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LOW-ENERGY SPIN FLUCTUATIONS OFTHE HEAVY-FERMION COMPOUND CeNi2Ge2:ORIGIN OF NON-FERMI LIQUID BEHAVIOR�H. KadowakiDepartment of Physis, Tokyo Metropolitan UniversityHahioji-shi, Tokyo 192-0397, JapanT. Fukuhara and K. MaezawaDepartment of Liberal Arts and Siene, Toyama Prefetural UniversityKosugi, Toyama 939-0398, Japan(Reeived July 10, 2002)Neutron sattering shows that non-Fermi-liquid behavior of the heavy-Fermion ompound CeNi2Ge2 is brought about by development of low-energy spin �utuations with an energy sale of 0.6 meV. They appeararound antiferromagneti wave vetors ( 12 120) and (00 34 ) at low tempera-tures, and oexist with high-energy spin �utuations with an energy saleof 4 meV and a modulation vetor (0:23; 0:23; 12 ). The energy dependene ofthe spin �utuations is a peuliar harater of CeNi2Ge2 whih di�ers fromtypial heavy-Fermion ompounds, and suggests importane of low-energystrutures of quasipartile bands.PACS numbers: 75.30.Mb, 71.10.Hf, 71.27.+aNon-Fermi-liquid (NFL) behavior has been investigated in a number off -eletron systems in reent years [1℄. In heavy-Fermion systems, largemass enhanements are brought about by �utuations of the spin degreesof freedom partiipating in quasipartiles. When ertain spin �utuationsare slowed down, the Fermi liquid (FL) desription breaks down and NFLbehaviors appear. For many NFL ompounds, the slowing down is relatedto proximity to magneti phases or quantum ritial points (QCP), TN = 0,whih requires tuning by hemial substitutions or stati pressures.A typial NFL ompound CeCu5:9Au0:1 has been intensively studied ex-perimentally [2℄. The NFL behaviors of this system have also been dis-ussed theoretially from viewpoints of QCP, where an important question is� Presented at the International Conferene on Strongly Correlated Eletron Systems,(SCES02), Craow, Poland, July 10�13, 2002.(375)



376 H. Kadowaki, T. Fukuhara, K. Maezawawhether the ritial singularity is explained by the standard spin �utuationtheory of an itinerant harater [3℄ or by a �xed point with a loalized spinharater [4℄. Unfortunately, inevitable disorder e�ets on QCP by hemialtuning give some di�ulty in the interpretation of NFL. Among many NFLompounds a few examples, suh as CeNi2Ge2 [5℄ and YbRh2Si2 [6℄, are sto-ihiometri and provide opportunities of studying NFL behaviors or QCPin lean limits. The ompound CeNi2Ge2 belongs to paramagneti heavy-Fermion ompounds with enhaned C=T ' 350 mJ/K2mole and TK ' 30K [7℄, implying similarity to the typial FL CeRu2Si2. However preisemeasurements at low temperatures, for example C=T / ln(T0=T ), revealedthat CeNi2Ge2 shows NFL behaviors with an energy sale muh smaller thanTK [5℄. In this study, we diretly measured magneti exitations of CeNi2Ge2using neutron sattering and have found low-energy spin �utuations whihare the origin of the NFL behaviors.A single-rystalline sample of 2.2 m3 in volume was grown using theisotope 58Ni to avoid the large inoherent elasti sattering of natural Ninulei, whih is essentially important for observing spin exitations in a lowenergy range. Neutron sattering experiments were performed on the triple-axis spetrometer ISSP-HER installed at JRR-3M JAERI (Tokai). Thetypial energy resolution using a �xed Ef = 3:1 meV ondition was 0.1 meV(FWHM) at the elasti position.It has been found that a pronouned spin �utuation grows around awave vetor Q = (12 121). Constant-Q sans at this wave vetor in the tem-perature range 1:5 < T < 20 K are shown in Fig. 1(a), together with thoseat Q = (12 12 12). At 20 K the both data are well desribed by the Lorentzianform Im�L(Q; E) = �L(Q)E�Q=(E2 + � 2Q) with �Q ' 4 meV = 44 K inagreement with the previous neutron sattering experiments [7,8℄. The spin�utuation of this energy sale is antiferromagneti with a harateristiwave vetor k1 = (0:23; 0:23; 12 ) [8℄. The same spetral shape persists downto 1.5 K for Q = (12 12 12). On the other hand at Q = (12 121), the spetralweight in a low energy range inreases below 10 K. Sine the NFL behav-iors of CeNi2Ge2 show salient features in this T range, we an onludethat this low-energy spin �utuation is relevant to NFL. It should be notedthat its harateristi wave vetor k2 = (12 120) is near the antiferromagnetiwave vetor of Ce(Ni1�xPdx)2Ge2, indiating the proximity to an antifer-romagneti phase. Sine the observed spetral shapes in Fig. 1(a) show anadditional peak struture below 1.5 meV, we tried to parameterize the databy adding either another Lorentzian or a Gaussian term to Im�L(Q; E).Only the latter formIm�(Q; E) = Im�L(Q; E) + Æ�(Q)p�E�Q e�(E=�Q)2 ; (1)



Low-Energy Spin Flutuations of . . . CeNi2Ge2 . . . 377provides reasonable �ts, whih are shown by solid lines in Fig. 1(a). Theenergy width of the Gaussian is 0.65 meV (HWHM) at T = 1.5 K.
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Fig. 1. (a) Constant-Q sans at Q = ( 12 121). Solid lines are �ts to the Lorentzianwith �Q = 4 meV for data at T = 20 K and the funtion of Eq. (1) with anadditional Gaussian for data below 10 K. The inset shows onstant-Q sans atQ = ( 12 12 12 ) and a �t urve to the Lorentzian. (b) Constant-E sans along a lineQ = ( 12 12L) taken with E = 0:75 meV. Solid and dashed lines are a guide to theeye and an orientation fator of spin �utuations in the ab-plane, respetively, fordata at 1.5 K.In Fig. 1(b) we show onstant-E sans taken with E = 0:75 meV alonga line Q = (12 12L) below and above 10 K. From this �gure one an see that aperiodi modulation with peaks at integral L, implying an antiferromagnetiorrelation with the wave vetor k2, is formed only at low temperatures.Seond information extrated from these data is an anisotropy of the spin�utuation. The slow Q variation of the intensity is brought about by anorientation fator (1 + Q̂2) of the spin �utuation in the ab-plane as shownby the dashed urve in Fig. 1(b).A number of onstant-E sans were arried out at 1.5 K in a widerQ range, to hek the interesting possibility of two-dimensional (2D) spin�utuations inferred from the resistivity exponent and to �nd out otherspin �utuations. A typial result is shown in Fig. 2 as a ontour mapof intensities with E = 0:75 meV in the (HHL) sattering plane. In this�gure k2 orresponds the two X points (12 120) and (12 121). A simple rod-typesattering along (12 12L) of the 2D �utuation has not been observed. There is,instead of this, another peak struture at a redued wave vetor k3 = (0034 ),whih also grows only at low temperatures. Constant-Q sans at k3 showsimilar spetra to those of k2 with a slightly larger energy width of theGaussian term of 0.9 meV (HWHM), whih suggests seondary importaneof k3 to NFL.
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CeFig. 2. A ontour map of onstant-E sans taken with E = 0:75 meV in the (HHL)sattering plane at T = 1:5 K. In hathed area, data were not observed owing tonon-magneti noise. Antiferromagneti spin on�gurations, depited in left andright sides, illustrate low-energy spin �utuations with wave vetors k2 = ( 12 120)(X point) and k3 = (00 34 ), respetively, assuming spins along the a-axis. The wavevetor k1 = (0:23; 0:23; 12 ) is the position where the high-energy spin-�utuation(�Q ' 4 meV) shows the maximum intensity [8℄.It has been eluidated that a basi harateristi of CeNi2Ge2 is theexistene of the low and high energy sales of the spin �utuations withdi�erent Q dependenes. In stark ontrast with this, spin �utuations ofstandard heavy-Fermion ompounds, suh as CeRu2Si2 and CeCu6, possessontinuous energy sale �Q of the Lorentzian Im�L modulated by RKKYinterations. For NFL CeCu5:9Au0:1 hemial tuning redues �Q further tozero at the antiferromagneti wave vetor. On the other hand, the NFLbehavior in CeNi2Ge2 is aused by the formation of the seond low-energyspin-�utuations, whih is the Gaussian term of Eq. (1). Although the reasonwhy this seond spin �utuation appear is not lear, at present, we mayspeulate that ertain �ne strutures of quasipartile bands, ex. nesting,formed well below TK lead to the low-energy struture of spin exitations.REFERENCES[1℄ G.R. Stewart, Rev. Mod. Phys. 73, 797 (2001).[2℄ A. Shröder et al., Nature (London) 407, 351 (2000).[3℄ T. Moriya, T. Takimoto, J. Phys. So. Jpn. 64, 960 (1995).[4℄ P. Coleman et al., J. Phys. Condens. Matter 13, R723 (2001).[5℄ F. Steglih et al., J. Phys. Condens. Matter. 8, 9909 (1996); S.R. Julian et al.,8, 9675 (1996); P. Gegenwart et al., Phys. Rev. Lett. 82, 1293 (1999).[6℄ O. Trovarelli et al., Phys. Rev. Lett. 85, 626 (2000).[7℄ G. Knopp et al., J. Magn. Magn. Mater. 74, 341 (1988).[8℄ B. Fåk et al., J. Phys. Condens. Matter 12, 5423 (2000).


