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PSEUDOGAP BEHAVIOR IN Bi2Ca2SrCu2O8: RESULTSOF GENERALIZED DYNAMICAL MEAN-FIELD APPROACHE. Z. Kuhinskii a, I. A. Nekrasov a, Z. V. Phelkina b, M. V. Sadovskii a*aInstitute for Eletrophysis, Russian Aademy of Sienes620016, Ekaterinburg, RussiabInstitute for Metal Physis, Russian Aademy of Sienes620219, Ekaterinburg, RussiaReeived 20 September 2006Pseudogap phenomena are observed for the normal underdoped phase of di�erent high-T uprates. Amongothers, the Bi2Sr2CaCu2O8�Æ (Bi2212) ompound is one of the most studied experimentally. To desribe thepseudogap regime in Bi2212, we use a novel generalized ab initio LDA+DMFT+�k hybrid sheme. Thissheme is based on the strategy of one of the most powerful omputational tools for real orrelated materials:the loal density approximation (LDA) + dynamial mean-�eld theory (DMFT). Conventional LDA+DMFTequations are here supplied with an additional (momentum-dependent) self-energy �k in the spirit of our re-ently proposed DMFT+�k approah aounting for pseudogap �utuations. In the present model, �k desribesnonloal orrelations indued by short-range olletive Heisenberg-like antiferromagneti spin �utuations. Thee�etive single-impurity problem of the DMFT is solved by the numerial renormalization group (NRG) method.Material-spei� model parameters for the e�etive x2�y2 orbital of Cu-3d shell of the Bi2212 ompound, e.g.,the values of intra- and interlayer hopping integrals between di�erent Cu sites, the loal Coulomb interationU, and the pseudogap potential � were obtained within the LDA and LDA+DMFT shemes. Here, we reportthe theoretial LDA+DMFT+�k quasipartile band dispersion and damping, Fermi surfae renormalization,momentum anisotropy of (quasi) stati sattering, densities of states, spetral densities, and angular-resolvedphotoemission (ARPES) spetra aounting for pseudogap and bilayer splitting e�ets for normal (slightly)underdoped Bi2212 (Æ = 0:15). We show that LDA+DMFT+�k suessfully desribes strong (pseudogap)sattering lose to Brillouin zone boundaries. Our alulated LDA+DMFT+�k Fermi surfaes and ARPESspetra in the presene of pseudogap �utuations are almost insensitive to the bilayer splitting strength. How-ever, our LDA-alulated value of bilayer splitting is found to be rather small to desribe the experimentallyobserved peak�dip�hump struture. The results obtained are in good semiquantitative agreement with variousreent ARPES experiments.PACS: 71.10.Fd, 71.10.Hf, 71.27.+a, 71.30.+h, 74.72.-h1. INTRODUCTIONThe pseudogap state is the major anomaly of thenormal state of opper oxides, ommonly believed tobe most relevant for the understanding of the physialnature of high-T superondutivity [1℄.During the last deade, experimental tehniquesof angular-resolved photoemission spetrosopy(ARPES) have made an impressive progress. Astate-of-the-art high-T test ompound for ARPESis the Bi2Sr2CaCu2O8�Æ (Bi2212) system. A great*E-mail: sadovski�iep.uran.ru

amount of experimental ARPES data is thereforeavailable for Bi2212 (see [2℄ for reviews). Severalmajor experimental harateristis are derived fromARPES data, e.g., the Fermi surfaes (FS), quasi-partile band dispersions and damping, and evenself-energy lineshapes [2℄. A number of interestingphysial anomalies were disovered in the normalunderdoped phase of Bi2212: pseudogap formation,shadow bands, and bilayer splitting of the FS [2℄.These phenomena abound in theories and there is stillno de�nite point of view about their physial origin.It is believed that all of them are quite relevant to908



ÆÝÒÔ, òîì 131, âûï. 5, 2007 Pseudogap behavior in Bi2Ca2SrCu2O8 : : :the physis of high-temperature superondutors. Theproblem is greatly ompliated by strong eletroniorrelations ever present in these ompounds, makingthe standard band theory and Fermi-liquid approahesdoubtful.In this work, we show that aounting for theshort-range antiferromagneti �utuations resultingin pseudogap formation together with bilayer split-ting e�ets su�es, in priniple, to desribe theabove-mentioned experiments. For this, we use anovel hybrid ab initio LDA+DMFT+�k omputa-tional sheme [3�5℄. On one hand, this sheme in-herits all the advantages of LDA+DMFT [6�10℄, i.e.,the merger of the �rst-priniple one-eletron densityfuntional theory within the loal density approxima-tion (DFT/LDA) [11; 12℄ and the dynamial mean-�eldtheory (DMFT) for strongly orrelated eletrons [13�17℄. On the other hand, our sheme allows aount-ing for nonloal orrelation e�ets by introduing amomentum-dependent external self-energy preservingthe onventional DMFT equations [3�5℄. To solve thee�etive single-impurity problem of the DMFT, wehere use the reliable numerial renormalization group(NRG) approah [18, 19℄.This ombined sheme is partiularly suitable fordesribing eletroni properties of real high-T mate-rials at �nite doping in the normal state. First, allmaterial-spei� model parameters for the physiallyrelevant e�etive x2 � y2 orbital of the Cu-3d shell areobtained from LDA omputations. Seond, undopeduprates are antiferromagneti Mott insulators withU �W (where U is the value of the loal Coulomb in-teration andW is the bandwidth of the noninteratingband), and therefore orrelation e�ets are very impor-tant. Thus, at �nite doping (up to the optimal doping),uprates are typial strongly orrelated metals. In ouromputational sheme, these strong eletroni orrela-tions are taken into aount at the DMFT stage. Toadapt LDA+DMFT to study the �antiferromagneti�senario of pseudogap formation in uprates [1; 20�22℄,a k-dependent self-energy�k desribing nonloal orre-lations indued by (quasi) stati short-ranged olletiveHeisenberg-like antiferromagneti (AFM) spin �utua-tions is inluded [21, 22℄.Reently, we applied the DMFT+�k approahto investigate the formation of a pseudogap for thestrongly orrelated metalli regime of the single-bandHubbard model on a square lattie [3�5℄. At present,there are several independent methods aimed at de-sribing nonloal e�ets beyond the standard DMFT.Similar results about pseudogap formation in the two-dimensional Hubbard model were already obtained

within the two-partile self-onsistent approah [23℄,luster DMFT extensions, suh as the dynamial lus-ter approximation (DCA) [24; 25℄ and ellular DMFT(CDMFT) [23; 26�28℄, CPT [29�31℄, and via the modelof two interating Hubbard sites self-onsistently em-bedded in a bath [32℄. The EDMFT has been usedto demonstrate pseudogap formation in the DOS dueto dynami Coulomb orrelations [33℄. Importantprogress was also made with weak-oupling approahesto the Hubbard model [34℄ and the funtional renor-malization group [35; 36℄. In several papers, pseudogapformation was desribed in the framework of the t�Jmodel [37℄. A more general sheme for the inlusionof nonloal orretions was also formulated within theso-alled GW extension to DMFT [38; 39℄. A dynami-al vertex approximation was proposed in [40℄ to studythe Mott�Hubbard transition in the presene of non-loal antiferromagneti orrelations. A Chain-DMFTextension was used to investigate the breakup of theFermi surfae near the Mott transition for the quasi-one-dimensional Hubbard model [41℄.This paper is organized as follows. In Se. 2, wepresent a short introdution to the ab initio self-on-sistent generalized ombined LDA+DMFT+�k shemeto aount for short-range AFM orrelations. Setion 3ontains the Bi2212 material-spei� information: theLDA alulated band struture and details on somemodel parameter alulations. The results and a dis-ussion of LDA+DMFT+�k omputations for Bi2212are presented in Ses. 4 and 5.2. COMPUTATIONAL METHOD1. Introduing a length sale into the DMFT:DMFT+�k approahTo introdue a spatial length sale into the on-ventional DMFT method [13�17℄, we reently proposedthe generalized DMFT+�k approah [3�5℄. The mainassumption of our approah is that the lattie andthe Matsubara �time� Fourier transform of the single-partile Green's funtion an be written asG(!;k) = 1i!+��"(k)��(!)��k(!) ; (1)where �(!) is the loal self-energy of DMFT and �k(!)is some momentum-dependent part. Interferene ef-fets between these parts are negleted. An advantageof our generalized DMFT+�k approah is the addi-tive form of the self-energy in Eq. (1) [3�5℄. It allowskeeping the set of self-onsistent equations of the stan-dard DMFT [13�17℄. But there are two distintions.909



E. Z. Kuhinskii, I. A. Nekrasov, Z. V. Phelkina, M. V. Sadovskii ÆÝÒÔ, òîì 131, âûï. 5, 2007First, at eah DMFT iteration, we realulate theorresponding k-dependent self-energy �k(�; !; [�(!)℄)within some (approximate) sheme, taking interationswith olletive modes or order parameter �utuationsinto aount. Seond, the loal Green's funtion of thee�etive impurity problem is de�ned asGii(!) = 1N Xk 1i!+��"(k)��(!)��k(!) ; (2)at eah step of the standard DMFT proedure.Eventually, we obtain the sought Green's funtionin form (1), where �(!) and �k(!) are those appearingat the end of our iteration proedure.To alulate �k(!) for an eletron moving in therandom �eld of pseudogap �utuations (assumed tobe (quasi) stati and Gaussian, whih is valid at highenough temperatures [21, 22℄) with dominant satter-ing momentum transfers of the order of the harater-isti vetorQ = (�=a; �=a) (where a is the lattie spa-ing) of AFM �utuations (�hot spot� model [1℄), we usethe reursion proedure proposed in Refs. [21; 22; 42℄:�k(!) = �n=1(!;k); (3)where�n(!;k) == �2 s(n)i!+���(!)�"n(k)+invn���n+1(!;k) : (4)The quantity � haraterizes the pseudogap energysale and � = ��1 is the inverse orrelation length ofshort-range SDW �utuations, "n(k) = "(k +Q), andvn = jvxk+Qj+ jvyk+Qj for odd n, while "n(k) = "(k) andvn = jvxkj+ jvykj for even n, with vx;y(p) determined bythe usual momentum derivatives of the �bare� disper-sion "(k), while s(n) represents a ombinatorial fatordetermining the number of Feynman diagrams [21, 22℄.For the (Heisenberg) spin struture of the intera-tion with spin �utuations in a �nearly antiferromag-neti Fermi-liquid� (the spin�fermion (SF) model inRef. [21℄), spin-onserving sattering proesses obeyommensurate ombinatoris, while spin��ip satter-ing is desribed by diagrams of inommensurate type(the �harged� random �eld in Ref. [21℄). In this model,the ombinatorial fator s(n) beomes [21℄s(n) = 8>><>>: n+ 23 for odd n,n3 for even n: (5)Obviously, with this proedure, we introdue animportant length sale � not present in the onven-tional DMFT. Physially, this sale mimis the e�et

of short-range (SDW) �utuations within the fermioni�bath� surrounding the e�etive Anderson impurity ofthe DMFT. We expet suh a length-sale dependeneto lead to a kind of ompetition between loal and non-loal physis.Although we prefer to regard both parameters �and � as phenomenologial (to be determined by �t-ting experiments) [4℄, they an in priniple be alu-lated from the mirosopi model under onsideration.For example, using the two-partile self-onsistent ap-proah in Refs. [23; 43℄ with the approximations intro-dued in Refs. [21, 22℄, we derived the following miro-sopi expression for � [4℄ within the standard Hub-bard model:�2 = U2 hni"ni#in2 h(ni" � ni#)2i; (6)where we onsider only sattering by antiferromagnetispin �utuations. The di�erent loal quantities � thetotal density n, the loal densities ni" and ni#, and thedouble oupany hni"ni#i � an easily be alulatedwithin the standard DMFT [16℄. A detailed derivationof (6) is given in Appendix B in Ref. [4℄. The or-responding mirosopi expressions for the orrelationlength � = ��1 an also be derived within the two-partile self-onsistent approah [23; 43℄. However, weexpet these results for � to be less reliable, beause thisapproah is valid only for relatively small (or medium)values of U=t, as well as in the purely two-dimensionalase, negleting quasi-two-dimensional e�ets, whihare obviously important for uprates. Atually, our al-ulation experiene shows that all the results obtainedbelow are rather weakly dependent on the values of �from the experimentally relevant [1℄ interval (5�10)a.2. Bilayer splitting e�ets: theLDA+DMFT+�k formulationTo perform ab initio alulations for the Bi2212 sys-tem, we use the LDA+DMFT strategy proposed inRefs. [6�10℄. The required bare band dispersion forthe e�etive physially relevant Cu-3d x2 � y2 orbitalin the tight-binding representation is given by"(k) = �2t(os kxa+os kya)�4t0 os kxa oskya�� 2t00(os 2kxa+ os 2kya)�� 2t000(os kxa os 2kya+ os 2kya os kya); (7)where t, t0, t00, and t000 are hopping integrals within �rstfour oordination spheres. The tight-binding equationfor the interlayer dispersion is taken in the formt?(k) = t?4 (os kxa� os kya)2 (8)910



ÆÝÒÔ, òîì 131, âûï. 5, 2007 Pseudogap behavior in Bi2Ca2SrCu2O8 : : :given in Ref. [44℄ with the bilayer splitting equal to 2t?.Beause aounting for bilayer splitting (BS) e�etsin Bi2212 requires an essentially two-band model, weintrodue the bare Hamiltonian in reiproal spae asthe following matrix with respet to (bonding and an-tibonding) band indies:Ĥ(k) =  "(k) t?(k)t?(k) "(k) ! : (9)The loal Green's funtion is then also a matrix,Ĝ(!) == 1N Xk �i! � Ĥ(k) � (�(!) + �k(!))Î��1; (10)where we assume self-energies to be diagonal. In whatfollows, we keep the DMFT part of the problem just asingle-band task. This an be ahieved by taking thediagonal element of (10)eG(!) = 1N Xk G�1(!;k)(G�1(!;k))2 � (t?(k))2 ; (11)where G(!;k) is given by (1). This loal Green's fun-tion eG(!) (whih inludes additive self-energy ontri-butions) now determines our e�etive single-Anderson-impurity problem. We note that beause we work withthe single-band problem, there is no need for double-ounting orretion between LDA and DMFT [8℄.3. LDA BAND STRUCTURE OF Bi2212 ANDEFFECTIVE MODEL PARAMETERSThe Bi2212 ompound has a tetragonal b rys-tal lattie with the symmetry spae group I4=mmm[45�47℄. The main strutural motif for this ompoundis two CuO2 layers displaed lose to eah other inthe unit ell. Using the rystal struture data inRef. [45℄, we performed LDA alulations of the ele-troni band struture within the linearized mu�n-tinorbital (LMTO) basis set [48℄. The obtained bandstruture is in agreement with the one in Ref. [45℄.In Fig. 1, the one-eletron LDA band dispersionalong BZ symmetry lines for Bi2212 is shown. Graylines orrespond to the all-band Hamiltonian. To ex-trat the physially interesting partially �lled x2 � y2orbital of Cu-3d shell Wannier funtions, the projetingmethod [49℄ in the LMTO framework [50℄ was applied.The orresponding dispersion of the e�etive x2 � y2orbital is displayed in Fig. 1 as the blak line.
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Fig. 1. Bi2212 band dispersions alulated withinDFT+LDA (dashed lines) and the e�etive x2 � y2band of the Cu-3d shell obtained by projetion on Wan-nier funtions (solid lines). The Fermi level orrespondsto zeroCalulated energeti model parameters for Bi2212 (eV).The �rst four Cu-Cu inplain hopping integrals t, t0, t00,t000, the interplain hopping value t?, the loal Coulombinteration U , and the pseudogap potential �t t0 t00 t000 t? U ��0:627 0.133 0.061 �0:015 0.03 1.51 0.21To set up the LDA+DMFT+�k lattie problem (2),we must alulate the transfer integrals t, t0, t00, t000, andt? for tight-binding expressions (7) and (8). On the ba-sis of the Wannier funtion projeting method [49℄, weomputed the orresponding hopping integrals with itsLMTO realization [50℄. The obtained values for intra-and interlayer hybridization between x2 � y2 orbital ofdi�erent Cu-sites are listed in the Table. The values oft, t0, t00, and t000 we present are somewhat larger thanthose extrated from the ARPES experiment [51℄. Onthe other hand, our value of t? is muh smaller thanthe experimental one texp? = 0:083 eV [51℄. At the sametime, our alulated value of t? is in good agreementwith other band struture results reported in [52℄. Tak-ing the large di�erene between t? and texp? into a-ount, we further provide LDA+DMFT+�k results forboth these values.The value of the loal Coulomb interation U forthe x2 � y2 orbital was obtained via the onstrainedLDA method [53℄. To sreen this x2 � y2 orbital, weused the rest of the Cu-3d shell of our seleted site, theneighboring inplane Cu sites, and Cu sites from thelosest CuO2 layer. The value found is U = 1:51 eV911



E. Z. Kuhinskii, I. A. Nekrasov, Z. V. Phelkina, M. V. Sadovskii ÆÝÒÔ, òîì 131, âûï. 5, 2007(see the Table).The pseudogap potential � (see Eq. (6))was obtained as desribed in Ref. [4℄ usingLDA+DMFT(NRG) to alulate the set of ou-panies entering (6) (instead of DMFT(QMC) used inRef. [4℄). For given values of hopping integrals and theU value with the hole doping level Æ = 0:15, our �equals 0.21 eV. The value of the orrelation length � isalways taken to be equal to 5 lattie onstants, whihis a typial experimental value [1℄. Temperature entersthrough the NRG part of our sheme and is alwaystaken to be about 255 K. This ompletes the set ofneessary model parameters to start LDA+DMFT+�komputations for Bi2212 (see Se. 2).4. RESULTS AND DISCUSSION1. Bi2212 LDA+DMFT+�k densities of statesThe density of states (DOS) is alulated asN(!) = � 1� Im eG(!); (12)where eG(!) is de�ned by Eq. (11) analytially on-tinued to real frequenies. In Fig. 2, we display theLDA+DMFT and LDA+DMFT+�k DOS for the ef-fetive x2 � y2 orbital of Cu-3d. It is learly seen thatpseudogap �utuations lead to formation of the pseudo-gap in the DOS within 0.2 eV from the Fermi level. In
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Fig. 2. The LDA+DMFT (dashed lines) andLDA+DMFT+�k (solid lines) densities ofstates for Bi2212 for the LDA-alulated valuet? = 0:03 eV (dark urve) and the experimental valuetexp? = 0:083 eV (light urve) (Coulomb interationU = 1:51 eV, �lling n = 0:85, pseudogap potential� = 0:21 eV, orrelation length � = 5a). The insetshows a magni�ed region around the Fermi level

our model, this pseudogap is not tied to the Fermi leveland it is not very pronouned for parameter values usedhere for Bi2212. It is also easy to �nd that for all ourDOS urves, the BS e�ets are most pronouned on thetop of the van Hove singularity, whih is approximately�0:2 eV below the Fermi level (see the inset in Fig. 2for details). Namely, we alulate the DOS for the LDAvalue of BS 0.03 eV (light urve) and the experimen-tal BS value 0.083 eV (dark urve). For the latter, theBS e�ets are obviously stronger. Dashed urves orre-spond to LDA+DMFT results for two di�erent valuesof bilayer splitting. For the LDA+DMFT+�k DOS(solid urves), it is observed that BS e�ets beomeless pronouned (but an still be seen in the ase oftexp? = 0:083 eV). This is aused by a derease in thelifetime due to pseudogap �utuations. Also, the vanHove singularity beomes slightly narrower here dueto self-energy e�ets. We note that the shape of thepseudogap in the DOS is almost independent of the BSe�ets.2. Bi2212 LDA+DMFT+�k quasipartiledispersions and dampingIn the ase of �nite temperature and interationvalues, we de�ne quasipartile dispersions via the posi-tions of maxima of the orresponding spetral funtionsA(!;k) = � 1� Im eG(!;k); (13)where eG(!;k) is de�ned by the summand in (11) an-alytially ontinued to real frequenies, with self-ener-gies and the hemial potential � alulated self-on-sistently as desribed in Se. 2.1.In Figs. 3 and 4, we present the LDA+DMFTand LDA+DMFT+�k quasipartile band dispersions(rosses) for the Bi2212 e�etive x2 � y2 orbital of theCu-3d shell along the symmetry lines in the Brillouinzone (BZ) for t? and texp? . The bakground showsquasipartile damping given by the imaginary part ofthe additive �(!) + �k(!) self-energy. The more in-tensive shading orresponds to the larger damping. Inthe ase of standard LDA+DMFT omputations, withnonloal orretions negleted (Fig. 3), one an learlysee that the damping is uniform over the entire BZ.This is due to the loal nature of the onventionalDMFT. Quasipartiles are well de�ned in a narrow lightregion around the zero energy (Fermi level).When we introdue a spatial inhomogeneity into theDMFT bath within the LDA+DMFT+�k approah,the damping turns out to be muh stronger and onse-quently nonuniform, as an be seen in Fig. 4. Quasi-912
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Fig. 3. The LDA+DMFT quasipartile bands forBi2212 (rosses) along the Brillouin zone high-symmet-ry diretions for the LDA-alulated value t? = 0:03 eV(a) and the experimental value texp? = 0:083 eV (b)(Coulomb interation U = 1:51 eV, �lling n = 0:85).Zero of the bakground (whih is (1=�)Im�(!), the lo-al DMFT self-energy) orresponds to zero dampingpartiles are again well de�ned lose to the Fermi level.But now the ontour plot of the Im[�(!)+�k(!)℄ self-energy (damping) learly shows the so-alled �shadowband�, whih looks like the quasipartile band mirroredwith respet to the zero energy. In Fig. 4, we an alsosee pseudogap formation around the X point. In ourase, the shadow band is formed due to short-rangeAFM �utuations. Close to the X point, BS e�etsare most pronouned. It an be seen that maxima ofA(!;k) belonging to the �shadow band� region are on-served only rather lose to the X point and vanish dueto large damping further away. In the middle of theMG diretion, we observe preformation of an AFM in-sulating gap at the rossing point of the quasipartileand �shadow� bands.
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Fig. 4. The LDA+DMFT+�k quasipartile bands forBi2212 (rosses) along the Brillouin zone high-symmet-ry diretions for the LDA-alulated value t? = 0:03 eV(a) and the experimental value texp? = 0:083 eV (b)(Coulomb interation U = 1:51 eV, �lling n = 0:85,pseudogap potential � = 0:21 eV, orrelation length� = 5a). Zero of the bakground (whih is(1=�)Im[�(!) + �k(!)℄, additive loal and �pseudo-gap� self-energies) orresponds to zero damping3. Bi2212 LDA+DMFT+�k spetral funtionsTo plot the spetral funtions A(!;k) in (13), wehoose k-points along the 1/8th part of the �bare�Fermi surfae within the �rst quadrant of the Brillouinzone for given lattie spetra and �lling. In Fig. 5, theorresponding spetral funtions for di�erent strengthof bilayer splitting are shown.Close to the nodal point (upper urve), the spe-tral funtion in Fig. 5 has a typial Fermi-liquid be-havior, with a rather sharp peak lose to the Fermilevel. In going to the antinodal point (lower urve),�utuations beome stronger and push a sharp peakout of the Fermi level down in energy. Simultaneouslywith the growth of the �utuation strength, damping10 ÆÝÒÔ, âûï. 5 913



E. Z. Kuhinskii, I. A. Nekrasov, Z. V. Phelkina, M. V. Sadovskii ÆÝÒÔ, òîì 131, âûï. 5, 2007

−0.2 0.50.40.30.20.10−0.1 Energy, eV−0.2 0.50.40.30.20.10−0.1 Energy, eV

à

Spetralfuntio
ns−1/πG(k,ω)

Spetralfuntio
ns−1/πG(k,ω)

b

Fig. 5. The LDA+DMFT+�k spetral densities for Bi2212 along the noninterating Fermi surfae in the 1=8th of theBrillouin zone for the LDA-alulated value t? = 0:03 eV (a) and the experimental value texp? = 0:083 eV (b) (Coulombinteration U = 1:51 eV, �lling n = 0:85, pseudogap potential � = 0:21 eV, orrelation length � = 5a)also grows, and hene the peak beomes less intense andmore broad. In the viinity of the �hot spot� (solid line),the shape of A(!;k) is ompletely modi�ed: A(!;k)beomes double-peaked and non-Fermi-liquid-like. Di-retly at the �hot spot�, A(!;k) has two peaks (theseond one is muh less intense) situated symmetriallywith respet to the Fermi level and splitted from eahother by approximately 1:5� [21, 22℄.In the ase of texp? (Fig. 5b), behavior is similar toone for t? (Fig. 5a). However, the bilayer splittingstrength is now big enough to be resolved, and hene apeak�dip�hump struture [2℄ is formed at the edges ofthe pseudogap.4. Bi2212 LDA+DMFT+�k ARPES spetraKnowing A(!;k) in (13) of ourse allows us to al-ulate angle resolved photoemission (ARPES) spetra,whih are the most diret experimental way to observea pseudogap in real ompounds. For that purpose,we only need to multiply our results for the spetralfuntions by the Fermi funtion at the temperature255 K. The resulting LDA+DMFT+�k ARPES spe-tra are presented in Fig. 6. They are again drawn alongthe 1/8th of the noninterating FS from the antinodal(lower urve) to nodal point (upper urve). At the

antinodal point, we �nd a well-de�ned (sharp) quasi-partile peak lose to the Fermi level. In moving to-wards the antinodal point, the damping (widening) ofthis quasipartile peak and its shift to higher bind-ing energies are observed. Suh behavior is typiallyobtained experimentally [2℄. To desribe the peak�dip�hump splitting resolved in experiment [2℄, we taketexp? = 0:083 eV [51℄. Indeed, for texp? , we obtain apronouned peak�dip�hump struture similar to theexperimental one [2℄. It is reognized that our LDA-alulated t? is several times smaller and annot pro-vide an adequate desription of the peak�dip�humpstruture for ARPES data. We note that the inten-sity of the antibonding branh is higher than that ofthe bonding one. This is reversed in experiment. Weattribute this di�erene to the matrix-element e�etsthat are not taken into aount in the present work.In Fig. 7, we ompare the LDA+DMFT+�kARPES spetra and the experimental one in Ref. [54℄for Bi2212 measured along the Fermi surfae. Here,the spetral funtions displayed in Fig. 5 are multipliedby the Fermi funtion at the experimental temperatureT = 140 K and onvoluted with a Gaussian to simulatethe experimental resolution of 16 meV [54℄. All theoret-ial ARPES urves after multipliation and broadeningare normalized to 1. Figure 7 orresponds to the theo-914
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Fig. 6. The LDA+DMFT+�k ARPES spetra for Bi2212 along the noninterating Fermi surfae in the 1=8th of the Brillouinzone for the LDA-alulated value t? = 0:03 eV (a) and the experimental value texp? = 0:083 eV (b). (Coulomb interationU = 1:51 eV, �lling n = 0:85, pseudogap potential � = 0:21 eV, orrelation length � = 5a.) The orresponding spetralfuntion A(!;k) is multiplied by the Fermi funtion at T � 255 K (the temperature of NRG alulations)retial data for t? and texp? values. Both �gures demon-strate a semiquantitative agreement of our theoretialresults with the experiment. A ommon trend for bothpanels is the damping of the quasipartile peak and itsretreat to higher binding energies in moving from thenodal to the antinodal region. Displaements of theo-retial and experimental peaks in Fig. 7a are in a goodquantitative agreement. But theoretial peaks are al-ways a little bit sharper and narrower. We note thatthe left panel demonstrates no BS e�ets. In Fig. 7b,we found a slightly better agreement of intensities dueto a larger BS value texp? . But for the k-values be-tween the �hot spot� and the antinodal point, we have

some lak of spetral weight lose to the Fermi level.Also for these k-values, we observe some reminiseneof the bilayer splitting. After all, we an infer that theBS e�ets do not hange the line shape of our ARPESspetra signi�antly, and we obtain a rather satisfa-tory agreement with the experiment in both ases.5. Bi2212 LDA+DMFT+�k Fermi surfaeIn what follows, we haraterize the renormalizedFermi surfaes by intensity plots of the spetral den-sity at zero frequeny A(! = 0;k) (whih in the free-eletron ase just follow the �bare� Fermi surfae).915 10*
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Fig. 7. Comparison of the LDA+DMFT+�k ARPES spetra (solid lines) for Bi2212 along the noninterating Fermi surfaein the 1=8th of the Brillouin zone for the LDA-alulated value t? = 0:03 eV (a) and the experimental value texp? = 0:083 eV(b) with experimental ARPES (Ref. [54℄) (irles). (Coulomb interation U = 1:51 eV, �lling n = 0:85, pseudogap potential� = 0:21 eV, orrelation length � = 5a.) The orresponding spetral funtion A(!;k) is multiplied by the Fermi funtionat T = 140 K (the temperature of experiment) and broadened with a Gaussian to simulate the experimental resolution of16 meV (Ref. [54℄)In Figs. 8 and 9, we display the thus de�nedLDA+DMFT and LDA+DMFT+�k Fermi surfaes forBi2212. The LDA+DMFT FS has the LDA shape, asit should within the DMFT (see Fig. 8). Slight broad-ening lose to the borders of the BZ is beause of BSe�ets. A nonzero width of the FS (in ontrast to theLDA) omes from a �nite damping due to the inter-ation and temperature. For the LDA+DMFT+�kFS (see Fig. 9), we see signi�ant �destrution� ef-fets in the viinity of the antinodal point indued bypseudogap �utuations. From omparison of the up-per and lower panels in Fig. 9, we onlude that inthe strongly orrelated ase, BS e�ets alone are notenough to desribe the experimentally observed FS �de-strution� lose to the borders of the BZ and the for-

mation of �Fermi ars� around the nodal point, as ob-served in ARPES experiments [2℄. We found that theshape of the Fermi surfae is rather insensitive to theBS strength beause pseudogap �utuations are muhstronger than the bilayer splitting and hide it. How-ever, BS slightly ampli�es pseudogap e�ets at the BZboundaries. Thus, the aount of pseudogap (AFM)�utuations seems to be neessary to desribe the ex-perimental piture.6. Bi2212 LDA+DMFT+�k anisotropy ofstati satteringA strong anisotropy of (quasi) stati sattering wasobserved in the Bi2212 system in ARPES experiments916
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Fig. 8. The LDA+DMFT Fermi surfaes for Bi2212 within the 1=4th of the Brillouin zone (kx and ky in units of �=a) for theLDA-alulated value t? = 0:03 eV (a) and the experimental value texp? = 0:083 eV (b) (Coulomb interation U = 1:51 eV,�lling n = 0:85)917
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Fig. 9. The LDA+DMFT+�k Fermi surfaes for Bi2212 within the 1=4th of the Brillouin zone (kx and ky in inits of�=a) for the LDA-alulated value t? = 0:03 eV (a) and the experimental value texp? = 0:083 eV (b) (Coulomb interationU = 1:51 eV, �lling n = 0:85, pseudogap potential � = 0:21 eV, orrelation length � = 5a)918
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Fig. 10. Comparison of the experimental and the-oretial LDA+DMFT+�k stati sattering a(k) == �(1=�) Im�(0)+�k(0) for Bi2212 within the 1=8thof the Brillouin zone for the LDA-alulated valuet? = 0:03 eV (light urve) and the experimental valuetexp? = 0:083 eV (dark urve) (Coulomb interationU = 1:51 eV, �lling n = 0:85, pseudogap potential� = 0:21 eV, orrelation length � = 5a)in Refs. [54�56℄ and attributed to sattering by planarimpurities [57; 58℄. Here, we show that this e�et anbe naturally explained by (quasi) stati sattering bypseudogap �utuations.Our LDA+DMFT+�k-alulated (quasi)statisattering de�ned as a(k) = �(0) + �k(0) is plottedin Fig. 10, together with the experimental data inRefs. [54; 56℄. Here, k-points are taken along the 1/8thof the noninterating FS. We detet our results tomediate the experimental data in Refs. [54; 56℄, whilethe di�erene between these remains unexplained.In our opinion, the anisotropy of (quasi)stati sat-tering a(k) naturally follows from the anisotropi renor-malization of the eletroni spetrum due to pseudogap�utuations, whih diretly follows from our �hot spot�-like model [21, 22℄.Although the overall behavior is analogous to theone obtained in the experiment, there is a need for fur-ther studies of the possible relevane of matrix-elemente�ets in ARPES, as well as that of additional satter-ing by random stati impurities [5℄.5. CONCLUSIONThe present investigation is aimed at desrib-ing the pseudogap regime of high-T uprateBi2Sr2CaCu2O8�Æ (Bi2212) from �rst priniples.For this purpose, we used a novel generalized ab initioLDA+DMFT+�k hybrid sheme. This sheme is

based on the strategy of the most powerful om-putational tool for real orrelated materials: theloal density approximation (LDA) + dynamialmean-�eld theory (DMFT). We supply the onven-tional LDA+DMFT equations with an additional(momentum-dependent) self-energy �k in the spiritof our reently proposed DMFT+�k approah. The�external� self-energy �k is then hosen to desribenonloal dynamial orrelations indued by short-range olletive Heisenberg-like antiferromagneti spin�utuations (in the stati Gaussian approximationin Refs. [21, 22℄). Neessary Bi2212 material-spei�model parameters for the e�etive x2 � y2 orbital ofthe Cu-3d shell, e.g., the values of intra- and interlayerhopping integrals, the loal Coulomb interationU , and the pseudogap potential � were alulatedwithin the LDA and LDA+DMFT. On the basis ofLDA+DMFT+�k omputations, we obtain densitiesof states, the spetral funtions A(!;k) that allowvisualizing the quasipartile band dispersion anddamping, the Fermi surfae, the anisotropy of statisattering a(k), and the ARPES spetra aountingfor pseudogap and bilayer splitting e�ets for normal(slightly) underdoped Bi2212 (Æ = 0:15). It is foundthat on the DOS level, the BS and pseudogap e�etsare separated in energy and hardly a�et eah other.We showed that LDA+DMFT+�k desribes thestrong sattering at the Brillouin zone boundaries as apure many-body e�et. The LDA+DMFT+�k Fermisurfae in the presene of pseudogap �utuations isalmost insensitive to the BS strength. Therefore,the BS e�ets alone are not enough to desribe theFermi surfae destrution (although amplify it) and anadditional soure of eletron sattering is required (forexample, AFM short-range �utuations). The onlyplae where BS e�ets play a signi�ant role is forma-tion of the experimentally observed peak�dip�humpstruture in ARPES spetra. The LDA-alulatedvalue of bilayer splitting is found to be rather small todesribe this e�et. The results obtained are in a goodsemiqualitative agreement with various reent ARPESexperiments.At present, there are several alternative points ofview on the possible explanation of the Fermi surfaedestrution, formation of shadow Fermi bands, et. Re-ently, the analysis of the e�et of three-dimensionalityon the ARPES spetra was presented for Bi2212 inRef. [59℄. It was shown that in a quasi-two-dimensionalsystem, the weak kz-dispersion an lead to Fermi sur-fae maps similar to those observed in the experiment.This Fermi-surfae broadening mehanism does nothave the many-body origin. The authors of Ref. [60℄919
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