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MAGNETIC PROPERTIES OF CeRhIn5UNDER PRESSURE PROBED BY 115In-NQR�S. Kawasakia, T. Mitob, G.-q. Zhenga, Y. Kawasakia,Y. Kitaokaa, D. Aoki, Y. Hagad, Y. 	Onukid;eaDepartment of Physial Siene, Graduate Shool of Engineering SieneOsaka University, Mahikaneyama-ho, 1-3 Toyonaka, Osaka 560-8531, JapanbFaulty of Siene, Kobe University, Kobe, Hyogo 657-8501, JapanDépartement de Reherhe Fondamentale sur la Matière Condensée, SPSMSCEA Grenoble, 38054 Grenoble Cedex 9, FranedAdvaned Siene Researh Center, Japan Atomi Energy Researh InstituteTokai, Ibaraki 319-1195, JapaneDepartment of Physis, Graduate Shool of Siene, Osaka UniversityMahikaneyama-ho, 1-3 Toyonaka, Osaka 560-0043, Japan(Reeived July 10, 2002)We report the pressure (P )- indued evolution of the antiferromag-netism in CeRhIn5 whih undergoes a superonduting transition at T�2.1 K at pressurs exeeding P� 1.6 GPa. From measurements of 115Innulear-spin-lattie-relaxation time (T1) under P , we found that Néel tem-perature TN is redued above P = 1.23 GPa, whih is aompanied by anemergent pseudogap behavior.PACS numbers: 74.25.Ha, 74.62.Fj, 74.70.Tx, 75.30.Kz1. IntrodutionSine the disovery of erium (Ce) based heavy-fermion (HF) super-ondutivity in CeCu2Si2 [1℄, many experimental works on CeCu2Ge2, [2℄CeIn3 [3�5℄ and CePd2Si2 [6℄ have suggested that antiferromagnetism andsuperondutivity are losely related eah other. The disovery of pres-sure (P )-indued HF superondutivity in Ce-based antiferromagneti (AF)ompounds has stimulated further experimental works under P [7�10℄.A HF AF CeRhIn5 undergoes a P indued superonduting (SC) tran-sition at a lower ritial P � 1.6 GPa, yet reahing a T� 2 K [7℄ higherthan previous examples. Systemati studies on CeRhIn5 seem to allow us� Presented at the International Conferene on Strongly Correlated Eletron Systems,(SCES02), Craow, Poland, July 10�13, 2002.(419)



420 S. Kawasaki et al.to unravel an interplay between antiferromagnetism and superondutivityunder P . CeRhIn5 forms in the tetragonal HoCoGa5 struture that is om-posed of alternating layers of CeIn3 and RhIn2 staked sequentially alongthe [001℄ diretion [7℄. It orders antiferromagnetially with an inommensu-rate wave vetor (1/2, 1/2, 0.297) [11℄. The Néel temperature TN= 3.8 Kat P = 0 slightly inreases up to P � 1.0 GPa, followed by an onset ofsuperondutivity at T = 2:1 K at pressures exeeding a ritial pressureP � 1:63 GPa [7℄. In the previous paper [10℄, the 115In-NQR study ofCeRhIn5 has lari�ed the P -indued anomalous magnetism and unonven-tional superondutivity. In the AF region, TN whih is evidened fromlear shift and splits of NQR spetrum exhibits a moderate inrease up toP = 1.0 GPa, but dereases above P = 1.23 GPa. By ontrast, the internal�eld Hint at the In(1) site, that is assoiated with the magneti ordering,is almost linearly redued against inreasing P . Note that the In(1) site isequivalent to the In site in the CeIn3. In the SC region at P = 2.1 GPa, itwas reported that the 1=T1 reveals a T 3 dependene without the oherenepeak just below T, onsistent with the existene of line-node gap [10℄. Itis, however, not yet lear in CeRhIn5 how antiferromagnetism evolves intosuperondutivity with inreasing P . Here, we fous on magneti propertiesof CeRhIn5 near P � 1.6 GPa probed by 115In-NQR T1 measurements inP = 0� 1:6 GPa. 2. Experimental resultThe 115In (I = 9/2)-NQR spetrum at the paramagneti state onsistsof four transitions that are equally spaed with a quadrupole frequeny n��Q with n= 1, 2, 3 and 4. 1=T1 was measured at the transitions of 2 �Q(�3=2 $ �5=2) and 3 �Q (�5=2 $ �7=2) at the In(1) site, using theonventional saturation-reovery method in the T = 1; 4�100 K at P=0.46,1.23, and 1.6 GPa. Hydrostati pressure was applied by utilizing a BeCupiston-ylinder ell, �lled with Daphne oil (7373) as a pressure-transmittingmedium. To alibrate a value of pressure at low temperatures, the shift inT of Sn metal under P was monitored by resistivity measurement.The T dependene of 1=T1T below 10 K is shown in Fig. 1 at P =0.46, 1.23, and 1.6 GPa. At the respetive values of P , it is learly seenthat AF order ours at TN=4.0, 3.6 and 2.8 K, as evidened by the learpeak in 1=T1T due to ritial magneti �utuations toward the AF ordering.This indiates that TN redues above P = 1.23 GPa as P approahes P �1.63 GPa. At P = 1.23 and 1.6 GPa, 1=T1T shows a broad peak aroundTPG well above TN. This resembles the pseudogap behavior found in high-Topper oxide superondutors [12℄. Likewise, when P approahes the ritialpressures P, the low-energy spetral weight of magneti �utuations is sup-



Magneti Properties of CeRhIn5 Under Pressure . . . 421pressed before an ordering ours. We note that the pseudogap behavior hasbeen found in either two- or lower-dimensional strongly orrelated eletronsystems [12℄. Very reently, in CeRhIn5, anisotropi three dimensional AF�utuation was reported from neutron sattering at P = 0 with an energysale of less than 1.7 meV at temperatures as high as 3 T [13℄. On the otherhand, as P further inreases up to P = 2.1 GPa where the SC transitionappears, 1=T1T ontinues to inrease down to T = 2:2 K without any signa-ture for the pseudogap behavior as seen in the previous report [10℄. The Tvariation of 1=T1T is onsistent with the three dimensional AF Fermi-liquidmodel desribed by the self-onsistent renormalized (SCR) theory for nearlyAF metals [10, 14℄. Thus the P -indued evolution in the magneti �utua-tions, from a magneti regime of redued dimensionality to a more isotropione, may take plae in a narrow P window of 1.6�2.1 GPa, when the AForder evolves into the SC one. The pressure-temperature phase diagram forCeRhIn5 is summarized in Fig. 2.
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Fig. 1. T dependene of 1 / T1 at P = 0.46, 1.23 and 1.6 GPa. The solid anddotted arrows indiate TPG and TN.In onlusion, we have reported the P -indued evolution of the magnetiproperties in CeRhIn5 on the basis of the 115In-NQR T1 measurements. Inthe itinerant antiferromagnet CeRhIn5 at P = 0, TN slightly inreases up toP = 1.0 GPa, but it turns to derease at P = 1.23 GPa when approahingP � 1.63 GPa at whih superondutivity sets in. This redution in TNoinides with the emergene of the pseudogap behavior that is evidenedby the suppression in 1=T1T above TN. This P -indued evolution in themagneti �utuations, from a magneti regime of redued dimensionality toa more isotropi one, may take plae in a narrow P window of 1.6�2.1 GPawhen the AF order evolves into the SC one.
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