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FERMI SURFACE STUDIES OF THEFERROMAGNETIC SUPERCONDUCTOR UGe2UNDER HIGH PRESSURE�T. Terashima, T. Matsumoto, C. Terakura, S. UjiNational Institute for Materials Siene, Tsukuba, Ibaraki 305-0047, JapanN. Kimura, M. Endo, T. Komatsubara, H. AokiCenter for Low Temperature Siene, Tohoku UniversitySendai, Miyagi 980-8578, Japanand K. MaezawaDepartment of Liberal Arts and Sienes, Toyama Prefetural UniversityKosugi, Toyama 939-0398, Japan(Reeived July 10, 2002)We report de Haas�van Alphen e�et measurements on UGe2 at pres-sures P up to �18 kbar, whih exeeds the ritial pressure P �16 kbarfor the suppression of ferromagnetism. Partiular attention is given to theompliated pressure dependene of the Fermi surfae and e�etive massin an intermediate pressure region from �11 kbar to P.PACS numbers: 71.18.+y, 71.27.+a, 74.70.TxUGe2 is an itinerant-eletron ferromagnet with the Curie temperatureTC of 52 K at ambient pressure [1℄. The magneti anisotropy is extremelystrong, and the easy axis is the a axis. The Curie temperature TC dereaseswith pressure P and vanishes at the ritial pressure P near 16 kbar [2�6℄.Superondutivity is observed in a limited pressure range, �10�16 kbar, onthe ferromagneti side of P [4�6℄. There is another anomaly ourring belowTC in the ferromagneti state [3,5,6℄. Its harateristi temperature Tx alsodereases with pressure and vanishes at the pressure Px near 12�13 kbar. Inorder to study the pressure dependene of quasipartile properties, we have� Presented at the International Conferene on Strongly Correlated Eletron Systems,(SCES02), Craow, Poland, July 10�13, 2002.(427)



428 T. Terashima et al.performed de Haas�van Alphen (dHvA) e�et measurements up to �18 kbar(> P), for the magneti �eld B along the hard b axis [7℄ and along the easya axis [8℄. In this paper, we fous on the b-axis results in an intermediatepressure range from just bellow Px to P.
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Fig. 1. Fourier spetra of dHvA osillations in UGe2 for seleted pressures. ThedHvA frequenies, or orbits, are labeled by Greek letters. The numbers in theparentheses indiate the e�etive masses in the unit of the free eletron mass. Thedata windows for the Fourier transformations are B = 16�17.75 T for P = 0 and11.4 kbar, 17.8�19.6 T for 12.2, 13.2 and 15.4 kbar, and 15�17.8 T for 17.6 kbar.The experimental signal is the emf in a pikup oil, and hene the unit of thevertial axis is Volts. The spetra are vertially shifted for larity. Note that theP = 0 and 11.4 kbar spetra are saled by 1/10 and 1/2, respetively.Figure 1 shows the Fourier spetra of dHvA osillations at seleted pres-sures for B k b. The strongest frequeny � at 0 kbar orresponds to an orbitoupying 29 % of the ross-setion of the Brillouin zone and is probably as-ribed to the majority-spin quasi-two-dimensional Fermi surfae (FS) sheetpredited by band-struture alulations [9℄. Pressure e�ets are not verysigni�ant below �11 kbar: only slight hanges in the dHvA frequenies ande�etive masses are observed. In the intermediate pressure range from �11kbar to P, the pressure auses suessive hanges in quasipartile proper-ties: (1) The pressure oe�ient of the frequeny � hanges form negativeto positive near �11 kbar. (2) The osillation amplitude of � is anomalouslyredued. Comparing the amplitudes at T = 70 mK and B = 17 T, thoseat 11.4, 12.2 and 13.2 kbar are 1/7, 1/20 and less than 1/40 of that at 0kbar, respetively. (3) The e�etive mass of � jumps from 16 � 3 me at12.2 kbar to 39 � 5 me at 13.2 kbar, where me is the free eletron mass.(4) The new frequeny Æ suddenly appears at 12.2 kbar. We also mention



Fermi Surfae Studies of the Ferromagneti Superondutor UGe2 . . . 429that the superondutivity is observed in this intermediate pressure regime:the sample exhibits superondutivity at 11.4, 12.2 and 13.2 kbar. As thepressure is further inreased from 15.4 to 17.6 kbar, i.e., on entering theparamagneti phase, the FS abruptly hanges. The disontinuous hange ofthe FS is in favor of the view that the ferromagneti transition is �rst orderat pressures near P [5, 7℄.In order to interpret the ompliated behavior of quasipartile proper-ties in the intermediate pressure regime, we need to loate Px. One andetermine Tx as a funtion of P by measuring resistivity or magnetiza-tion vs temperature urves at various pressures. Suh measurements show12 < Px < 13 [5℄, �11:5 < Px < 12:6 [6℄, or 11:8 < Px < 12:1 [10℄(Px in the unit of kbar). Sine the Tx anomaly an be indued by magneti�elds along the easy a axis at pressures higher than Px, one an also deter-mine Px from the pressure where the �eld-indued Tx anomaly goes to zero�eld. With this method, we have obtained 12:3 < Px < 14:0 for anothersample [8℄. The errors in the pressure values are ��0.3 kbar in our aseand are probably of similar magnitude in other ases. Considering thesedata, we seem to have two possibilities in Fig. 1: 11:4 < Px < 12:2 and12:2 < Px < 13:2. We here note that the T 2 oe�ient of resistivity sharplyinreases as Px is rossed [5, 6℄. Relating this with the mass jump between12.2 and 13.2 kbar, we assume that 12:2 < Px < 13:2. A further support tothis assumption omes from heat apaity data [11℄. Although Px was notdetermined in those measurements, it an safely be loated by identifyingthe steep inrease in the eletroni spei� heat oe�ient  between 11and 12 kbar with the inrease in the T 2 oe�ient. The data indiate thatthe oe�ient  at pressures just above Px is about three times larger thanthat at 0 kbar. This ompares favorably with the fat that the mass of �just above Px, i.e., at 13.2 kbar is about three times larger than that at0 kbar. With the assumption that 12:2 < Px < 13:2, we may attribute theappearane of Æ at 12.2 kbar to the pressure-indued modi�ation of a FSsheet that already exists at lower pressures: i.e., the sheet is ontinuouslymodi�ed by pressure, and an extremal orbit happens to appear on it at 12.2kbar. Sine the frequeny � smoothly varies from 11.4 to 12.2 kbar, theappearane of Æ an not be taken as a sign of suh a radial hange of theeletroni struture that a new band rosses the Fermi level to form a newFS poket. The suppression of dHvA osillation amplitudes in the interme-diate pressure regime remains di�ult to explain within the framework ofthe Lifshitz�Kosevih theory [7℄.Finally, we onsider two alternative explanations. Firstly, one might ar-gue that � at 12.2 and 13.2 kbar may be the seond harmoni of Æ. Thefrequeny � is lose to twie the frequeny Æ, and, beause of the large error,it seems di�ult to exlude the possibility that the mass of � is also twie



430 T. Terashima et al.the mass of Æ. However, the omparison of the amplitudes indiates that �an not be the seond harmoni of Æ. Within the Lifshitz�Kosevih theory,the ratio of the amplitude of the seond harmoni to that of the fundamentalis given by 2�3=2C exp(�K��x=B) osh�1(K��T=B), where K=14:7 T/K,� = m�=me, and x is the Dingle temperature. The fator C depends onthe detetion method of dHvA osillations and is 2 for the present ase.Note that, sine we deal with exhange-split FS's, the spin-splitting fatoris irrelevant. The equation shows that the amplitude of a seond harmonian never be larger than 1=p2 of the fundamental. Seondly, one mightassume that the low-pressure and high-pressure ferromagneti phases mayoexist in some pressure interval near Px. The frequenies � and Æ wouldbe attributed to the low- and high-pressure phases, respetively. This as-sumption is tempting sine it ould naturally explain the anomalous ampli-tude redution of the � osillation as a result of the redued volume of thelow-pressure phase. With this interpretation, the oexistene region wouldbe expeted to range from below 11.4 kbar to above 13.2 kbar, sine theanomalous damping of � is already notied at 11.4 kbar. However, suha wide oexistene region has never been observed in the aforementionedresistivity and magnetization measurements. Espeially in the ase of mag-netization measurements by Tateiwa et al. [10℄ the transition from the low-to high-pressure phases ours in a narrow pressure range between 11.8 and12.1 kbar. REFERENCES[1℄ A. Menovsky et al., High Field Magnetism, North-Holland, Amsterdam 1983,p. 189.[2℄ K. Nishimura et al., J. Alloy. Compd. 213�214, 383 (1994).[3℄ G. Oomi et al, Physia B 206�207, 515 (1995).[4℄ S.S. Saxena et al., Nature 406, 587 (2000).[5℄ A. Huxley et al., Phys. Rev. B63, 144519 (2001).[6℄ N. Tateiwa et al., J. Phys.: Condens. Matter 13, L17 (2001).[7℄ T. Terashima et al., Phys. Rev. Lett. 87, 166401 (2001).[8℄ T. Terashima et al., Phys. Rev. B65, 174501 (2002).[9℄ A.B. Shik, W.E. Pikett, Phys. Rev. Lett. 86, 300 (2001).[10℄ N. Tateiwa et al., J. Phys. So. Jpn. 70, 2876 (2001).[11℄ N. Tateiwa et al., Physia B 312�313, 109 (2002).


