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ORIGIN OF �HOT SPOTS� IN THE PSEUDOGAP REGIMEOF Nd1:85Ce0:15CuO4: AN LDA+DMFT+�k STUDYE. E. Kokorina a, E. Z. Kuhinskii a, I. A. Nekrasov a*, Z. V. Phelkina b,M. V. Sadovskii a**, A. Sekiyama , S. Suga , M. Tsunekawa aInstitute for Eletrophysis, Russian Aademy of Sienes620016, Ekaterinburg, RussiabInstitute for Metal Physis, Russian Aademy of Sienes620219, Ekaterinburg, RussiaGraduate Shool of Engineering Siene, Osaka University,Toyonaka, Osaka 560-8531, JapanReeived April 17, 2008Material-spei� eletroni band struture of the eletron-doped high-T uprate Nd1:85Ce0:15CuO4 (NCCO)is alulated in the pseudogap regime using the reently developed generalized LDA+DMFT+�k sheme. TheLDA/DFT (density-funtional theory within loal density approximation) provides model parameters (hoppingintegral values and loal Coulomb interation strength) for the one-band Hubbard model, whih is solved bythe DMFT (dynamial mean-�eld theory). To take pseudogap �utuations into aount, the LDA+DMFT issupplied with an �external� k-dependent self-energy �k that desribes interation of orrelated onduting ele-trons with nonloal Heisenberg-like antiferromagneti (AFM) spin �utuations responsible for the pseudogapformation. Within this LDA+DMFT+�k approah, we demonstrate the formation of pronouned �hot spots�on the Fermi surfae (FS) map in NCCO, opposite to our reent alulations for Bi2Sr2CaCu2O8�Æ (Bi2212),whih have produed a rather extended region of the FS �destrution�. There are several physial reasons for thisfat: (i) the �hot spots� in NCCO are loated loser to the Brillouin zone enter; (ii) the orrelation length � ofAFM �utuations is longer for NCCO; (iii) the pseudogap potential � is stronger than in Bi2212. Comparisonof our theoretial data with reent bulk-sensitive high-energy angle-resolved photoemission (ARPES) data forNCCO provides good semiquantitative agreement. Based on that omparison, an alternative explanation of thevan Hove singularity at �0:3 eV is proposed. Optial ondutivity for both Bi2212 and NCCO is also alulatedwithin the LDA+DMFT+�k sheme and is ompared with experimental results, demonstrating satisfatoryagreement.PACS: 71.10.Fd, 71.10.Hf, 71.27.+a, 71.30.+h, 74.72.-h1. INTRODUCTIONThere is a good reason to believe that proper de-sription of the pseudogap regime is the avenue ap-proahing the physial nature of high-T superondu-tivity [1℄. Angle-resolved photoemission spetrosopy(ARPES) has been oming along this way very well inreent years. One of the test ompounds for ARPESis the hole-doped Bi2Sr2CaCu2O8�Æ (Bi2212) system.*E-mail: nekrasov�iep.uran.ru**E-mail: sadovski�iep.uran.ru

Another example is the eletron-doped high-T om-pound Nd2�xCexCuO4 (NCCO). There are numer-ous experimental ARPES data on Bi2212 and NCCO(see review [2℄). Fermi surfae (FS) maps, quasipar-tile band dispersions, and even self-energy lineshapeswithin mapping on some models are reliably extratedfrom modern ARPES data [2℄.There are several interesting physial phenomenaassoiated with the pseudogap regime (in the normalunderdoped phase): a partial �destrution� of the FSand folding of band dispersions (shadow bands) forboth ompounds Bi2212 and NCCO [2℄. Despite evi-968



ÆÝÒÔ, òîì 134, âûï. 5 (11), 2008 Origin of �hot spots� in the pseudogap regime : : :dent similarities of experimental observations for thesetwo systems, there is one striking distintion. The FS ofBi2212 has so-alled Fermi �ars� around the (�/2,�/2)point (looking like a part of a noninterating FS), butthe sharply de�ned FS just vanishes towards the Bril-louin zone (BZ) borders. In its turn, NCCO also hasslightly degraded Fermi �ars�, but the noninteratingFS is almost restored in the viinity of BZ borders. Inbetween, there are well known �hot spots��areas of FS�destrution� around the points where the FS intersetsthe umklapp BZ border. These �hot spots� are not ob-served so obviously for Bi2212. The aim of this paperis to show the origin of this NCCO �hot-spot� behavior.At moderate doping, both systems under onsid-eration are usually treated as Mott insulators or, inother words, as strongly orrelated metals. The mod-ern tehnique to solve the Hubbard model is the dy-namial mean-�eld theory (DMFT), whih is exat inin�nitely many dimensions [3℄. However, the quasi-two-dimensional nature of high-T ompounds is wellknown. To overome the loal nature of the DMFT ap-proximation, we reently proposed a semiphenomeno-logial DMFT+�k omputational sheme [4�6℄, wherean additional self-energy �k desribes nonloal orre-lations indued by (quasi)stati short-range olletiveHeisenberg-like antiferromagneti (AFM) spin (pseu-dogap) �utuations [7, 8℄. Assuming the additiveform of the self-energy within the DMFT+�k ap-proah, we an preserve the onventional DMFT self-onsistent set of equations. To take material-spei�properties of both Bi2212 and NCCO into aount,we perform �rst-priniple one-eletron density fun-tional theory alulations within loal density ap-proximation (DFT/LDA) [9℄. The LDA results arethen inorporated into DMFT+�k in aordane withthe LDA+DMFT ideology [10℄. To solve the e�e-tive single-impurity problem of the DMFT, we usethe reliable numerial renormalization-group approah(NRG) [11, 12℄. Suh a ombined LDA+DMFT+�ksheme is by onstrution partiularly suitable for thedesription of eletron properties of real high-T mate-rials at �nite doping in the normal state.The DMFT+�k approah was extensively used re-ently to desribe formation of a pseudogap in thestrongly orrelated metalli regime of the single-bandHubbard model on a square lattie [4�6℄. We havealso generalized the DMFT+�k approah to aountfor stati disorder e�ets [6℄. Later, we derived theDMFT+�k approah to alulate two-partile proper-ties (suh as the optial ondutivity) [13℄. We reentlyused DMFT+�k to analyze the general problem of themetal�insulator transition in strongly disordered and

strongly orrelated systems [14℄.The LDA+DMFT+�k sheme has already beenused to desribe the pseudogap regime in �realisti� al-ulations for Bi2212 [15℄. In this paper, we apply thisapproah to NCCO with the aim to desribe the har-ateristi di�erenes of its eletron struture omparedto Bi2212.This paper is organized as follows. In Se. 2,we present a short introdution into the ab initioself-onsistent generalized ombined LDA+DMFT+�ksheme and its extension taking two-partile properties(optial ondutivity) into aount. Setion 3 ontainsBi2212 and NCCO material-spei� information: theLDA-alulated band struture, Fermi surfaes, anddetails on some model-parameter alulations. Resultsand disussion of the LDA+DMFT+�k alulations forBi2212 and NCCO and omparison with experimentaldata are presented in Se. 4. Setion 5 onludes thispaper with a summary and disussion of some remain-ing problems.2. COMPUTATIONAL METHODTo introdue a spatial length sale (nonloal or-relations) into the onventional DMFT method [3℄,we reently proposed the generalized DMFT+�k ap-proah [4�6℄, with the omputational sheme shownin Fig. 1, whih ontains the �ow diagram of a self-onsistent DMFT+�k set of equations. First, we guesssome initial loal (DMFT) eletron self-energy �(i!).Seond, we ompute (by any available tehnique for thehosen model) the k-dependent �external� self-energy�k(i!), whih an be a funtional of �(i!) in general.Then, negleting the interferene e�ets between theself-energies (whih in fat is the major assumption ofour approah), we an set up and solve a lattie prob-lem of the DMFT (step 3 in Fig. 1). At step 4, we thende�ne an e�etive Anderson single-impurity problem,whih is to be solved by any �impurity solver� to losethe DMFT+�k equations.The additive form of self-energy (at step 3 in Fig. 1)is in fat an advantage of our DMFT+�k approah[4�6℄. It allows preserving the set of self-onsistentequations of the standart DMFT [3℄. However, thereare two distintions from the onventional DMFT.During eah DMFT iteration, we realulate the or-responding k-dependent self-energy �k(�; !; [�(!)℄)within some (approximate) sheme, e.g., taking inter-ations with olletive modes or order parameter �u-tuations into aount, and the loal Green's funtionGii(i!) is �dressed� by �k at eah step. When the969
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�(i!) = G�10 (i!)�G�1d (i!)Solution of effetive single impurity Anderson problemDountilG d=
G ii Gii(i!) = 1N Pk 1i! + �� "(k)� �(i!)� �k(i!)G�10 (i!) = �(i!) +G�1ii(i!)DMFT equationsproblem withinSolution of the lattie

Computation of �external� self-energy �k(i!; �; �(i!))

Fig. 1. Flow diagram of the DMFT+�k self-onsistent loop; ii orresponds to lattie-problem and d to impurity-problemvariablesinput and output Green's funtions (or self-energies),onverge to eah other (with presribed auray), weonsider the obtained solution self-onsistent. Physi-ally, this orresponds to the aount of some �exter-nal� (e.g., pseudogap) �utuations, haraterized by animportant length sale �, into the fermioni �bath� sur-rounding the e�etive Anderson impurity of the usualDMFT.In the present work, �k(!) represents interationof a orrelated eletron with antiferromagneti (AFM)pseudogap �utuations. To alulate �k(!) in the aseof random �eld of pseudogap �utuations (assumed tobe (quasi)stati and Gaussian, whih is valid at suf-�iently high temperatures [7, 8℄) with the dominantsattering momentum transfers of the order of the har-ateristi vetor Q = (�=a; �=a) (where a is the lattieonstant), typial of the AFM �utuations (�hot-spot�model [1℄), we use the reursion proedure proposed inRefs. [7; 8; 16℄, with material-spei� generalizations asdesribed in detail in Refs. [15℄.There are two important parameters haraterizingthe pseudogap regime in our sheme: the pseudogapenergy sale (amplitude) � and the spatial orrelationlength � [8, 15℄. Atually, we prefer to take � and �determined somehow from experiment. However, wean also use ertain model estimates to alulate themmirosopially [5℄. Both approahes are used below.

To alulate the optial ondutivity, we use ourgeneralization of DMFT+�k for alulation of two-partile properties (vertex parts) as desribed in detailin Ref. [13℄, with material-dependent parameters pro-vided by LDA+DMFT+�k and vertex orretions dueto pseudogap �utuations alulated using the reur-sion relations derived in Ref. [17℄3. LDA BANDS AND FS OF NCCO ANDBi2212, EFFECTIVE MODEL PARAMETERSAs the �rst step of our LDA+DMFT+�k hybridsheme, we perform LDA band struture alulations.For both ompounds, the ideal tetragonal b rys-tal lattie with the spae symmetry group I4=mmmis reported (see Ref. [18℄ for Bi2212 and Ref. [19℄ forNCCO). The physially relevant strutural motif forhigh-T materials is the CuO2 plane. There are twoCuO2 planes displaed lose to eah other in the unitell of Bi2212, and just one suh plane for NCCO. Wehave done LDA alulations of the eletron band stru-ture within the linearized mu�n-tin orbital (LMTO)basis set [20℄. The results are presented as thin lines inFig. 2. Our band strutures agree well with previousworks Ref. [21℄ and Ref. [22℄ for Bi and Nd ompoundsrespetively.970



ÆÝÒÔ, òîì 134, âûï. 5 (11), 2008 Origin of �hot spots� in the pseudogap regime : : :Calulated energy model parameters for Bi2212 and NCCO (eV). The �rst four Cu�Cu in-plain hopping integrals t, t0,t00, t000, the interplain hopping value t?, the loal Coulomb interation U , and the pseudogap potential �t t0 t00 t000 t? U �Bi2212 �0:627 0.133 0.061 �0:015 0.083 1.51 0.21NCCO �0:44 0.153 0.063 �0:0096 � 1.1 0.36
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Fig. 2. LDA bands (thin lines) for Bi2212 (left) andNCCO (right) along the BZ high-symmetry diretions.For both panels, thik lines orrespond to the e�etivex2�y2 symmetry Wannier-like state dispersions. Zeroenergy orresponds to the Fermi levelTo alulate hopping integral values for the Bisystem, we used the Wannier-funtion projetingmethod [23℄ in the LMTO framework [24℄. Hoppingintegrals of the Nd ompound were obtained by usingthe so-alled NMTO method [25℄ (see Table). Valuesof hopping integrals omputed by these two methodsagree well for the respetive ompounds [26℄. In Fig. 2,the thik line shows the dispersion of the e�etivex2�y2 Wannier-like orbital that rosses the Fermi leveland is most interesting physially. These dispersionsorrespond to hopping integral values (tight-bindingparameters) given in the Table.
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Fig. 3. LDA-alulated Fermi surfaes for Bi2212 (left)and NCCO (right) in a quarter of the BZ. Diagonalline orresponds to the (AFM) umklapp sattering sur-faeFigure 3 ontains noninterating LDA Fermi sur-faes (FS) in the (kx; ky) plane for a quarter of the�rst BZ. The shape of these FS is de�ned by the tight-binding parameters in the Table. The diagonal lineorresponds to the AFM-folded BZ border. In theleft panel for Bi2212, we an see two FS sheets. Thisis aused by �nite hopping between two neighboringCuO2 layers, the so-alled bilayer splitting. The valuet? is given in the Table. The simplest tight-binding ex-pression for the bilayer splitting derived in [27℄ is usedin our alulations (see Ref. [15℄ for the details).It is important to note the �hot-spot� positions (in-tersetions of the FS with the AFM umklapp surfae)for both materials. It is (0.47,2.66)�=a for Bi2212 and(0.95,2.19)�=a for NCCO, whene we an see that the�hot spots� are loated farther away from the BZ bor-der in NCCO than in Bi2212. We reall that pseudo-gap �utuations satter eletrons from the viinity ofone �hot spot� to the viinity of another, i.e., by thesattering vetor of the order of Q. The e�etive sat-tering area around the �hot spot� is determined by theinverse orrelation length ��1 of these �utuations. Wealso reall that the (�=a,0) point is surrounded by fourBZ from di�erent sides. Consequently, if a �hot spot� isloser to (�=a,0) and � is small enough, the FS is �de-stroyed� in a rather wide region lose to the BZ borderrossings. We an therefore expet �hot spots� to be971



E. E. Kokorina, E. Z. Kuhinskii, I. A. Nekrasov et al. ÆÝÒÔ, òîì 134, âûï. 5 (11), 2008observed more expliitly for NCCO, while the part ofthe FS lose to the BZ border rossings be less a�etedby pseudogap �utuations in ontrast to Bi2212.The values of the loal Coulomb interation U forthe x2�y2 orbital were obtained by a onstrained LDAmethod [28℄ (see the Table for the values). These valuesare of the order of 2�3t for both systems. It is in fatquite a bit smaller than the values many people believeshould be used in model alulations (usually about4�6t; see, e.g., Ref. [29℄). We note that due to a di�er-ent orbital set that provides sreening of the Coulombinteration value U on the Cu-3d shell for the problemunder disussion, we obtain smaller values of U in om-parison, e.g., with Ref. [26℄. At the same time, our pre-vious experiene with onstrained LDA omputationsshows that they give reasonable estimates for the Uvalue in a number of other oxides [30℄. However, to fur-ther analyze the in�uene of the U value on observablequantities, we performed additional LDA+DMFT+�komputations for inreased values of U . A short disus-sion of the results is given in Se. 5. The values of �for both systems were alulated as proposed in Ref. [5℄(the Table) (see the Appendix for more details). Theorrelation length � was taken from experiments, i.e.,� � 10a for Bi2212 [1℄ and � � 50a for NCCO [31℄.4. NCCO VS. Bi2212 LDA+DMFT+�kRESULTS AND EXPERIMENTAL DATAA. Quasipartile DispersionsFinite temperatures and interations lead to �nitelife-time e�ets in general. Therefore, instead of quasi-partile dispersions expressed by the usual dispersionurves (as in DFT/LDA, for example), in Fig. 4 we dis-play ontour plots of the orresponding spetral fun-tions A(!;k): A(!;k) = � 1� ImG(!;k); (1)whereG(!;k) is the retarded Green's funtion obtainedvia our LDA+DMFT+�k sheme (shown in Fig. 1)with an appropriate analyti ontinuation to real fre-quenies.Prima faie, both ompounds Bi2212 (the up-per panel in Fig. 4) and NCCO (the lower panel inFig. 4) have similar quasipartile bands. There aretwo bands in eah ase instead of just one in the aseof DFT/LDA. Of these, the broadest and most in-tensive band predominantly follows the noninterat-ing DFT/LDA band (see Fig. 2). The seond bandin our ase is an AFM-like re�ex (shadow band) of the
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Fig. 5. Comparison of the e�etive LDA x2�y2 bands(upper panel) and the LDA+DMFT+�k quasipartiledispersions (lower panel) for Bi2212 and NCCO alongthe BZ high-symmetry diretions. Zero energy orre-sponds to the Fermi levelquasipartial bands (lower panel) for both Bi2212 andNCCO. Quasipartile bands on the lower panel in Fig. 5represent the positions of the maxima of spetral fun-tions shown in Fig. 4. In Bi2212, the shadow bandand the quasipartile band interset eah other at the�hot spot� lose to the X point. In NCCO, there isno suh intersetion, but the shadow and quasiparti-le bands are quite parallel around the X point. Closeto (�=2a,�=2a), we observe a kind of preursor of thedieletri AFM gap. Nothing of that sort is observedfor Bi2212. We also note that the alulated shadowband is atually an order of magnitude less intensive inBi2212 than in NCCO.B. Spetral FuntionsFigure 6 displays LDA+DMFT+�k spetral fun-tions (1) along a 1/8 of the noninterating FS fromthe nodal point (top urve) to the antinodal one (bot-tom urve) (the respetive points A and B in Fig. 3).

Data for Bi2212 are given in the left panel, and forNCCO in the right panel in Fig. 6. For both om-pounds, the antinodal quasipartiles are well-de�ned,shown by a sharp peak lose to the Fermi level. In ap-proahing the nodal point, the quasipartile dampinginreases and the peak shifts towards higher bindingenergies. This behavior is on�rmed by experimentsin Refs. [33, 34℄ (see Ref. [35℄ for a brief omparisonwith experiment). Again, there are some di�erenesbetween these two ompounds. As we have noted, �hotspots� for NCCO are loser to the BZ enter. In Fig. 5,we an see this from the position of the dashed line,whih orresponds to the �hot-spot� k-point. Thus an-other explanation of the peaks an be given. Namely,for Bi2212, nodal quasipartiles are formed by the low-energy edge of the pseudogap and for NCCO, they areformed by the higher-energy pseudogap edge. Also,there are obviously no bilayer splitting e�ets in NCCOthat are seen for Bi2212 (left panel in Fig. 6).C. Comparison with ARPES DataIn Fig. 7, the LDA+DMFT+�k FS maps on a quar-ter of the BZ for Bi2212 (upper left) and NCCO (upperright) are presented. The upper parts of Fig. 7 are justa ontour plot of the spetral funtions in Fig. 6. Theabove-mentioned signi�ant FS �destrution� ourringbeause of pseudogap �utuations lose to the BZ bor-ders is learly seen for Bi2212. On the ontrary, theNCCO FS is almost restored in the viinities of theBZ border. Vie versa, a Fermi �ar� is quite sharp forBi2212 and is rather degraded for NCCO. That is againa onsequene of the �hot spots� being loser to the BZenter for NCCO. A slightly larger value of the pseu-dogap potential � also works towads the Fermi �ar�smearing in NCCO. It is signi�ant to say that shadowFS are ome to hand. The shadow FS is found to bemore intensive for NCCO.Qualitatively speaking, very similar FS shapes areobserved experimentally for both Bi (Ref. [36℄) andNd (Ref. [33℄) ompounds (lower parts of Fig. 7). Inour opinion, suh FS maps have a material-spei� ori-gin. The LDA-alulated FS of NCCO has a largerurvature (left panel of Fig. 3) and intersets the BZboundary away from the (�=a,0) point, thus remainingnearly noninterating, but the Bi2212 FS approahesthe BZ border muh loser to the (�=a,0) point (rightpanel of Fig. 3). Therefore, �hot spots� are not seen inBi2212. They are spread by strong pseudogap satter-ing proesses near the (�=a,0) point. A larger orrela-tion length for NCCO is also favorable for more evident�hot spots�.973
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Fig. 6. LDA+DMFT+�k spetral funtions for Bi2212 (left panel) and NCCO (right panel) along the noninterating FSin a 1=8 of the BZ. The dashed line orresponds to �hot spots�In Fig. 8, we present the LDA+DMFT+�kdata in omparison with the reent high-energybulk-sensitive angle-resolved photoemission data forNd1:85Ce0:15CuO4. For the details of experiment, werefer the reader to Ref. [37℄. The lower panel of Fig. 8shows intensity plots along the high-symmetry linesfor NCCO obtained by high-h� ARPES. The upperpanel in Fig. 8 is part of Fig. 4. To obtain a betteragreement with this ARPES experiment, we hangedthe theoretial Fermi level by 0.2 eV.We see quite a good agreement between theLDA+DMFT+�k and experimental data. For theM � � diretion, there is not very muh going on. Ba-sially, we see a very intensive quasipartile band bothin theory and in experiment. For the M � � dire-tion, the low-intensity shadow band is not resolved inexperiment.A more interesting situation is observed for� � X � M diretions. At the � point, there is aband in the experiment starting at about �1:2 eV. Itis rather intensive and inreases in energy. Suddenly,the intensity beomes almost zero at about �0:3 eV.Then in the viinity of the X point, the intensity againinreases. In the X � M diretion, around �0:3 eVon the right side of the X point, there is also a regionof quite high intensity. At a �rst glane, this may

seen to be the same band with matrix element e�etsgoverning the intensity. But looking at the rightpanel in Fig. 5 (see the orresponding disussion inSe. 4A), we an realize that this low-intensity regionis the forbidden gap between shadow and quasipartilebands. The �horseshoe� around the X point is formedby the shadow band on the left and the quasipartileband on the right for the upper branh and other wayround for the lower branh. This is also easily seen inFig. 4 and the upper panel in Fig. 8. Consequently,there are also intensive shadow FS sheets around the(�=a,0) point in Fig. 7 (upper right panel). Ratherintensive nondispersing states at about �1:0 eV withinthe experimental data an be presumably assoiatedwith the lower Hubbard band and a possible admix-ture of some oxygen states. We also suppose thatthe high intensity at �0:3 eV for the X point maybe interpreted as a van Hove singularity not of thebare dispersion [22℄ but of the high-energy pseudogapbranh.D. Comparison with Optial DataOur reent generalization of the LDA+DMFT+�ksheme inorporating two-partile properties [13℄ al-lows analyzing optial ondutivity of the Bi and Nd974
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