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EFFECTS OF LATTICE STRUCTURES ON PAIRINGSYMMETRY IN HUBBARD MODEL:THIRD ORDER PERTURBATION ANALYSIS�Hirono Fukazaway, Hiroaki Ikeda and Kosaku YamadaDepartment of Physis, Kyoto University, Kyoto, Japan(Reeived July 10, 2002)We disuss the origin of the unonventional superondutivity in a Hub-bard model. The origin of the unonventional superondutivity is onsid-ered to be a wave number dependene of a quasi partile interation, whihis indued by the Coulomb interation U . Using the third order pertur-bation theory with respet to U , we disuss the wave number dependeneindued by spin �utuations and vertex orretions. We investigate thepairing states for the various lattie strutures in the Hubbard model andwe point out the important fators in the origin of the singlet and tripletsuperondutivities.PACS numbers: 74.20.Rp, 71.10.Fd1. IntrodutionWe study the origin of the unonventional superondutivity in the Hub-bard model. In the model, the origin of the superondutivity is often in-vestigated on the basis of spin �utuations by the FLEX approximationand a seond-order perturbation with respet to the Coulomb interation U .On the other hand, Nomura and Yamada [1℄ onluded that the triplet su-perondutor Sr2RuO4 is not realized by a partiular peak of suseptibilityrepresenting the spin �utuation, using the third-order perturbation theory(TOPT) with respet to U [2℄. From their study, the origin of the super-ondutivity is onsidered to be the wave number dependene of eletroninterations whih inlude not only spin �utuations but also vertex or-retions. In this paper, we treat the general wave number dependene byTOPT and we investigate the dominant pairing states for the various lattiestrutures in the Hubbard model. We disuss the origin of the superon-dutivity and we point out the important fators for the singlet and tripletsuperondutivities.� Presented at the International Conferene on Strongly Correlated Eletron Systems,(SCES02), Craow, Poland, July 10�13, 2002.y E-mail: hirono�sphys.kyoto-u.a.jp.(463)



464 H. Fukazawa2. FormulationThe Hubbard Hamiltonian is given byH = �t1 Xhi;ji;� yi;�j;� + t2 Xhi;ki;� yi;�k;� + UXi ni;"ni;# ; (1)where � is the spin index, hi; ji indiates taking summation over the nearest-neighbor sites and hi; ki over the next-nearest-neighbor sites. We obtain theenergy dispersion for the square, simple ubi (SC), BCC and FCC latties;ESquarek = �2t1 2Xl=1 oskl + 4t2os(kx)os(ky) ;Esk = �2t1 3Xl=1 oskl + 4t2Xl<m os(kl)os(km) ;Ebk = �8t1oskxoskyoskz + 2t2 3Xl=1 os(2kl) ;Efk = �4t1Xl<m oskloskm + 2t2 3Xl=1 os(2kl) ;where (l;m = 1; 2; 3; x; y; z). We take t1 = 1:0 and �0:5 < t2 < 0:5. Weobtain the bare Green's funtion given by G0(k; "n) = 1=(i"n � (Ek � �)),where "n = �T (2n + 1) is the Matsubara frequeny and � is the hemialpotential. The eletron number (the eletron density) per spin n is given byn = (T=N)�k;nG0(k; "n).The e�etive interation for the singlet and triplet states are given byTOPT. The e�etive interation is divided into two parts,VTOPT(q; k) = VRPA(q; k) + VVertex(q; k) : (2)The RPA-like term VRPA inludes the term given by the Random PhaseApproximation (RPA) and VVertex is the vertex orretion. The RPA-liketerm re�ets the nature of spin �utuations. The vertex orretion originatesfrom the suseptibility without ertain spin �utuations. For the singlet andtriplet pairing states, the RPA-like part and the vertex orretion part aregiven respetively byV SingletRPA (q; k) = U + U2�0(q � k) + 2U3�20(q � k) ;V SingletVertex (q; k) = 2 TN U3hXk0 G0(q � k + k0) (�0(q + k0)��0(q + k0))G0(k0)i ;V TripletRPA (q; k) = �U2�0(q � k) ;V TripletVertex (q; k) = 2 TN U3hXk0 G0(q � k + k0) (�0(q + k0)+�0(q + k0))G0(k0)i ;



E�ets of Lattie Strutures on Pairing Symmetry in . . . 465where k indiates k � (k; !n). The bare suseptibility �0(q) and �0(q) arede�ned by �0(q) = � TN PkG0(k)G0(q+k); �0(q) = � TN PkG0(k)G0(q�k),respetively. Next, we obtain the linearized Éliashberg equation at the tran-sition temperature T = T; ��yA(q) = � TN Pk V (q; k)jG0(k)j2�yA(k): �yA(k)is an anomalous self energy and V (q; k) is given by (2) and (3). The equa-tion is an eigenvalue equation with an eigenvalue � and an eigenvetor �yA.We solve the linearized Éliashberg equation on the assumption that �yA hasthe pairing symmetries represented by p-, d-, f -, g-wave pairing symmetries.The pairing symmetries degenerate due to the spae symmetries. The mostdominant pairing symmetry has the largest value of the eigenvalues amongthe di�erent pairing symmetries. Thus, we solve the equation and determinethe dominant state. 3. Calulation and resultsIn Fig. 1, we show the phase diagrams for the dominant pairing state inthe plane of the seond-nearest-neighbor hopping integral t2 and the eletrondensity n. A half-�lling orresponds to the density n = 0:5. In Fig. 2(a),the dependene of the bare suseptibility �0(~q; !n = 0) on n is shown fora quarter �rst-Brillouin-zone of the square lattie.
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�©�©Fig. 1. Superonduting phase diagrams for the dominant pairing symmetry. Thediagram has the parameters of the seond-nearest-neighbor hopping integral t2 andthe density n. A half-�lling orresponds to the density n = 0:5.The singlet state beomes dominant by the RPA-like term re�eting thespin �utuations. For example, the dx2�y2 wave pairing state is induedby an antiferromagneti �utuation whih has a peak of suseptibility �0at (�; �) in the momentum spae. In realizing the triplet state, the vertexorretion plays the main role. The vertex orretion has the wave numberdependene whih is indued by the third order terms.In Fig. 2(b), (), we show the details of the eigenvalues in the square lat-tie and make lear eah role of the RPA-like term VRPA and the vertex or-retion VVertex. The singlet state beomes dominant by the RPA-like termsre�eting the spin �utuations, whih was shown by many previous studies.
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Fig. 2. (a) The dependene of the bare suseptibility �0(~q; !n=0) on the densitynin the square lattie. (b), () The dependene of the eigenvalue � on the densitynin the ases of the p- (b) and dx2�y2 () wave pairings in the square lattie.The vertex orretion disourages the singlet pairing. Thus, the vertex or-retion lowers the transition temperature. For the triplet state, the vertexorretion brings the advantage from low to intermediate density. The wavenumber dependene of the vertex orretion auses the sattering near theFermi surfae, whih indues the attrative fore for the triplet pairing. Onthe other hand, the RPA-like term re�eting the spin �utuations suppressesthe triplet pairing and lowers the eigenvalue. However, the ferromagnetispin �utuations enourage the triplet pairing in the very low density.4. ConlusionWe have studied the superondutivity in the Hubbard model by thethird order perturbation theory. We have found the following importantfators in ommon with the various latties studied in this paper.For the singlet pairing, the spin �utuation is the important fator. The sin-glet superondutivity is realized by the spin �utuation near the half-�lling.For the triplet pairing, the vertex orretion plays the vital role far from thehalf-�lling exept for the very low density. In the very low density, the tripletpairing state is dominant by the ferromagneti spin �utuation. Adding thevertex orretion, the triplet pairing an be realized in the wide density.Investigating the general wave number dependene of the e�etive inter-ation, we �nd that a su�ient high eletron-density in the ase far fromhalf-�lling is neessary for the triplet pairing indued by the vertex orre-tion. A part of this study is given in paper [3℄.REFERENCES[1℄ T. Nomura, K. Yamada, J. Phys. So. Jpn. 69, 3678 (2000).[2℄ T. Hotta, J. Phys. So. Jpn. 63, 4126 (1994).[3℄ H. Fukazawa, K. Yamada, J. Phys. So. Jpn. 71, 6 (2002).


