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SEMIEMPIRICAL AND FIRST PRINCIPLES STUDYOF THE CRYSTAL FIELD ACTING ON THE4f ELECTRONS IN RARE EARTH CUPRATES�Martin Divi²Department of Eletroni Strutures, Charles UniversityKe Karlovu 5, 121 16 Prague 2, The Czeh Republiand Vladimír NekvasilInstitute of Physis, Czeh Aademy of SienesCukrovarniká 10, 162 53 Prague, The Czeh Republi(Reeived July 10, 2002)A theoretial investigation of the rare earth (RE3+) loalized 4f energyspetrum at regular sites of RE Ba2Cu3O6+x (x = 0; 1), and RE2CuO4uprates was performed. To predit the k = 4 and 6 rystal �eld (CF)parameters Bkq , we employed the semiempirial superposition model (SM)used earlier for quantitative estimates of the CF interation ating on 4fstates in RE uprates. The SM model does not apply for the k = 2 CF pa-rameters where the long range eletrostati ontribution dominates. There-fore, to alulate the k = 2 CF parameters, we used the parameter-free�rst-priniples method based on the density funtional theory.PACS numbers: 74.72.Jt, 71.70.Ch, 71.70.Mb1. IntrodutionThe rare-earth (RE) ions in high T superondutors enter typially sitesadjaent to the CuO2 planes where spin and harge arriers relevant to su-perondutivity are loated. In ontrast to onventional superondutors thepresene of magneti 4f eletrons has only a negligible impat to the super-onduting properties. The oexistene of the RE magnetism and superon-dutivity is partiularly interesting in view of reent experimental evidenethat in-plane eletrons from hybridized O-2p and Cu-3d states mediate rel-atively strong RE�RE exhange interation [1℄. This �nding indiates that� Presented at the International Conferene on Strongly Correlated Eletron Systems,(SCES02), Craow, Poland, July 10�13, 2002.(447)



448 M. Divi², V. Nekvasilspin-breaking theory of Abrikosov and Gorkov does not apply and that anon-onventional type of superonduting state is present. Thus the insightgained by the study of the RE magnetism is believed to be also helpful inunderstanding mehanism of high T superondutivity. The present work isfoused on the phenomenologial and �rst priniples alulations of the rys-tal �eld (CF) interation perturbing loalized and strongly orrelated statesof the 4f eletrons in uprate superondutors. Conrete alulations areperformed for REBa2Cu3O7 (RE = Pr�Yb) and RE2CuO4 (RE = Pr, Nd,Sm) systems providing ample experimental data on the CF interation [2,3℄.2. Theoretial methodAn interation with the CF produed by the neighboring ore hargesand valene eletroni harge density is the strongest perturbation of the freeion 4f shell state of trivalent RE ions in uprates. The interation Hamil-tonian an be written as HCF = PBkq[C(k)q + C(k)�q ℄ where C(k)q transformas tensor operators under simultaneous rotation of the oordinates of all the4f eletrons [1℄. Bkq are the so-alled CF parameters. For a predition ofthe k = 4 and 6 CF parameters the standard superposition model (SM) wasfound to be very e�ient in uprates [1, 3℄. The SM does not apply for theseond order parameters where the long range eletrostati ontribution ap-pears to dominate what auses a breakdown of one of the postulates of theSM model. Therefore to alulate seond order CF parameters B20 and B22we use �rst priniples method reently applied to SmBa2Cu3O6 [4℄ and rareearth boroarbides [5℄. Within this method the eletroni struture and re-lated distribution of the ground state harge density are obtained from the�rst priniple alulations based on the density funtional theory (DFT).Exhange and orrelation e�ets are treated within the loal spin densityapproximation (LSDA) [6℄. The alulations desribed are performed usingthe full potential linearized augmented plane wave method (LAPW) imple-mented in the WIEN97 omputer ode [7℄. The RE-4f states are treated asatomi-like ore states in the spherial part of the rystal potential (open-ore treatment, see e.g. [8℄). Within the DFT the parameters B2q of the CFHamiltonian, originating from the e�etive potential inside the rystal, arewritten as B2q / R jR4f (r)j2V 2q (r) r2dr where the non-spherial omponentV 2q (r) re�ets besides the nulear potentials and Hartree part of the inter-eletroni interation also the exhange orrelation term whih aounts formany partile e�ets [4, 5, 8℄. The wave funtion R4f desribes the radialshape of the loalized 4f harge density of RE3+ ion in studied ompounds.It is well known that the use of self-onsistent LSDA �open ore� R4f leads topoor desription of the CF interation. The reason is that the so-alled �selfinteration� (SIC) potential felt by a loalized 4f eletron is not orretly



Semiempirial and First Priniples Study of the Crystal Field . . . 449treated within the LSDA [8℄. Therefore, the present study uses the valueof the R4f resulting from the SIC orreted LSDA atomi alulations withoupation numbers of the valene eletrons of the RE (6s, 5d, 6p) �xed totheir values obtained in the self onsistent LSDA alulations in a given REuprate. This approah [9℄ was found to give the 4f harge density whih isvery lose to that obtained from more rigorous DFT band alulation whihinludes SIC for the 4f states diretly [8℄.3. Results and disussionWe present the alulated CF parameters B20, B22 for REBa2Cu3O7 andB20 for RE2CuO4 in Fig. 1. These data ompare favourably with availableexperimental values. Those for B20 and B22 in REBa2Cu3O7 range from92 m�1 to 591 m�1 and 13 to 212 m�1, respetively [1�3℄. The B20in RE2CuO4 range from �129 to �567 m�1 [1�3℄. Another hek of ourmethod is provided by similar alulations for ErBa2Cu3O6. In this asewe found B20 = 36.5 m�1 whih should be ompared to B20 = 156 m�1obtained for ErBa2Cu3O7. Thus our method reprodues orretly not onlythe positive sign of B20 but also the experimental �nding that the seondorder CF parameter B20 is larger for x = 1 than for x = 0 in the ase ofREBa2Cu3O6+x uprates [2�4℄. The sign of the B20 in regular sites, positive
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Ho Er Tm YbEu DySmNdPrFig. 1. The CF parameters alulated using �rst priniples DFT method.



450 M. Divi², V. Nekvasilin REBa2Cu3O6+x and negative in RE2CuO4, is governed by the shape ofthe rystal potential, whih has positive maximum in REBa2Cu3O6+x, andtwo negative minima in RE2CuO4. These minima (maximum) are loated inthe neighborhood of the maximum of the 4f radial harge density situatedroughly 50 pm from the RE nuleus.In summary we alulated the seond order CF interation forRE-uprates using �rst priniples DFT method. We demonstrated thatour approah an be used to estimate the CF parameters, whih are ingood agreement with the experiment. The work onerning theoretial esti-mates of CF interation for RE ions oupying Ba sites (C4v symmetry) inREBa2Cu3O6 and La sites in La2CuO4 systems (T-struture) is in progress.The work was supported by GACR (Pr. 202/00/1602 and 202/02/0739),GAUK (Pr. 145/2000/B FYZ) and the researh programs MSM113200002and AVOZ1-010-914. REFERENCES[1℄ V. Nekvasil, M. Divi², G. Hilsher, E. Holland-Moritz, J. Alloy. Compd. 225,578 (1995).[2℄ J. Mesot, A. Furrer, J. Superond. 10, 623 (1997).[3℄ U. Staub, L. Soderholm, Handbook on the Physis and Chemistry of RareEarths, ed. K.A. Gshneidner, Jr., L. Eyring and M.B. Maple, Elsevier SieneB.V., Amsterdam 2000, v.30, p. 491.[4℄ D. Barba, S. Jandl, V. Nekvasil, M. Mary²ko, M. Divi², A.A. Martin, C.T. Lin,M. Cardona, T. Wolf, Phys. Rev. B63, 054528 (2001).[5℄ M. Divi², J. Rusz, G. Hilsher, H. Mihor, P. Blaha, K. Shwarz, Czeh. J.Phys. 52, 283 (2002).[6℄ J.P. Perdew, Y. Wang, Phys. Rev. B45, 13244 (1992).[7℄ P. Blaha, K. Shwarz, J. Luitz, WIEN97, Vienna University of Tehnology,Vienna 1997.[8℄ M. Rihter, J. Phys. D31, 1017 (1998).[9℄ P. Novák, Phys. Status Solidi B198, 729 (1996).


