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ORDERING AND FLUCTUATION OF QUANTUMMULTIPOLES IN CeB6 �Ryousuke ShiinaDepartment of Physis, Tokyo Metropolitan UniversityTokyo 192-0397, Japan(Reeived July 10, 2002)The e�et of multipolar �utuations on the quadrupolar phase transi-tion in CeB6 is investigated theoretially. It is shown that the �utuationsbeome strong and �eld-dependent, re�eting the ompetition of oupledmultipolar interations. Some unusual phenomena around the transition inCeB6 are shown to be reasonably explained within the RKKY model.PACS numbers: 71.27.+a, 75.30.MbThe antiferro-quadrupolar (AFQ) ordering in CeB6 has been attrating arenewed interest. Reent experimental and theoretial e�orts have revealedgradually its mysterious nature in magneti �elds. A key fator of the miro-sopi origin is shown to be hidden orbital degrees of freedom of f -eletrons,whih should be desribed as the multipolar moments.Within the degenerate � 8 rystal-�eld groundstate there exist �fteen in-dependent multipolar moments: three dipoles, �ve quadrupoles and sevenotupoles [1℄. The reent theoretial work shows that the primary orderparameter in AFQ phase is of the �5-type (Oyz ; Ozx; Oxy), whose ompo-nent depends on the diretion of the magneti �eld [2, 3℄. A remarkableonsequene of the theory is the importane of the �eld-indued otupolarorder parameter Txyz [2�5℄, whih had been overlooked for a long time. Infat the existene of the otupole resolves the inonsisteny between NMRand neutron di�ration, and at the same time it explains the anomalous�eld-dependene of the AFQ transition temperature (TQ).In this way the mean-�eld (MF) desription of the multipolar orderingstate of CeB6 is well-established. However it should be stressed at this stagethat the MF theory is not suessful to reprodue the experiments quanti-tatively. One of the possible origins of this disagreement is the strong �u-tuation e�et of oupled multipoles. Thus the quantitative analysis beyond� Presented at the International Conferene on Strongly Correlated Eletron Systems,(SCES02), Craow, Poland, July 10�13, 2002.(1089)



1090 R. Shiinathe MF theory is neessary to understand whether and how the �utuationorretion an improve the agreement with experiments. It also enables usto larify the mehanism of unonventional multipolar �utuations in CeB6.In the present paper we will study the �utuation e�ets on the AFQphase transition by introduing two e�etive models for the low- and high-�eld regions. The dependene of the �utuation orretion on the magneti�eld and its mehanism are studied in detail. A part of the results arealready presented in Ref. [6, 7℄.We begin with de�ning the multipolar RKKY model for CeB6 by usingtwo pseudo-spins � and � . See Ref. [1℄ for details of the relation betweenthe pseudo-spins and the multipoles. The RKKY model is deomposed inthe following way: [1, 3, 5℄HI = H0 + ÆHQ + ÆHO : (1)Here H0 is the SU(4) symmetri part, whih is expressed byH0 = DX(ij) �� i � � j + � i � � j + 4(� i � � j)(� i � � j)� : (2)The deviations of the interation strength of the quadrupoles (Oyz ; Ozx; Oxy)and the otupole Txyz from the SU(4) limit are introdued byÆHQ = D"QX(ij) 4�yi �yj (� i � � j) ; ÆHO = D"OX(ij) �yi �yj : (3)The Zeeman term an be represented by pseudo-spins as [1℄HZ = 73g�BXi (� i + � i) �H ; (4)� = (�� z�x +p3�x�x;�� z�y �p3�x�y; 2� z�z) : (5)Although  should be 4=7 for the real �8 states, it is shown to be irrelevantfor low �elds [6℄. Thus the analysis is muh simpli�ed in the low-�eld regionby setting  = 0. This model orresponds to the isotropi limit for the �elddiretion.To study the high-�eld phase diagram, however, it is neessary to takeinto aount the e�et of �nite . The simplest starting point for high �eldsis to study the e�etive model for � -spins under ferromagnetially-frozen�-spins [7℄. Consider the diretion of the �eldH = H � 1p2 sin �; 1p2 sin �; os �� ;



Ordering and Flutuation of Quantum Multipoles in CeB6 1091where � is the angle of the �eld diretion measured from the (001) axis [3℄.We de�ne the parallel spin omponent as �jj = � �H =H. Then, substituting�jj = 1=2, the RKKY model in high �elds is mapped to the following e�etiveorbital Hamiltonian,~HI = 2DX(ij) ��xi �xj + q�yi �yj + � zi � zj ��Xi h�� zi ; (6)where the anisotropy parameter is given by q = 1+ 12("Q+"O). The e�etive�eld depends on both the strength and the diretion of the real magneti�eld as h� = h0 �os2 � � 12 sin2 �� with h0 = 73g�BH.It is shown that one an expet the AFQ phase diagram for the entireregion of magneti �eld from the analysis on the two limiting ases ( = 0 forlow �elds and � = 1=2 for high �elds), even without analyzing the originalompliated model. The analysis an be done for both limiting models bythe d�1-expansion method, where d is the spatial dimension. Then one anobtain the generalized Landau free energy with the �utuation orretion,and it is used to alulate various thermodynami quantities near the AFQtransition temperature. The detailed formulation is given in Ref. [6�8℄.Here we show the results of the AFQ transition temperatures TQ withd�1-orretion for the low- and high-�eld models. They are plotted in Fig. 1as a funtion of H. See Refs. [3, 6℄ for details on the MF results. As ex-peted, TQ is more or less suppressed from the MF value for all the pa-rameters. It should be pointed out that the �utuation e�et exhibits astrong H-dependene in the low-�eld region: TQ is muh suppressed for low�elds while the orretion beomes small as the �eld is inreased. As a re-sult, TQ shows a large enhanement with H in the low-�eld region. Thisan be interpreted by the fat that the ompetition of oupled multipolesprodues large �utuation near the SU(4)-symmetri limit. These resultsshould be ompared with experiments [9℄ plotted in Fig. 1. It is shown thatthe agreement with the experiments is muh improved in omparison withthe previous MF result. We have shown also that other unusual behaviors ofCeB6 near the transition are well-explained by the strong �utuation withinthe present theory [6℄. These fats learly demonstrate that there exists alarge and �eld-dependent �utuation of multipoles in CeB6.From the analysis of the high-�eld model one an expet the ritial�eld of H � 60�80 T at T = 0 K even for the (001) �eld, whih is notrenormalized by the �utuation. Therefore the ratio H(T = 0)=TQ(H = 0)beomes very large, re�eting the strong suppression of the zero-�eld TQ.We have also examined the dependene of TQ on the �eld diretion for thehigh-�eld model. [7℄ Then it has been shown that the �utuation e�et onthe anisotropy is not large although there are onsiderable suppressions of
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