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EFFECT OF ORBITAL DEGENERACY ON TRIPLETSUPERCONDUCTIVITY IN f-ELECTRON SYSTEMS �Takashi Hottaa and Kazuo Uedaa;baAdvaned Siene Researh Center, Japan Atomi Energy Researh Institute2-4 Shirakata Shirane, Tokai, Ibaraki 319-1195, JapanbInstitute for Solid State Physis, University of Tokyo5-1-5 Kashiwa-no-ha, Kashiwa, Chiba 277-8581, Japan(Reeived July 10, 2002)By paying due attention to f -orbital symmetry, we propose a two-orbital Hubbard Hamiltonian with f -eletron hopping and Coulomb inter-ations as an e�etive model for f eletron systems. We analyze the groundstate properties of this model by the exat diagonalization tehnique anddisuss a possible mehanism of unonventional superondutivity.PACS numbers: 74.20.Mn, 71.27.+aNovel magnetism and unonventional superondutivity in f eletronsystems have been entral issues in the researh �eld of ondensed matterphysis. In strongly orrelated eletron systems suh as high-T upratesand organi superondutors, it has been widely reognized that singlet d-wave superondutivity is indued by antiferromagneti spin �utuations.In U-based heavy fermion systems, however, URu2Si2 may be d-wave super-ondutor, while UPt3 is onsidered to exhibit triplet p-wave pairing. Sta-bilization of non s-wave pairing is easily understood by the e�et of strongorrelation, sine the ooper pair is omposed of a ouple of f eletrons withheavy e�etive mass. However, it is still puzzling what is the key issue todetermine the symmetry of ooper pair in f eletron systems.For this problem we shed light on orbital degree of freedom inherent inf eletrons. In priniple seven f orbitals exist, but the number of orbitalsshould be e�etively redued in solids, due to the ombined e�ets of strongspin-orbit oupling and rystalline eletri �eld (CEF). However, there stillremains orbital degree of freedom among the ground-state multiplet. We� Presented at the International Conferene on Strongly Correlated Eletron Systems,(SCES02), Craow, Poland, July 10�13, 2002.(443)



444 T. Hotta, K. Uedabelieve that the ompetition and ooperation among spin and orbital �utu-ations should be a key onept to understand the ourrene of either singletor triplet superondutivity in f eletron systems.In this paper we �rst disuss Coulomb interation terms among f ele-trons by onsidering faithfully the symmetry of f orbitals for the tetragonalase as a typial example. Seond the model is analyzed by the exat diago-nalization tehnique and the ground state phase diagram is obtained. Then,we disuss superonduting properties for some f eletron systems.Let us �rst onsider the model for f eletrons in the j-j oupling sheme.Due to the e�et of strong spin-orbit oupling, it is enough to onsider thej=5/2 sextet and the Hamiltonian is written in the following form:H = �Xia Ta��ayi�ai+a� + Xi;�;�;�0;�0 I��;�0�0ayi�ayi�ai�0ai�0 ; (1)where ai� is an annihilation operator for f eletron in the �-state at sitei. Note that � is the z-omponent of total angular momentum j, runningamong �5=2, �3=2, � � �, 5=2. The �rst term indiates the f -eletron hoppingbetween neighboring sites onneted by vetor a and the amplitude Ta��between �- and �-states along a diretion is alulated by using the Slater'smethod [1℄. The seond term denotes Coulomb interations and the matrixelement I��;�0�0 is evaluated from the wavefuntions in the sextet. Notethat I vanishes unless �+�=�0+� 0. Due to the lak of spae, we skip thedetails for the evaluation of I, but eah integral an be expressed by theSlater�Condon parameters [2℄.Further we inlude the CEF e�et to redue the number of orbitals.Under the ubi CEF, the j=5/2 sextet is split into �7 doublet and �8quartet. In this paper we onsider the �8 quartet and after lengthy algebraialulations, the Hamiltonian is �nally redued toH=� Xia��� 0 ta�� 0f yi��fi+a� 0��"Xi (�ia��ib)=2+UXi� �i�"�i�#+U 0Xi �ia�ib+J=2Xi;�;�0X� 6=� 0f yi��f yi� 0�0fi��0fi� 0�+J 0 Xi� 6=� 0 f yi�"f yi� 0#fi�#fi� 0" ;(2)where fia"=p5=6ai5=2+p1=6ai�3=2, fia#=p5=6ai�5=2+p1=6ai3=2, fib"=ai1=2, fib# = ai�1=2, �i�� = f yi��fi��, and �i� =P� �i�� . Note that � and �denote pseudo-spins (" and #) and pseudo-orbitals (a and b), respetively.In the �rst term, ta�� 0 is given as txaa=�p3txab= �p3txba=3txbb for x-diretionand tyaa=p3tyab= p3tyba=3tybb for y-diretion, respetively [3℄. Note that txaa istaken as an energy unit hereafter. In the seond term, the level splitting " is



E�et of Orbital Degeneray on Triplet Superondutivity . . . 445introdued to inlude the e�et of tetragonal CEF. In the Coulomb intera-tion terms, U , U 0, J , and J 0 denote intra-orbital, inter-orbital, exhange, andpair-hopping interations, respetively, expressed by the Raah parametersEk (k=0,1, and 2) for f orbitals [4℄ as U=E0+E1+2E2, U 0=E0+(2/3)E2,J=5E2, and J 0=E1�(11/3)E2. Note the relation of U=U 0+J+J 0, ensuringthe rotational invariane in pseudo-orbital spae for the interation part.We believe that the above Hamiltonian re�eting orret symmetry of f or-bitals is a minimal model to disuss magnetism and superondutivity in feletron systems with orbital degeneray.Let us now disuss the ground state properties of H by using the exatdiagonalization tehnique. For simpliity we onsider only the ase of n=1in the two-dimensional square lattie, where n is eletron number per site.This situation orreponds to Ce-based heavy fermion superondutors withtetragonal rystal struture CeTIn5 (T=Ir, Rh, and Co) [5℄.In Figs. 1(a) and (b), we show spin and orbital orrelations as a fun-tion of " for U=U 0=4, de�ned as S(q) =Pi;j eiq�(i�j)hsziszji with szi=P� (�i�"� �i�#)=2 and O�� 0(q) =Pi;j eiq�(i�j)h�i��j� 0i. Note here that Jand J 0 are simply negleted, sine we onsider the ase of n=1. For "<0.5,there is no dominant omponent in S(q), indiating the paramagneti (PM)phase, while for ">0.5, S(�; �) beomes abruptly dominant, strongly sug-gesting the antiferromagneti (AFM) phase. This abrupt hange is due tothe level rossing, but it is instrutive to see the orbital orrelation, indiat-ing orbital disordered (OD) phase for "<0.5 and ferro orbital (FO) phasefor ">0.5. By monitoring the hange in spin orrelation, we an draw theground-state phase diagram for n=1, as shown in Fig. 1(). We see OD-PMphase for small U and FO-AFM phase for large U region.We have obtained the simultaneous onset of spin and orbital ordering,whih an be interpreted as the transition between PM and AFM phasesontrolled by the suppression of orbital �utuations. Moreover, just aroundthe transition regime between PM and AFM phases, we an expet the ap-pearane of d-wave superondutivity indued by AFM spin �utuations. Infat, the present model has been analyzed by the random phase approxi-mation, leading to the transition between PM and d-wave superondutingphases with the inrease of " [3℄. If we further inrease ", eventually thesystem beomes the AFM insulating phase and this suessive transitionagrees with the present results. Here it is stressed that the orbital degree offreedom plays a key role in ontroling the ground-state property. We believethat this viewpoint is appliable to the appearane of d-wave superondu-tivity in CeTIn5.Unfortunately in the present exat diagonalization for n=1, we have notyet obtained indiations for triplet superondutivity. We are on the wayto larify the stabilization mehanism of triplet superondutivity. By using
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Fig. 1. (a) Spin and (b) orbital orrelations as a funtion of ". () Ground-statephase diagram for n=1 with U=U 0 and J=J 0=0.the method of optimized pair orrelation, we have preliminary obtained thedominant triplet pair orrelation for the ase of n>1 and J>0. In futurepubliations, we will disuss the results in more detail by fousing on therole of Hund's rule oupling.In summary, we have onstruted the model Hamiltonian for f -eletronsystems and depited the ground-state phase diagram for n=1, suggestingthat unonventional superondutivity appears around the phase boundarybetween metalli OD-PM and insulating FO-AFM phases.We thank T. Maehira and T. Takimoto for disussions. The authors areseparately supported by the Grant-in-Aid for Sienti� Researh from JapanSoiety for the Promotion of Siene.REFERENCES[1℄ R.R. Sharma, Phys. Rev. B19, 2813 (1979).[2℄ See, for instane, D.R. Inglis, Phys. Rev. 38, 862 (1931).[3℄ T. Takimoto et al., J. Phys.: Condens. Matter 14, L689 (2002).[4℄ G. Raah, Phys. Rev. 76, 1352 (1949).[5℄ H. Hegger et al., Phys. Rev. Lett. 84, 4986 (2000); C. Petrovi et al., Europhys.Lett. 53, 354 (2001); C. Petrovi et al., J. Phys.: Condens. Matter 13, L337(2001).


