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PARAMETERS OF THE EFFECTIVE SINGLET�TRIPLET MODELFOR BAND STRUCTURE OF HIGH-T CUPRATESBY VARIOUS APPROACHESM. M. Korshunov *, V. A. Gavrihkov, S. G. OvhinnikovKirensky Institute of Physis, Siberian Branh of Russian Aademy of Sienes660036, Krasnoyarsk, RussiaZ. V. Phelkina, I. A. Nekrasov, M. A. Korotin, V. I. AnisimovInstitute of Metal Physis, Ural Branh of Russian Aademy of Sienes620219, Ekaterinburg GSP-170, RussiaSubmitted 2 Deember 2003We onsider the problem of determining the parameters for high-T superonduting opper oxides. Variousapproahes, the ab initio LDA and LDA + U alulations and the generalized tight-binding (GTB) method forstrongly orrelated eletron systems, are used to alulate hopping and exhange parameters of the e�etivesinglet�triplet model for the CuO2 layer. The resulting parameters are in remarkably good agreement with eahother and with parameters extrated from experiment. This set of parameters is proposed for proper quantitativedesription of physis of hole-doped high-T uprates in the framework of e�etive models.PACS: 74.72.h, 74.20.z, 74.25.Jb, 31.15.Ar1. INTRODUCTIONHigh-T superonduting uprates (HTSC) belongto the lass of substanes where strong eletron or-relations are important. This irumstane and alsothe fat that these substanes have nontrivial phasediagrams (see, e.g., reviews [1℄) ompliate the desrip-tion of HTSC in the framework of �rst-priniple (abinitio) methods, espeially in the low doping region.Therefore, the most adequate method of theoretial in-vestigations of HTSC is urrently the model approah.E�etive models of HTSC (e.g., the t�J model) usu-ally ontain free parameters that ould be �tted to ex-perimental data (omparison of the alulated and ex-perimental Fermi surfaes, dispersion urves, et.), butthe question onerning orretness of these parame-ters arises in the model approah. One of the possi-ble ways to answer this question is to obtain relationsbetween parameters of some e�etive model and mi-rosopi parameters of the underlying rystal stru-ture. The underlying rystal struture of HTSC anbe desribed either by the 3-band Emery model [2, 3℄*E-mail: mkor�iph.krasn.ru

or by the multiband p�d model [4℄. One an omparethe parameters in these models with the parametersobtained by very di�erent approah, e.g., with ab ini-tio alulated parameters. This does not mean thatthe ab initio band struture is orret. Due to strongeletron orrelations, it is ertainly inorret in the lowdoping region, where these orrelations are most signif-iant. Nevertheless, the single eletron parameters areof interest and may be ompared with the appropri-ate parameters obtained by �tting to the experimentalARPES data.In the present paper, we obtain relations betweenmirosopi parameters of the multiband p�d modeland parameters of the e�etive singlet�triplet t�Jmodel for hole-doped HTSC. We then ompare theseparameters and the t�J model parameters obtained inthe ab initio alulations. In Se. 2, the details of abinitio alulations within the density funtional theoryare presented. In Se. 3, the e�etive singlet�tripletmodel is formulated as the low-energy Hamiltonian forthe multiband p�d model with the generalized tight-binding (GTB) method applied. In both methods, theparent insulating ompound La2CuO4 is investigated.642



ÆÝÒÔ, òîì 126, âûï. 3 (9), 2004 Parameters of the e�etive singlet�triplet model : : :The parameters are obtained at zero doping, beausewithin the GTB method, the evolution of the bandstruture with doping is desribed only by hanges inthe oupation numbers of zero-hole, single-hole, andtwo-hole loal terms, while all the parameters are �t-ted in the undoped ase and are therefore �xed for alldoping levels. The resulting parameters of both ap-proahes (GTB and ab initio) are in very good quali-tative and quantitative agreement with eah other andwith the parameters extrated from experiment. Also,these parameters are in reasonable agreement with thet�J model parameters used in the literature. We on-lude that the obtained set of model parameters shouldbe used in e�etive models for proper quantitative de-sription of HTSC in the whole doping region.2. AB INITIO CALCULATION OFPARAMETERSThe band struture of La2CuO4 was obtained in theframework of the linear mu�n-tin orbital method [5℄ inthe tight-binding approah [6℄ (TB-LMTO) within theloal density approximation (LDA). The rystal stru-ture data [7℄ orresponds to tetragonal La2CuO4. Thee�etive hopping parameters t� were alulated by theleast square �t proedure to the bands obtained in theLDA alulation [8℄. The e�etive exhange intera-tion parameters J� were alulated using the formuladerived in [9℄, where the Green's funtion method wasused to alulate J� as the seond derivative of theground state energy with respet to the magneti mo-ment rotation angle via eigenvalues and eigenfuntionsobtained in the LDA + U alulation [10℄. The LDA+ U approah allows obtaining the experimental anti-ferromagneti insulating ground state for the undopeduprate: in ontrast, the LDA approah gives a non-magneti metalli ground state [10℄. The Coulomb pa-rameters U = 10 eV and J = 1 eV used in the LDA+ U alulation were obtained in onstrained LSDAsuperell alulations [11℄.3. GTB METHOD AND FORMULATION OFTHE EFFECTIVE SINGLET�TRIPLETMODELThe t�J [12℄ and Hubbard [13℄ models are widelyused to investigate HTSC ompounds. In using thesemodels, one an in priniple desribe qualitatively es-sential physis. The parameters in these models (i.e.,the hopping integral t, anti�eromagneti exhange J ,

and Hubbard repulsion U) are typially extrated fromexperimental data. Therefore, these parameters do nothave a diret mirosopial meaning. A more syste-mati approah is to write the multiband Hamiltonianfor the real rystal struture (whih now inludes pa-rameters of this real struture) and map this Hamilto-nian onto some low-energy model (like the t�J model).In this ase, parameters of the real struture ould betaken from the ab initio alulations or �tted to exper-imental data.It is onvenient to use the 3-band Emery p�d model[2, 3℄ or the multiband p�d model [4℄ as the start-ing model that properly desribes rystal struture ofthe uprates. The set of mirosopi parameters forthe �rst model was alulated in [14, 15℄. While thismodel is simplier than the multiband p�d model, itlaks some signi�ant features, namely the importaneof dz2 orbitals on opper and pz orbitals on apial oxy-gen. Nonzero oupany of dz2 orbitals was pointedout in XAS and EELS experiments, whih show 2�10%oupany of dz2 orbitals [16, 17℄ and 15% doping-de-pendent oupany of pz orbitals [18℄ in all HTSC ofthe p-type (hole doped). In order to take these fatsinto aount, the multiband p�d model should be used,Hpd = Xf;�;�(�� � �)nf��+Xhf;gi X�;�0;� T ��0fg +f��g�0�++ 12 Xf;g;�;�0 X�1;�2;�3;�4 V ��0fg +f��1f��3+g�0�2g�0�4 ; (1)where f�� is the annihilation operator in the Wannierrepresentation of the hole at site f (opper or oxygen)at orbital � with spin �, and nf�� = +f��f�� . Theindies � run through dx2�y2 � dx and d3z2�r2 � dzorbitals on opper, px and py atomi orbitals on planeoxygen sites, and pz orbital on apial oxygen; �� is thesingle-eletron energy of the atomi orbital �; T ��0fg in-ludes hopping matrix elements between opper andoxygen (tpd for hopping dx $ px; py; tpd=p3 fordz $ px; py; t0pd for dz $ pz) and between oxygenand oxygen (tpp for hopping px $ py; t0pp for hop-ping px; py $ pz). The Coulomb matrix elements V ��0fginlude intra-atomi Hubbard repulsions of two holeswith opposite spins on one opper and oxygen orbital(Ud, Up), between di�erent orbitals of opper and oxy-gen (Vd, Vp), the Hund exhange on opper and oxy-gen (Jd, Jp), and the nearest-neighbor opper�oxygenCoulomb repulsion Vpd.The GTB method [19℄ onsists in exat diagonal-ization of the intraell part of p�d Hamiltonian (1)643 9*
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Fig. 1. The GTB method dispersion (doping onen-tration x = 0) of the top of the valene band and thebottom of the ondution band divided by the insulat-ing gap. Horizontal dashed lines mark the in-gap stateswhose spetral weight is proportional to x. Pointswith error bars represent experimental ARPES data forSr2CuO2Cl2 [22℄and perturbative aount for the interell part. ForLa2�xSrxCuO4, the unit ell is the CuO6 luster, andthe problem of nonorthogonality of the moleular or-bitals of adjaent ells is solved expliitly, by onstrut-ing the relevant Wannier funtions on a �ve-orbital ini-tial basis of atomi states [20, 21℄. In the new symmet-ri basis, the intraell part of the total Hamiltonianis diagonalized, allowing one to lassify all possible ef-fetive quasipartile exitations in the CuO2-plane a-ording to symmetry.Calulations [20, 21℄ of the quasipartile dispersionand spetral intensities in the framework of the multi-band p�d model with use of the GTB method are invery good agreement with the ARPES data on insulat-ing ompound Sr2CuO2Cl2 [22, 23℄ (see Fig. 1).Other signi�ant results of this method are as fol-lows [24, 25℄.i) Pinning of the Fermi level in La2�xSrxCuO4 atlow onentrations was obtained in agreement with ex-periments [27, 26℄. This pinning appears due to thein-gap state; the spetral weight of this state is pro-portional to the doping onentration x, and whenthe Fermi level omes to this in-gap band, it �staks�there. In Fig. 2, the doping dependene of the hemialpotential shift �� for n-type high-T Nd2�xSrxCuO4
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0:3 0:2 0:1 x, doping onentration�0:2�0:6Fig. 2. Dependene of the hemial potential shift ��on the doping onentration x for Nd2�xSrxCuO4 andLa2�xSrxCuO4. Straight lines are results of the GTBalulations, �lled irles with error bars are experimen-tal points [26℄(NCCO) and p-type high-T La2�xSrxCuO4 (LSCO) isshown. The loalized in-gap state also exists in NCCOfor the same reason as in LSCO, but its energy is de-termined by the extremum of the band at the point(�=2; �=2) and appears to be above the bottom of theondutivity band. Therefore, the �rst doped eletrongoes into the band state at (�; 0) and the hemial po-tential merges into the band for a very small onentra-tion. At higher x, it meets the in-gap state with pinningat 0:08 < x < 0:18 and then � again moves into theband. The dependene �(x) for NCCO is quite asym-metri to the LSCO and also agrees with experimentaldata [26℄.ii) The experimentally observed [28℄ evolution of theFermi surfae with doping from the hole type (enteredat (�; �)) in the underdoped region to the eletron type(entered at (0; 0)) in the overdoped region is qualita-tively reprodued in this method.iii) The pseudogap feature for La2�xSrxCuO4 is ob-tained as a lowering of the density of states between thein-gap state and the states at the top of the valeneband.The above results were obtained with the followingset of the mirosopi parameters:644



ÆÝÒÔ, òîì 126, âûï. 3 (9), 2004 Parameters of the e�etive singlet�triplet model : : :"dx2�y2 = 0; "d3z2�r2 = 2; "px = 1:5;"pz = 0:45; tpd = 1; tpp = 0:46;t0pd = 0:58; t0pp = 0:42; Ud = Vd = 9;Jd = 1; Jp = 0; Up = Vp = 4;Vpd = 1:5: (2)As the next step, we formulate the e�etive model.The simplest way to do this is to ompletely negletthe ontribution of the two-partile triplet state 3B1g .Then there is only one low-energy two-partile state �the Zhang-Rie-type singlet 1A1g , and the e�etivemodel is the usual t�J model. But in the multibandp�d model, the di�erene �T � �S between the energiesof the two-partile singlet and the two-partile tripletdepends strongly on various model parameters, par-tiularly on the distane of apial oxygen from planaroxygen, the energy of apial oxygen, the di�erene be-tween the d3z2�r2- and dx2�y2-orbital energies. For re-alisti values of the model parameters, "T � "S is loseto 0:5 eV [21, 32℄, in ontrast to the 3-band model,where this value is about 2 eV (this ase was onsid-ered in [29, 30℄). To take the triplet states into aount,we derive the e�etive Hamiltonian for the multibandp�d model by exlusion of the intersubband hoppingbetween lower (LHB) and upper (UHB) Hubbard sub-bands, similarly to [12℄.The Hubbard X-operator Xp qf � jpi hqj on site frepresents a natural language to desribe strongly or-related eletron systems, and we therefore use theseoperators in the rest of the paper. The X-operatorsare onstruted in the Hilbert spae that onsistsof the vauum nh = 0 state j0i, the single-holej�i = fj "i; j #ig state of b1g symmetry, the two-holesinglet state jSi of 1A1g symmetry, and the two-holetriplet state jTMi (whereM = +1; 0;�1) of 3B1g sym-metry.We write the Hamiltonian as H = H0 + H1,where the exitations via the harge transfer gap Etare inluded in H1. We then de�ne the operatorH(�) = H0 + �H1 and perform the unitary transfor-mation ~H(�) = exp��i�Ŝ�H (�) exp�i�Ŝ�. The van-ishing of the term linear in � in ~H(�) gives the equationfor the matrix Ŝ, H1 + i hH0; Ŝi = 0. The e�etiveHamiltonian is obtained in the seond order in �; at� = 1, it is given by~H = H0 + 12 i hH1; Ŝi : (3)Thus, for the multiband p�d model (1) in the ase ofeletron doping (n-type systems), we obtain the usualt�J model,

Ht�J =Xf;� "1X��f + Xhf;gi;� t00fgX�0f X0�g ++ Xhf;gi Jfg �Sf � Sg � 14nfng� ; (4)where Sf are spin operators and nf are the partilenumber operators. The term Jfg = 2�t0Sfg�2 =Et isthe exhange integral and Et is the energy of the har-ge-transfer gap (similar to U in the Hubbard model,Et � 2 eV for uprates). The hemial potential � isinluded in "1.For p-type systems, the e�etive Hamiltonian hasthe form of a singlet�triplet t�J model [31℄,H = H0 +Ht + Xhf;gi Jfg �Sf � Sg � 14nfng� ; (5)where H0 (the unperturbed part of the Hamiltonian)and Ht (the kineti part of H) are given byH0 =Xf ""1X� X��f + "2SXSSf + "2T XM XTMTMf # ;Ht = Xhf;gi;�ntSSfg XS��f X ��Sg ++ tTTfg ��p2XT0��f �XT2��f ���p2X ��T0g �X�T2�g �++ tSTfg 2�b hXS��f ��p2X ��T0g �X�T2�g �+H..io:The supersripts of hopping integrals (0,S,T ) orre-spond to exitations that are aompanied by hoppingfrom site f to g, i.e., the Hamiltonian involves the termsPhf;gi;� tMNfg XM�f X�Ng . The relation between these e�e-tive hoppings and mirosopi parameters of the multi-band p�d model is as follows:t00fg = �2tpd�fg2uv � 2tpp�fgv2;tSSfg = �2tpd�fg2xb � 2tpp�fg2b ;t0Sfg = �2tpd�fg(vx + ub)� 2tpp�fgvb;tTTfg = 2tpdp3 �fg2az+2tpp�fg2a�2t0pp�fg2pa;tSTfg = 2tpdp3 �fgz + 2tpp�fga � 2t0pp�fgp: (6)
The fators �, �, �, �, � are the oe�ients of the Wan-nier transformation performed in the GTB method andu, v, a, b, z, p are the matrix elements of the anni-hilation and reation operators in the Hubbard X-ope-rator representation.645



M. M. Korshunov, V. A. Gavrihkov, S. G. Ovhinnikov et al. ÆÝÒÔ, òîì 126, âûï. 3 (9), 2004Table 1. Parameters of the e�etive singlet�triplet model for p-type uprates obtained in the framework of the GTBmethod (all values in eV)� t00� tSS� t0S� tTT� tST� J�(0,1) 0.373 0.587 �0:479 0.034 0.156 0.115(1,1) 0.002 �0:050 0.015 �0:011 0 0.0001(0,2) 0.050 0.090 �0:068 0.015 0.033 0.0023(2,1) 0.007 0.001 �0:006 �0:004 0.001 0The resulting Hamiltonian (5) is the generalizationof the t�J model to aount for the two-partile tripletstate. A signi�ant feature of the e�etive singlet�triplet model is the asymmetry of n- and p-type sys-tems, whih is known experimentally. We an there-fore onlude that for n-type systems, the usual t�Jmodel is appliable, while for p-type superondutorswith ompliated struture at the top of the valeneband, the singlet�triplet transitions play an importantrole.Using the set of mirosopi parameters (2) in Tab-le 1, we present numerial values of the hopping andexhange parameters alulated in aordane with (6).4. COMPARISON OF PARAMETERSThe resulting parameters from ab initio [8℄ andGTB alulations are presented in Table 2. Here, �is the onneting vetor between two opper enters, t�is the hopping parameter (equal to tSS� , see (5) and (6),in the e�etive singlet�triplet model), and J� is the an-tiferromagneti exhange integral.As one an see, despite slight di�erenes, the pa-rameters in both methods are very lose and show sim-Table 2. Comparison of ab initio parameters [8℄and parameters obtained in the framework of the GTBmethod (all values in eV)ab initio GTB method� t� J� t� J�(0,1) 0.486 0.109 0.587 0.115(1,1) �0:086 0.016 �0:050 0.0001(0,2) �0:006 0 0.090 0.0023(2,1) 0 0 0.001 0

ilar dependene on distane. It is worth mentioningthat both methods give disproportionality between t�and J�. In the usual t�J model, the proportionalityJ� = 2t2�=U ours as soon as this t�J model is obtainedfrom the Hubbard model with the Hubbard repulsionU . In the singlet�triplet model, the intersubband hop-ping t0S� that determines the value of J� is di�erentfrom the intrasubband hopping tSS� that determines t�.This leads to a more ompliated relation between t�and J�.In the framework of the LDA band struture ofYBa2CuO7+x and within the orbital projetion ap-proah, it was shown [33℄ that the 1-band Hamilto-nian redued from the eight-band Hamiltonian shouldinlude not only the nearest-neighbor hopping terms(t), but also seond (t0) and third (t00) nearest-neighborhoppings. In the GTB method, the dependene of thehoppings t� on distane automatially results from thedistane dependene of the oe�ients of the Wanniertransformation performed in this method (see Eq. (6)).To show the orrespondene between the results of dif-ferent authors, we ompare our parameters and the pa-rameters widely used by di�erent groups in Table 3.The parameters extrated from experimental dataare listed in olumns I�VI of Table 3. The LDA al-ulated parameters are presented in olumns VII andVIII. Our results for hoppings agree best with olumnsIII, VII, and VIII. This similarity is not surprising. Inthe LDA alulations, the bandwidth of strongly or-related eletron systems is usually overestimated be-ause the strong Coulomb repulsion of eletrons is nottaken into aount properly. But it is well known thatthe Fermi surfae obtained by this method is in verygood agreement with experiments. The main ontri-bution to the shape of the Fermi surfae omes fromkineti energy of the eletrons (hopping parameters),and therefore the values of hoppings should be prop-erly estimated by the LDA alulations (olumns VII,VIII). In [37, 38℄ (olumn III), the parameters wereobtained by �tting the LSCO tight-binding Fermi sur-646



ÆÝÒÔ, òîì 126, âûï. 3 (9), 2004 Parameters of the e�etive singlet�triplet model : : :Table 3. Comparison of the alulated parameters and parameters used in the literature0a 0b I II III IV V VI VIId VIIId IXe XeLSCO LSCO LSCO LSCO LSCO Bi2212SCOC YBCO SCOC YBCO LSCO LSCO YBCOquantity here here [34℄ [35, 36℄ [37, 38℄ [37, 38, 39℄ [40℄ [41℄ [33℄ [42℄ [43℄ [43℄t, eV 0.587 0.486 0.416 0.35 0.35 0.35 0.40 0.40 0.349 0.43 � �t0=t �0:085 �0:18 �0:350 �0:20 �0:12 �0:34 �0:42 �0:35 �0:028 �0:17 � �t00=t 0.154 0.012 � 0.15 0.08 0.23 �0:25 0.25 0.178 � � �J , eV 0.115 0.109 0.125 0.14 0.14 0.14 0.17 0.12 � � 0.126 0.125, 0.150J=jtj 0.196 0.224 0.300 0.40 0.40 0.40 0.43 0.30 � � � �a GTB method parameters,b ab initio parameters obtained in the present paper, parameters obtained by �tting to experimental data,d ab initio parameters,e parameters obtained from two-magnon Raman sattering.fae to the experimental one. This proedure shouldgive the same values as the LDA alulation and, asone an see, it does. By the same tehnique, the pa-rameters for Bi2Sr2CaCu2O8+x (Bi2212, olumn IV)were obtained [37, 38℄. These parameters are di�erentfrom those in the LSCO ase and in the present paper;the most straightforward explanation is a more om-pliated struture of the Fermi surfae of Bi2212 om-pound. In the present paper, single-layer (LSCO-like)ompounds are onsidered and the e�ets of multipleCuO2-planes (i.e., bilayer splitting) are negleted. Thedi�erene between our hoppings and hoppings in ol-umn V appears due to the same reason (in Ref. [40℄, theYBa2Cu3O6 insulating ompound was investigated).In the last two olumns of Table 3, the antifer-romagneti exhange parameters J obtained from thetwo-magnon Raman sattering analysis by momentumexpansion (LSCO, olumn IX) and spin-wave theory(YBCO, olumn X) are presented (for details, see re-view [43℄ and referenes therein). Our values of J(olumn 0) are in good agreement with the values ex-trated from experiments and similar to those listed inolumns I�VI.In [44℄, the Heisenberg Hamiltonian on the squarelattie with plaquette ring exhange was investigated.The �tted exhange interations J = 0:151 eV,J 0 = J 00 = 0:025J give the values for the spin sti�nessand the Neel temperature in exellent agreement withexperimental data for insulating ompound La2CuO4.In the GTB alulations, J = 0:115 eV, J 0 = 0:0009J ,and J 00 = 0:034J . The values of J are lose to eah

other, but di�erent. This di�erene ould be explainedby the fat that authors of [44℄ used the HeisenbergHamiltonian and inlusion of the hopping term shouldrenormalize the presented exhange interation values.Agreement between J 00 in the GTB alulations and inRef. [44℄ is good but the values of J 0 are ompletelydi�erent. The last issue ould be attributed to over-simpli�ation of alulations in [44℄, where the authorsput J 0 = J 00 by hand to restrit the number of �ttingparameters.We now disuss the di�erene between our param-eters and the parameters in olumns I, II, VI, and ol-umn IV (SCOC). The hoppings in the papers itedabove were obtained by �tting the t�t0�t00�J model dis-persion to the experimental ARPES spetra [22, 39℄ forinsulating Sr2CuO2Cl2. We laim that the disrepanybetween the GTB method results and the t�t0�t00�Jmodel results stems from the absene of singlet�triplethybridization in the latter model. This statement anbe proved by omparing the dispersion in the �bare�t�t0�J model (4) and in the singlet�triplet t�t0�J model(5). The paramagneti nonsuperonduting phase wasinvestigated in the Hubbard-I approximation in boththe singlet�triplet and t � t0 � J models. The resultsfor optimal doping (with the onentration of holesx = 0:15) are presented in Fig. 3.There is a strong mixture of singlet and tripletbands along the (0; 0)� (�; �) and (�; 0)� (0; 0) dire-tions due to the tST matrix element (see (6)) in bothparamagneti (Fig. 3) and antiferromagneti phases(Fig. 1). It is exatly the admixture of the triplet states647
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Fig. 3. Dispersion urves on top of the valene bandfor the e�etive singlet�triplet model (singlet subbandis shown with the solid line, triplet subbands with dot-ted lines) and the t�t0�J model (the dash-dotted line)at the optimal doping x = 0:15; the dashed line repre-sents the self-onsistently obtained hemial potential�that determines oinidene of the dispersion in our ap-proah and the ARPES data in the undoped SCOC atthe energies 0.3�0.4 eV below the top of the valeneband, where the t�t0�J model [34℄ fails and the t�t0�t00�J model involves the additional parameter t00 [35, 37℄.In our approah, this parameter is not as neessary asin the �bare� t�t0�J model, beause the singlet�triplethybridization is inluded expliitly.In Ref. [45℄, the t�t0�t00�J model was also used todesribe the dispersion of insulating Sr2CuO2Cl2, withthe same set of parameters as in Refs. [37, 38℄. But theauthors of Ref. [45℄ used a totally di�erent de�nition ofhopping parameters: in their paper, the t0 term standsfor hopping between two nearest-neighbor oxygens andthe t00 term stands for the hopping between two oxygenson the two sides of Cu. Suh a de�nition is ompletelydi�erent from that used in other ited papers, wheret, t0, t00 terms stands for hoppings between plaquettesentered on opper sides, and we annot therefore makeomparison with their results.The analysis of the data in Table 3 gives the follow-ing ranges for di�erent parameters: 0:350 � 0:587 eVfor t, �0:420 � �0:028 for t0=t, 0:012 � 0:250 fort00=t with the exeption of the value in Ref. [40℄, and0:115�0:150 eV for J . In general, we see a lose similar-ity in the �rst-neighbor hopping t and the interationJ for the di�erent methods and materials, and moredisrepany in subtle parameters as suh t0 and t00.

5. CONCLUSIONOne of the signi�ant results in this paper isthe relation (6) between mirosopi parameters andparameters of the e�etive singlet�triplet model. Thee�etive model parameters are therefore not free anymore and have a diret physial meaning omingfrom the dependene on mirosopi parameters. Theparameters of the e�etive singlet�triplet model wereobtained from both ab initio and model alulations.Model alulations were performed in the frameworkof the GTB method for insulating single-layer opperoxide superondutor. The ab initio alulationsfor La2CuO4 were done by the onventional LDATB-LMTO method. The agreement between theparameters is remarkably good. The obtained param-eters are also in good agreement with widely usedparameters of the t�t0�t00�J model, although somedi�erene exists. This di�erene is attributed to theneglet of triplet exitations in the simple t�t0�t00�Jmodel. After areful analysis, we proposed the set ofparameters for e�etive models (e.g., the t�t0�t00�Jmodel or the e�etive singlet�triplet model) for properquantitative desription of physis of hole-dopedhigh-T uprates.M. M. K., V. A. G., and S. G. O. thank theFree University of Berlin for hospitality during theirstay. This work was supported by the INTAS(Grant 01-0654), Joint Integration Program of Siberianand Ural Branhes of the Russian Aademy of Si-ene, Russian Foundation for Basi Researh (Grant03-02-16124), Russian Federal Program �Integratsia�(Grant B0017), Program Physial Branh of the Rus-sian Aademy of Siene �Strongly Correlated EletronSystems�, and Siberian Branh of Russian Aademyof Siene (Lavrent'yev Contest for Youth Sientists),RFFI 04-02-16096 (VIA, IAN, MAK, ZVP), RFFI03-02-39024 (VIA, MAK, IAN), Grant of the Presi-dent of the Russian Federation for young sientistsMK-95.2003.02 (IAN), the Dynasty Foundation andICFPM (IAN, MMK), Russian Siene Support Foun-dation program for young PhD of Russian Aademy ofSiene 2004 (IAN).REFERENCES1. Z.-X. Shen and D. S. Dessau, Phys. Rep. 253, 1(1995); E. Dagotto, Rev. Mod. Phys. 66, 763 (1994);A. P. Kampf, Phys. Rep. 249, 219 (1994).2. V. J. Emery, Phys. Rev. Lett. 58, 2794 (1987).648



ÆÝÒÔ, òîì 126, âûï. 3 (9), 2004 Parameters of the e�etive singlet�triplet model : : :3. C. M. Varma et al., Sol. St. Commun. 62, 681 (1987).4. Yu. Gaididei and V. Loktev, Phys. St. Sol. B 147, 307(1988).5. O. K. Andersen and O. Jepsen, Phys. Rev. Lett. 53,2571 (1984).6. O. K. Andersen, Z. Pawlowska, and O. Jepsen, Phys.Rev. B 34, 5253 (1986).7. J. D. Axe and M. K. Crawford, J. Low Temp. Phys.95, 271 (1994).8. V. I. Anisimov et al., Phys. Rev. 66, 100502 (2002).9. A. I. Lihtenstein et al., J. Magn. Mag. Matter 67, 65(1987); A. I. Lihtenstein, V. I. Anisimov, and J. Zaa-nen, Phys. Rev. B 52, R5467 (1995).10. V. I. Anisimov, J. Zaanen, and O. Andersen, Phys.Rev. B 44, 943 (1991); V. I. Anisimov et al., J. Phys.:Condens. Matter 9, 767 (1997).11. O. Gunnarsson et al., Phys. Rev. B 39, 1708 (1989);V. I. Anisimov and O. Gunnarsson, Phys. Rev. 43,7570 (1991).12. K. A. Chao, J. Spalek, and A. M. Oles, J. Phys. C: Sol.Stat. Phys. 10, 271 (1977).13. J. C. Hubbard, Pro. Roy. So. A 276, 238 (1963).14. M. S. Hybertsen, M. Shluter, and N. E. Christensen,Phys. Rev. B 39, 9028 (1989).15. A. K. MMahan, J. F. Annett, and R. M. Martin,Phys. Rev. B 42, 6268 (1990).16. A. Bianoni et al., Phys. Rev. B 38, 7196 (1988).17. H. Romberg et al., Phys. Rev. B 41, 2609 (1990).18. C. H. Chen et al., Phys. Rev. Lett. 68, 2543 (1992).19. S. G. Ovhinniov and I. S. Sandalov, Physia C 161,607 (1989).20. V. A. Gavrihkov et al., Phys. Rev. B 64, 235124(2001).21. V. A. Gavrihkov et al., Zh. Eksp. Teor. Fiz. 118, 422(2000).22. B. O. Wells et al., Phys. Rev. Lett. 74, 964 (1995).

23. C. Dürr et al., Phys. Rev. B 63, 014505 (2000).24. A. A. Borisov, V. A. Gavrihkov, and S. G. Ovhin-nikov, Mod. Phys. Lett. B 17, 479 (2003).25. A. A. Borisov, V. A. Gavrihkov, and S. G. Ovhin-nikov, Zh. Eksp. Teor. Fiz. 124, 862 (2003).26. N. Harima et al., Phys. Rev. B 64, 220507(R) (2001).27. A. Ino et al., Phys. Rev. Lett. 79, 2101 (1997).28. A. Ino et al., Phys. Rev. B 65, 094504 (2002).29. J. Zaanen, A. M. Oles, and P. Horsh, Phys. Rev. B 46,5798 (1992).30. R. Hayn et al., Phys. Rev. B 47, 5253 (1993).31. M. Korshunov and S. Ovhinnikov, Fiz. Tv. Tela 43,399 (2001).32. R. Raimondi et al., Phys. Rev. B 53, 8774 (1996).33. O. K. Andersen et al., J. Phys. Chem. Sol. 56, 1573(1995).34. A. Nazarenko et al., Phys. Rev. B 51, 8676 (1995).35. V. I. Beliniher, A. I. Chernyshev, and V. A. Shubin,Phys. Rev. B 53, 335 (1996).36. V. I. Beliniher, A. I. Chernyshev, and V. A. Shubin,Phys. Rev. B 54, 14914 (1996).37. T. Tohayama and S. Maekawa, Superond. Si. Teh-nol. 13, R17 (2000).38. T. Tohayama and S. Maekawa, Phys. Rev. B 67,092509 (2003).39. C. Kim et al., Phys. Rev. Lett. 80, 4245 (1998).40. F. P. Onufrieva, V. P. Kushnir, and B. P. Toperverg,Phys. Rev. B 50, 12935 (1994).41. R. Eder, Y. Ohta, and G. A. Sawatzky, Phys. Rev.B 55, R3414 (1997).42. E. Pavarini et al., Phys. Rev. Lett. 87, 047003 (2001).43. W. Brenig, Phys. Rep. 251, 153 (1995).44. A. A. Katanin and A. P. Kampf, Phys. Rev. B 66,100403(R) (2003).45. T. Xiang and J. M. Wheatley, Phys. Rev. B 54, R12653(1996).
649


