region (T < TC) and/or the pressure regionbelow P � were named the strongly polarized phase [16℄. When the mag-neti �eld is applied along the a-axis, the weakly polarized phase is hangedinto the strongly polarized phase at H = H� even in the pressure regionof P > P � [13, 17℄. This phenomenon orresponds to the metamagnetitransition, indiating a step like inrease of the magnetization urve. TheP�H phase diagram for the �eld along the a-axis is shown in Fig. 4. Thephase boundary from the paramagneti phase to the weakly polarized phaseis also indiated at H. These phase boundaries were obtained from thea-suseptibility measurement [18℄.
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Fig. 5. Pressure dependene of the Néel temperature TN and the superondutingtransition temperature T.The topology of main Fermi surfaes in the antiferromagnet CeRhIn5is nearly ylindrial, and is found to be in good agreement with that of areferene non-4f ompound LaRhIn5, indiating that the 4f eletrons inCeRhIn5 are loalized and do not ontribute to the volume of the Fermisurfae [25, 26℄.Fig. 6 shows the fast Fourier transformation (FFT) spetra of the dHvAosillations under P = 1:3, 1.8 and 2.0GPa. Main three branhes named�1, �2;3 and �2 in Fig. 6 are due to a band 15-eletron Fermi surfae (�i)and a band 14-eletron Fermi surfae (�2), respetively. With inreasingpressure, the dHvA amplitude is strongly redued, but the dHvA frequeniesfor main ylindrial Fermi surfaes are unhanged up to 2.1GPa, whih isabove P � = 1:63GPa.The ylotron e�etive mass m� was determined by the temperaturedependene of the dHvA amplitude [1, 2℄. Fig. 7 shows the pressure depen-dene of the ylotron mass, whih was determined at H = 120 kOe. Theylotron mass inreases steeply above 1.6GPa, where superondutivitysets in. For example, the ylotron mass of branh �2 is 5.5m0 at ambientpressure, 20m0 at 1.6GPa and 45m0 at 2.1GPa. Futhermore, we foundthat the ylotron mass is strongly �eld-dependent with inreasing pressure:at 2.0GPa the ylotron mass of 40m0 at 110 kOe is redued to 33m0 at158 kOe. We point out that a onsiderable mass redution is observed aboveP � = 1:63GPa. A muh steeper mass redution due to magneti �elds isobserved in CeCoIn5 at ambient pressure [27℄.From these experimental results, it is onluded that the topology of theFermi surfae is unhanged up to 2.1GPa, but the heavy fermion state isformed above 1.6GPa where superondutivity sets in. It is thus suggested
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Fig. 7. Pressure dependene of the ylotron mass for four dHvA branhes inCeRhIn5.that the antiferromagneti state remains in the superonduting phase be-uase the topology of the Fermi surfae in antiferromagnets is quite similar tothat of the orresponding non-4f referene lanthanum ompounds [1,2℄. Thepresent result is onsistent with the NMR result showing thepT -dependeneof the nulear spin-lattie relaxation rate, indiating that the superondut-ing phase still remains in a nearly antiferromagneti state [28℄.



De Haas�Van Alphen Experiments in the Quantum Critial Region . . . 6752.3. URu2Si2 � magneti moment vs ylotron massThe heavy-fermion ompound URu2Si2 exhibits two suessive transi-tions at T = 1:4 and To = 17:5K. The former is the superondutingtransition temperature. On the other hand, the latter has still remainedunidenti�ed, although harateristi features are assoiated with this phasetransition. The neutron di�ration study indiated the development of asimple type-I antiferromagneti order with a tiny 5f -magneti moment of0.03 �B along the tetragonal [001℄ diretion below To [29℄. Reent neu-tron sattering and NMR experiments under pressure shed a new insightto this phase transition [30, 31℄. It was lari�ed from the neutron satter-ing experiment that the magneti moment inreases linearly up to 1GPa,reahing 0.25GPa, but has a jump from 0.23 to 0.4�B at P = 1:5GPa [30℄.The lattie onstant (a-value) is also assoiated with a step-like derease atP. The result of NMR experiment furthermore indiated that there existdistint antiferromagneti and paramagneti regions, and with inreasingpressure, the antiferromagneti region inreases in spae, reahing 100% ofthe antiferromagneti volume fration at 1.0 GPa [31℄.Previously we studied the dHvA e�et of URu2Si2 [32℄. If the NMRproposal is right, the deteted dHvA branhes were mainly due to the para-magneti region beause volume fration of the paramagneti and antiferro-magneti regions are about 99 and 1%, respetively, from the tiny momentof 0:03�B. The topology of the Fermi surfae is generally in�uened bythe antiferromagneti ordering. At 0.5 GPa we expet two kinds of dHvAbranhes based on the paramagneti and antiferromagneti regions. To lar-ify it we arried out dHvA experiment under pressure in magneti �elds upto 170 kOe and low temperatures down to 120 mK.A deteted branh is named �, whih is observed at ambient pressureand is known to be nearly spherial in shape. There is no beat patternin the dHvA osillation at 0.5GPa, meaning that there are no two kindsof branhes. The dHvA frequeny named � inreases very slightly with-out a hange at P = 1:5 GPa, as shown in Fig. 8(a). The inrease of thedHvA frequeny orresponds to an inrease of the volume of the Fermi sur-fae, whih is onsistent with the derease of the lattie onstant mentionedabove. Fig. 8(b) shows the pressure dependene of the ylotron mass m� .The ylotron mass dereases onsiderably with inreasing pressure. In theheavy fermion system, the magneti spei� heat of 5f eletrons is partiallyhanged into an eletroni spei� heat. The present result is onsistent withthe pressure dependene of the magneti moment. The larger the magnetimoment, the smaller the eletroni spei� heat oe�ient or the ylotronmass. It is, however, noted that a hange of the ylotron mass at P is notobserved, whih is very di�erent from the magneti moment.
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Fig. 8. Pressure dependene of (a) the dHvA frequeny and (b) the ylotron massfor branh � in URu2Si2.We also determined the Dingle temperature and estimated the mean freepath for branh �. The mean free path is 1100 Å (� 50 Å), approximatelyindependent on the pressure.It is thus onluded that the present dHvA experiment under pressureis inonsistent with the phase-separated proposal based on the NMR exper-iment. The ylotron mass under pressure hanges onsiderably, re�etinga hange of the magneti moment.3. ConlusionWe have lari�ed a drasti hange of the Fermi surfae for an antiferro-magnet CeRh2Si2 and a ferromagnet UGe2 when pressure rosses the ritialpressure P. Superondutivity in CeRh2Si2 is observed in an extremely nar-row pressure region around P.In an antiferromagnet CeRhIn5, the Fermi surfae is unhanged up to2.1GPa, whih is larger than the ritial pressure P � = 1:63GPa where su-perondutivity sets in. Interesting is that the topology of the Fermi surfaeis di�erent between CeRhIn5 with pressures up to 2.1GPa and CeCoIn5 at
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