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CONSISTENT LDA0+DMFT APPROACH TO THE ELECTRONICSTRUCTURE OF TRANSITION METAL OXIDES: CHARGETRANSFER INSULATORS AND CORRELATED METALSI. A. Nekrasov a*, N. S. Pavlov a, M. V. Sadovskii a;baInstitute for Eletrophysis, Ural Branh, Russian Aademy of Sienes620016, Ekaterinburg, RussiabInstitute for Metal Physis, Ural Branh, Russian Aademy of Sienes620990, Ekaterinburg, RussiaReeived Otober 1, 2012We disuss the reently proposed LDA0+DMFT approah providing a onsistent parameter-free treatment ofthe so-alled double ounting problem arising within the LDA+DMFT hybrid omputational method for realististrongly orrelated materials. In this approah, the loal exhange-orrelation portion of the eletron�eletron in-teration is exluded from self-onsistent LDA alulations for strongly orrelated eletroni shells, e. g., d-statesof transition metal ompounds. Then, the orresponding double-ounting term in the LDA0+DMFT Hamilto-nian is onsistently set in the loal Hartree (fully loalized limit, FLL) form of the Hubbard model interationterm. We present the results of extensive LDA0+DMFT alulations of densities of states, spetral densities,and optial ondutivity for most typial representatives of two wide lasses of strongly orrelated systemsin the paramagneti phase: harge transfer insulators (MnO, CoO, and NiO) and strongly orrelated metals(SrVO3 and Sr2RuO4). It is shown that for NiO and CoO systems, the LDA0+DMFT approah qualitativelyimproves the onventional LDA+DMFT results with the FLL type of double ounting, where CoO and NiO wereobtained to be metals. Our alulations also inlude transition-metal 4s-states loated near the Fermi level,missed in previous LDA+DMFT studies of these monooxides. General agreement with optial and the X-rayexperiments is obtained. For strongly orrelated metals, the LDA0+DMFT results agree well with the earlierLDA+DMFT alulations and existing experiments. However, in general, LDA0+DMFT results give betterquantitative agreement with experimental data for band gap sizes and oxygen-state positions ompared to theonventional LDA+DMFT method.DOI: 10.7868/S00444510130401131. INTRODUCTIONDuring last deade, the LDA+DMFT method (lo-al density approximation + dynamial mean-�eld the-ory) beame probably the most powerful tool for al-ulating eletroni struture of real strongly orrelatedmaterials [1�7℄. This approah typially onsists oftwo omputation steps. First, LDA alulations areused to obtain the noninterating Hamiltonian ĤLDAthat rather aurately desribes the kineti energy (andto some extent takes eletroni interations into a-ount). Seond, the loal Coulomb (Hubbard) inter-ation ĤHub is introdued into the lattie problem de-*E-mail: nekrasov�iep.uran.ru

�ned by ĤLDA for those eletroni shells that are sup-posed to be strongly orrelated. A generalized Hub-bard model thus obtained is solved numerially usingDMFT. Some attempts to organize a feedbak from theDMFT step to LDA alulations to ahieve a fully self-onsistent LDA+DMFT method are also known andmay be important for some physial problems [8℄.The double ounting problem arises in the stan-dard LDA+DMFT method beause some part of theloal eletron�eletron interation for orrelated shellsis atually aounted for by ĤLDA. To avoid thisdouble ounting, it is neessary to subtrat a ertainorretion term ĤDC from ĤLDA. Then, the formalLDA+DMFT Hamiltonian is written asĤ = ĤLDA + ĤHub � ĤDC : (1)In orbital spae, ĤDC is the diagonal matrix with713



I. A. Nekrasov, N. S. Pavlov, M. V. Sadovskii ÆÝÒÔ, òîì 143, âûï. 4, 2013nonzero and equal matrix elements Ed for the atomishells that are assumed to be strongly orrelated (e. g.,d or f shells or their subshells). This beomes moretransparent if we onsider the orresponding Green'sfuntion for the Hubbard model:Ĝij(kE) = h(E � �)Î �HLDAij (k) �� (�(kE)�Ed) ÆidÆjd℄�1 ; (2)where Î is the unit matrix in the orbital spae, � isthe hemial potential, �(kE) is the self-energy orre-sponding to the loal Coulomb (Hubbard) interation,[: : : ℄�1 denotes matrix inversion, and the index d de-notes orrelated states for whih the Coulomb (Hub-bard) interation is taken into aount.It follows from Eq. (2) that if ĤLDA ontains onlythe ontribution of interating d-orbitals, Ed reduesto a trivial renormalization of the hemial potential�. Then, stritly speaking, there is no double ountingproblem at all. Beause of this many of the early works(listed, e. g., in reviews [2; 4�7℄), exept, probably, the�rst paper on LDA+DMFT [1℄ and a few others, justdropped the double-ounting orretion term. Only af-ter the LDA+DMFT ommunity started ative stud-ies of multiband ĤLDA Hamiltonians with both orre-lated and nonorrelated states inluded, the problem ofthe orret implementation of ĤDC beame important.Now, there are dozens of works devoted to multibandLDA+DMFT studies. Important lasses of materialsinvestigated an be listed as follows.1. Transition metal oxides (LaTiO3, (Sr,Ca)VO3,V2O3, VO2, CrO2, LaMnO3, NiO, MnO, CoO, FeO,LaCoO3, TiOCl, Tl2Mn2O7, LaNiO3, (Ca,Sr)2RuO4,and Na0:3CoO2).2. Elemental transition metals and nonoxide transi-tion metal ompounds (Cr, Mn, Fe, Ni, Co, multilayers(CrAs)/(GaAs), NiMnSb, Co2MnSi, CrAs, VAs, ErAs,Ni(S,Se)2, and KCuF3).3. Elemental f -eletron materials and their om-pounds (Ce, Pu, Am, Ce2O3, Pu2O3, USe, UTe, PuSe,PuTe, PuCoGa5, URu2Si2, CeIrIn5, CeCoIn5, andCeRhIn5).4. Nanomaterials (Ni�Cu nanoontats and nano-eletrodes).5. High-temperature opper superondutors((Sr,La)2CuO4, (Pr,Ce)2CuO4, Bi2Ca2SrCuO8, et.).6. Superonduting iron pnitides (LaFeAsO,CeFeAsP, LiFeAs, BaFe2As2, et.).These systems show a large variety of physial ef-fets. Among them, there are strongly orrelated met-als, Mott and harge transfer insulators, ferromagnetsand antiferromagnets, superondutors, et. However,

there is urrently no universal and unambiguous ex-pression for ĤDC , and di�erent formulations are usedfor di�erent lasses of materials.In this paper, we present the results of extensiveappliation of our reently proposed LDA0+DMFT ap-proah [13℄ to harge-transfer insulators MnO, CoO,and NiO and strongly orrelated metals SrVO3 andSr2RuO4, onfronted to onventional LDA+DMFT re-sults and some experiments. The paper has the fol-lowing struture. In Se. 2, we present an overviewof di�erent de�nitions of ĤDC . The novel onsistentLDA0+DMFT method is desribed in Se. 3. LDA andLDA0 band strutures, total and partial densities ofstates, and spetral density maps and optial ondu-tivity LDA0+DMFT results for prototype harge trans-fer insulators MnO, NiO, and CoO are presented inSe. 4 and are ompared with the results of the onven-tional LDA+DMFT approah. These results are fur-ther ompared with experimental data on X-ray spe-trosopy and optial ondutivity. In Se. 5, we disussLDA and LDA0 band strutures for orrelated metal-li system prototypes SrVO3 and Sr2RuO4. Then, theLDA+DMFT and LDA0+DMFT results are omparedwith eah other and with experimental photoemissionand absorption spetra. We end with the onlusionsin Se. 6.2. REVIEW OF DIFFERENT FORMULATIONSFOR ĤDCTo derive an expression for ĤDC , we examine theĤLDA and ĤHub terms in Eq. (1). The LDA part ofHamiltonian (1) is given byĤLDA = � ~22me�+ Vion(r) ++ Z d3r0 �(r0)Vee(r� r0) + ÆELDAx (�)Æ�(r) ; (3)where � is the Laplae operator, me the eletron mass,e the eletron harge, andVion(r) = �e2Xi Zijr�Rij ;Vee(r� r0) = e22 Xr6=r0 1jr� r0j (4)are respetively the one-partile potential due to allions i with harges eZi at given positions Ri, and theeletron�eletron interation.The ELDAx (�(r)) term in Eq. (3) is a funtion ofthe loal harge density and approximates the true714



ÆÝÒÔ, òîì 143, âûï. 4, 2013 Consistent LDA0+DMFT approah : : :exhange orrelation funtional Ex[�℄ of the densityfuntional theory within the loal density approxima-tion [9℄. The expliit expression for ELDAx (�(r)) is usu-ally derived from the perturbation theory [10℄ or nu-merial simulations [11℄ of the �jellium� model withVion(r) = onst. Obtaining the value of the loalharge density requires hoosing some basis set of one-partile wave funtions 'i (e. g., performing pratialalulations and expliitly expressing matrix elementsof Hamiltonian (3)), in terms of whih �(r) is writtenas �(r) = NXi=1 j'i(r)j2: (5)The Hubbard-like (loal) interation term inludingthe diret Coulomb interation and exhange Coulombinteration ontributions in the density�density form iswritten asĤHub = UXm Xi n̂im"n̂im# ++Xi Xm 6=m0X��0 (U 0 � Æ��0J) n̂im�n̂im0�0 ; (6)where the index i enumerates lattie sites, m denotesorbitals, and � the spin; U represents the loal intra-orbital Coulomb repulsion and J is the z-omponentof Hund's rule oupling between the strongly orre-lated eletrons (e. g., d-states, enumerated by i = idand l = ld). Rotational invariane then �xes the lo-al inter-orbital Coulomb repulsion U 0 = U � 2J [12℄.The values of U and J are usually obtained from on-strained LDA [16℄ or onstrained RPA (random phaseapproximation) [17℄ proedures. A numerially exatsolution of the Hubbard Hamiltonian (a simpli�ed ki-neti term plus the ĤHub term) an be obtained withinthe DMFT approximation.The Hamiltonian ĤLDA ontains loal eletron�eletron orrelations through the exhange orrelationenergy (taken in the form valid for a homogeneous ele-troni gas) and the density�density ontribution of theHartree term. In its turn, DMFT provides the numer-ial solution of the Hubbard model (exat in in�nitelymany dimensions). It is therefore lear that before sub-stituting ĤLDA in DMFT lattie problem (2), we mustsubtrat ertain double-ounting orretion term ĤDCfrom ĤLDA. The double ounting problem arises be-ause there is no expliit mirosopi or diagrammatirelation between the model (Hubbard-like) Hamilto-nian approah and the LDA. There is apparently nopossibility to give a rigorous expression for ĤDC interms of U , J , and �. Several ad ho expressions

for ĤDC and approahes to treat the double ount-ing problem exist in the urrent literature. Below, webrie�y disuss some of these derivations.Perhaps for the �rst time, the problem of doubleounting ourred in an attempt to merge the LDA andthe Hubbard model within the LDA+U method [14℄,where the so-alled �around mean-�eld� (AMF) de�ni-tion of ĤDC was initially postulated. This de�nitionomes from the assumption that the LDA is a kind of�mean-�eld� solution of the Hubbard-like problem inEq. (6). The de�nition in Ref. [14℄ was subsequentlygeneralized to the spin-dependent (LSDA) ase (andeven more generally to the matrix form of Coulombinteration). After this, the spin-dependent generaliza-tion of the orresponding AMF expression an be givenasĤDCAMF = 12UX� nd�(nd � n0�)�� 12JX� nd�(nd� � n0�) (7)with the average oupaniesn0 = 12(2l+ 1)Xm;� nm� ; n0� = 1(2l+ 1)Xm nm�and the total number of eletrons on interating or-bitals (per spin projetion)nd� =Xm nildm� =Xm hn̂ildm�iand nd =P� nd�, originally supposed to be found fromLDA alulations. The drawbak of the AMF is theequal oupany of all orbitals, whih is not orreteven for weakly orrelated systems beause, e. g., ofrystal �eld splitting. However, a ouple of the modernLDA+DMFT works reported reasonable results withan AMF-like double-ounting orretion term. Ap-parently, the AMF double ounting orretion worksrather well for moderately orrelated metalli systems.Some modi�ations of Eq. (7) were given in Refs. [18℄and applied to LDA+DMFT alulations for harge-transfer insulators.Later on, the fully loalized (or atomi) limit (FLL)expression for ĤDC was introdued in Refs. [15; 19℄(with the �rst appliation to LDA+DMFT alulationsin Ref. [1℄):ĤDCFLL = 12Und(nd � 1)� 12JX� nd�(nd� � 1): (8)Equation (8) atually represents the Hartree deou-pling of Hubbard-model interation term (6): the de-oupling of the density�density term n̂in̂j and not the715



I. A. Nekrasov, N. S. Pavlov, M. V. Sadovskii ÆÝÒÔ, òîì 143, âûï. 4, 2013full four-operator term ̂yi ̂yj ̂ôl. Hene, stritly speak-ing, there is no Fok-type ontribution in Eq. (8) be-ause Hund exhange is represented in Eq. (6) in thedensity�density form, although Hund oupling value Jhas the �exhange nature�. It is quite often misinter-preted as being due to the �true� Hartree�Fok deou-pling of the ̂yi ̂yj ̂ôl term.The FLL expression in the ontext of LDA+DMFTalulations was used in the majority of modern works.It works reasonably well for both metalli and insulat-ing strongly orrelated materials. Reently, some mod-i�ations of the FLL were proposed in Refs. [20; 21℄.These modi�ations are typially used for quantitativeimprovements of LDA+DMFT results for partiularompounds. Some kind of an AMF and FLL �hybridsheme� was used in Ref. [22℄ for �-Fe.An alternative way to derive or guess the ĤDC termis to express it through the harateristis of an in-trinsi DMFT single-impurity problem, suh as the im-purity self-energy �impmm0 or the impurity Green's fun-tion Gimpmm0 . A popular way is to de�ne the doublyounted energy as the stati part of the impurity self-energy [23℄: Ed = 12 Tr� ��imp� (0)� : (9)Some LDA+DMFT papers used this de�nition in alu-lations of metalli magneti and nonmagneti systems.From the very beginning, this type of double ountingorretion was also exploited within the GW+DMFTapproah [24℄.The Hartree energy an be determined from theLDA+DMFT self-energy as its real part in the high-frequeny limit. In Ref. [27℄, it was proposed to usethe Hartree energy thus de�ned as a double ountingorretion, using the onstraintReTr��impmm0(i!N)� = 0; (10)where !N is the highest Matsubara frequeny used inalulations. A physially similar de�nition of the dou-ble ounting term Ed = �(! !1) was suessfullyapplied to metalli ferromagnet SrCoO3 in Ref. [25℄.For metalli systems, it was suggested to �x thedouble ounting orretion by equating the numbersof partiles in the noninterating problem and in theimpurity problem, expressed via the orrespondingGreen's funtions [26℄:Tr Gimpmm0(�) = Tr G0;lomm0(�); (11)where G0;lomm0 is the loal noninterating Green's fun-tion. Some LDA+DMFT works treated the double

ounting energy Ed as a free parameter. The authorsof Ref. [27℄ found that most of the ĤDC terms proposedin the literature are not ompletely satisfatory in thease of harge transfer insulator NiO and proposed anumerial way to de�ne the neessary double ountingorretion.Another possible solution of the double ountingproblem is to perform Hartree+DMFT or Hartree�Fok+DMFT alulations [28℄. In performing Hartree�Fok band-struture alulations for real materials, wedo exatly know what portion of interation is inluded.Beause diagrammati expressions for the Hartree orHartree�Fok terms are well known, one an alulatethem diretly and obtain the double ounting orre-tion energy expliitly. However, we are unaware of anyHartree+DMFT or Hartree�Fok+DMFT alulationsfor real materials.A totally independent branh of ab initio DMFTalulations is the GW+DMFTmethod, where, insteadof the density funtional theory, the so alled hain ofHedin equations is used, trunated in a simplest man-ner by negleting vertex orretions (see Ref. [24; 29℄ fora review). Beause of the purely diagrammati natureof the GW method, there is a natural way to alu-late the loal part of the orresponding Hartree on-tribution, whih an be used as the double ountingorretion term for GW+DMFT [29℄.3. CONSISTENT LDA0+DMFT APPROACHReently, we proposed the LDA0+DMFT approah,whih de�nes a onsistent parameter-free way to avoidthe double ounting problem [13℄. The main idea isto expliitly exlude the exhange-orrelation energyfrom self-onsistent LDA alulations only for orre-lated bands. As desribed above, the main obstaleto expressing the double ounting term exatly is theexhange-orrelationELDAx (�(r)) portion of interationwithin the LDA. It therefore seems somehow inonsis-tent to use it to desribe orrelation e�ets in narrow(strongly orrelated) bands from the very beginning,beause these should be treated via more elaborateshemes like DMFT. To overome this di�ulty forthese states, we propose to rede�ne harge density (5)in ELDAx as �0(r) = Xi 6=id j'i(r)j2; (12)exluding the ontribution of the density of stronglyorrelated eletrons.In priniple, ELDAx is not an additive funtion ofharge density. Hene, splitting the harge density into716



ÆÝÒÔ, òîì 143, âûï. 4, 2013 Consistent LDA0+DMFT approah : : :two parts may lead to some loss of hybridization be-tween orrelated and unorrelated states. However, aswe show below, this approximation is rather good. Wesee in what follows that LDA0 bands pratially do nothange their shape with respet to LDA ones for allonsidered systems. This suggests that �hybridization�is almost una�eted by LDA0. The main e�et is an in-rease in the splitting between oxygen 2p and metal 3dstates. It omes from the more repulsive potential ap-pearing in the LDA0 ase beause part of the exhangeorrelation energy is then exluded.The rede�ned �0(r) in Eq. (12) is next used toobtain ELDAx and perform self-onsistent LDA0 bandstruture alulations for orrelated bands. Just theHartree ontribution, Eq. (3), to the interation for or-related states is then left at the LDA0 stage. The dou-ble ounting orretion term should therefore be on-sistently taken in the form of the Hartree-like term inEq. (8). This de�nition of HDCFLL also does not have anyfree parameters. Atually, our approah is in preiseorrespondene with the standard de�nition of orre-lations as interation orretions �above� the Hartree�Fok level. At the same time, all other states (notounted as strongly orrelated) are to be treated withthe full power of DFT/LDA and the full � in ELDAx .Although the LDA0+DMFT method is apparentlymost onsistent with the use of the FLL type of dou-ble ounting, in priniple all de�nitions of HDC men-tioned above an also be used within LDA0+DMFT.Also, there is another �degree of freedom left�: the o-upany nd used in the FLL equation, either an beobtained from LDA or LDA0 results, or an be al-ulated self onsistently during the DMFT loop. Weused all these variants in our alulations for di�er-ent ompounds presented below. The orrespondingvalues of Ed are listed in Table. We use the nota-tion FLL(SC) for the self-onsistently alulated ndand FLL(LDA) for nd alulated from LDA or LDA0.In general, the FLL(SC) and FLL(LDA) results donot di�er very muh from eah other, exept for thease of CoO (see below). However, the FLL(SC) al-ulation gives a slightly better agreement with exper-iments. Most Figures presented below are plotted forthe FLL(SC) ase. We observed that FLL(SC) alula-tions require more omputational time than FLL(LDA)ones.Therefore, our onsistent LDA0+DMFT approahis a kind of ompromise between Hartree�Fok andDFT/LDA starting points to be followed by DMFTalulations. It was demonstrated in Ref. [13℄ that thisLDA0+DMFT method works perfetly for the insulat-ing NiO system, diretly produing the harge-transfer
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I. A. Nekrasov, N. S. Pavlov, M. V. Sadovskii ÆÝÒÔ, òîì 143, âûï. 4, 2013Table. LDA and LDA0 oupanies and the orresponding values of the LDA+DMFT and LDA0+DMFT double-ountingterms (eV) for systems under onsiderationCompound nLDA nLDA0 LDA+DMFTFLL(LDA) LDA+DMFTFLL(SC) LDA0+DMFTFLL(LDA) LDA0+DMFTFLL(SC)SrVO3 2.61 2.44 12.33 11.99 10.35 10.92Sr2RuO4 5.65 5.39 14.32 14.60 12.92 13.73MnO 5.59 5.43 39.05 35.49 36.62 35.30CoO 7.60 7.41 54.28 50.90 51.42 50.49NiO 8.54 8.34 60.90 62.01 57.91 58.13earized mu�n-tin orbitals (LMTO) [30℄ was used. Inthe orresponding program pakage TB-LMTO v.47,ELDAx was taken in the von Barth�Hedin form [10℄.Total and partial densities of states (DOS) togetherwith band dispersions an be seen in Fig. 1 for LDA(dashed lines) and LDA0 (solid lines). Figure 1 showsMnO, CoO, and NiO systems from top down. As re-ported earlier for NiO [13℄, the LDA0 approah hangesthe harge transfer energy jEd�Epj, where Ed and Epare, roughly speaking, one-eletron energy positions oftransition-metal 3d and O-2p bands. In Fig. 1, thesame tendeny for MnO and CoO oxides an be seen.For MnO, it inreases by about 0.5 eV and for CoO,by about 1 eV, similar to NiO. An almost rigid shift ofthe O-2p bands down in energy is observed here, whiletransition-metal 3d states remain almost the same nearthe Fermi level.We note that to our knowledge, transition-metal4s states have never been inluded into LDA+DMFTalulations for these transition metal oxides. Appar-ently, this was beause they were reasonably assumedto be weakly orrelated and thus projeted out from theorresponding LDA Hamiltonian. But the transition-metal 4s states are rather lose to the Fermi level forLDA bands and even loser for LDA0 ones. They anbe seen in Fig. 1 as lowest unoupied states that touhthe Fermi level near the � point for MnO and less than1 eV above the Fermi level for CoO and NiO.4.2. LDA+DMFT and LDA0+DMFT spetralfuntionsEverywhere in this paper, we use the Hirsh�Fyequantum Monte Carlo algorithm [31℄ as the impuritysolver for DMFT equations. To set up a DMFT lattieproblem, we use orresponding LDA and LDA0 Hamil-tonians, whih inlude all states (without any proje-

tion, as was done, e. g., in Ref. [26℄). The inverse tem-perature was hosen as � = 5 eV�1, with 80 time sliesfor NiO, and � = 10 eV�1 with 120 and 160 time sliesfor MnO and CoO respetively. Monte Carlo samplingwas done with 106 sweeps. The use of rather high tem-peratures does not lead to any qualitative e�ets inthe results, whih allows avoiding unneessary ompu-tational e�orts. The Coulomb interation parameterswere hosen typial for MnO, CoO, and NiO [18; 27℄:U = 8 eV and J = 1 eV. Both FLL(SC) and FLL(LDA)double ounting de�nitions were applied for all mate-rials. The orresponding Ed values are given in theTable.To obtain DMFT(QMC) densities of states (DOS)at real energies, we used the maximum-entropy method(MEM) [32℄. The DMFT self-energy an then be ob-tained on the real frequeny axis by using Pade ap-proximants for the analytial ontinuation. We subse-quently heked that �Pade� DOS are idential to the�MEM� ones. One �(!) is obtained, we an input itinto Eq. (2) and obtain the spetral density funtionA(k; !) = � 1� ImG(k; !):The orresponding maps of spetral density funtions,representing the e�etive band struture of these om-pounds, are given in Fig. 2.The left olumn in Fig. 2 presents LDA+DMFTresults and the right one presents the LDA0+DMFTresults for MnO (upper panels), CoO (middle panels),and NiO (lower panels).4.3. LDA+DMFT and LDA0+DMFT DOSIn Fig. 3, we present densities of states obtainedby the LDA+DMFT (dashed lines) and LDA0+DMFT(solid lines) methods. The left panel orresponds to718
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Fig. 2. Comparison of LDA+DMFT (left olumn) and LDA0+DMFT (right olumn) alulated spetral density funtionsfor MnO (upper row), CoO (middle row), and NiO (lower row), with the FLL(SC) double-ounting orretion. The Fermilevel is zeroMnO, the middle one to CoO, and the left one to NiO.The top row shows total densities of states, while otherrows show the ontributions of the most important ele-tron states, the t2g and eg subshells for a 3d transitionmetal, oxygen 2p states, and transition-metal 4s states.We �rst fous on the MnO ase, whih is per-haps the simplest among these three. The O-2p statesare loated between �9 eV and �4 eV (see Figs. 2and 3). Then omes the lower Hubbard band (LHB),whih onsists of the respetive Mn-3d t2g and eg on-tributions at �4 eV and �2:3 eV. On the plots ofthe spetral-funtion, LHB is a rather wide nondis-persive band at these energies. Then we see the so-alled Zhang�Rae band � the bound state that ap-pears when a strongly interating band is hybridizedwith the harge reservoir. This band an be seen as apeak at �1:5 eV in O-2p states together with Mn-3d eg

states. Then, between the Zhang�Rae band and theupper Hubbard band (UHB), there is a gap for Mn-3d states of about 3.5 eV in both LDA+DMFT andLDA0+DMFT lases, whih agrees quite well with ex-perimental spetra (see below). The UHB is loatedabove 4 eV, where the t2g and eg ontributions annotbe separated in energy.The spetral density map in Fig. 2 (upper row)shows some rather well-de�ned band of MnO, whihtouhes the Fermi level at the � point. This band isnothing else but Mn-4s. It an be seen from Fig. 3that most of the Mn-4s spetral weight is atually wellabove 5 eV. Below, there is some rather low-intensitytail, whih goes through the gap between the upperHubbard band and the Zhang�Rie band. Its inten-sity is at least one order of magnitude lower than theintensities of other ontributions to the DOS.719
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ase of CoO). A similar behavior was obtained earlierfor NiO in Ref. [13℄. Here, we presented more ompleteLDA0+DMFT results for NiO, with both FLL(LDA)and FLL(SC) double-ounting orretions. Conven-tional LDA+DMFT alulations predit NiO to bemetalli in ontrast to experiment, while LDA0+DMFTgives a harge-transfer insulating solution for NiO forboth FLL(LDA) and FLL(SC) double-ounting orre-tions. All other features of the NiO LDA0+DMFT bandstruture are quite similar to those of the MnO andCoO ompounds desribed above.4.4. LDA+DMFT and LDA0+DMFT optialondutivitiesMetalli or insulating behavior an be expliitlydemonstrated by alulations of optial ondutivity.Below, we present our results for the optial ondu-tivity behavior of MnO, CoO, and NiO in the LDA++DMFT and LDA0+DMFT approahes, whih also al-lows us also to analyze the in�uene of transition-metal4s states on dieletri properties of these oxides. Weused the expression for the optial ondutivity, validin DMFT [33℄,720
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I. A. Nekrasov, N. S. Pavlov, M. V. Sadovskii ÆÝÒÔ, òîì 143, âûï. 4, 2013to the Fermi level, a possible Drude peak due to thesestates is not observed. The onventional LDA+DMFToptial ondutivity for NiO shows a typial metallibehavior, as disussed above in the ontext of DOS be-havior.We now ompare our theoretial results with avail-able experimental data (with the exeption of MnO,where we are not aware of any experimental results)[34; 35℄. In Ref. [34℄, only experimental data for theoptial onstants n(!) and k(!) were presented. Theoptial ondutivity in units of e2=~a (whih is about5:8 �103
�1� m�1 for the seleted monooxides) an berealulated from these data as�(!) = n(!)k(!)2� !��1 a ;where � is �ne struture onstant, a is the lattie on-stant, and  is the speed of light. The orrespondingurves are shown in Fig. 5 by stars. For NiO, there aremore reent experimental data in Ref. [35℄, shown withirles. We observe that below the leading absorptionedge for CoO and NiO, there exist rather long absorp-tion tails with low intensity. We assoiate these tailswith the ontribution of Co and Ni 4s states. For NiO,the overall agreement of LDA0+DMFT results with ex-perimental data is quite satisfatory. For CoO, the the-oretial absorption edge is about 1 eV lower than theexperimental one. However, this an probably be or-reted by introduing a larger value of the Coulombinteration U . A reent onstrained RPA study pro-dued it to be 10.8 eV [25℄, in ontrast to 8 eV used inour alulations.4.5. Comparison of LDA+DMFT andLDA0+DMFT results with X-ray experimentsWe now ompare our results for the DOS withXPS and BIS experiments in Refs. [36�39℄. In Fig. 6,LDA+DMFT (dashed lines) and LDA0+DMFT (solidlines) valene and ondution bands spetra are diretlyompared with spetra for MnO (upper panel), CoO(middle panel), and NiO (lower panel). The theoretialspetra were obtained by multipliation of the DOS bythe Fermi distribution and Gaussian broadening withexperimental temperature and resolution.The general struture of spetra is similar for allthree ompounds. From �14 eV to �4 eV, there areO-2p states, then omes the lower Hubbard band atabout �3 eV. On the high-energy slope of the LHB, wean see a shoulder-like struture, whih is nothing elsebut the Zhang�Rie band. An insulating gap is near theFermi level. The size of the gap is very well reprodued
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ÆÝÒÔ, òîì 143, âûï. 4, 2013 Consistent LDA0+DMFT approah : : :for MnO by both LDA+DMFT and LDA0+DMFT al-ulations. For CoO, it looks like the U value hosen is abit too small (as disussed above), but LDA0+DMFTspetra gives the gap size loser to the experimentalone. For NiO, the onventional LDA+DMFT alula-tion gives a metalli solution, while LDA0+DMFT pro-dues a CTI solution with the orret energy gap size.Experimental positions of the upper Hubbard bandsare rather well desribed by LDA0+DMFT. Beausethe experimental data for NiO go far above the Fermilevel, we an identify these high-energy strutures asontributions of Ni-4s and Ni-4p states.In Fig. 6, the experimental ondution band low-energy threshold has a rather long low-intensity tailthat goes down to the Fermi level. Therefore, thereis some asymmetry of the gap. We suggest that thisasymmetry of the gap originates from transition-metal4s states, whih touh the Fermi level from above, asdesribed in the foregoing.5. STRONGLY CORRELATED METALS5.1. LDA and LDA0 band struturesStrontium vanadate SrVO3 is perhaps one of thesimplest paramagneti strongly orrelated metalli sys-tems. Not surprisingly, it is widely used as a testsystem for various LDA+DMFT-based numerial teh-niques [40�43℄. SrVO3 has the ideal ubi perovskitestruture with one d-eletron in the V-3d shell within atriply degenerate t2g subshell. LDA and LDA0 bandstruture alulations are performed as desribed inRefs. [40�43℄ via the LMTO method with the vonBarth�Hedin exhange orrelation energy [10℄.The 3d bands of vanadium ross the Fermi level,while oxygen 2p states are at �8��2 eV, i. e., muhlower than the Fermi level (see Fig. 7, left panel, dashedlines). If we exlude the ELDAx ontribution for V-3dstates as desribed in Se. 3, we obtain the LDA0 bandstruture shown in Fig. 7 (left panel, solid lines). In theLDA0 approah, similarly to Ref. [13℄, the energy split-ting jEd �Epj between V-3d and O-2p bands beomeslarger than in the onventional LDA approah. Beausethe total number of eletrons is �xed, the LDA0 in-rease in jEd�Epj is related to O-2p bands going downin energy by about 0.5 eV, with V-3d states remainingalmost unhanged. We also note that the overall band-shapes are pratially unhanged in omparison withthe onventional LDA bands. The same is of oursetrue for densities of states presented in the left panelof Fig. 7.
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Fig. 7. LDA (dashed lines) and LDA0 (solid lines) banddispersions for SrVO3 and Sr2RuO4. The Fermi levelis zeroAnother example of a paramagneti strongly or-related metalli system widely treated by the LDA++DMFT approah is Sr2RuO4 with the Ru-4d4 t2gsubshell (see Ref. [44℄ and the referenes therein).Sr2RuO4 is a layered perovskite with an ideal body-entered tetragonal rystal struture. For LDA andLDA0 alulations, we used settings desribed inRef. [44℄. LDA (dashed lines) and LDA0 (solid lines)band dispersions and DOS are plotted in Fig. 7 (rightpanel). The piture here is not as simple as for SrVO3.The Ru-4d states, rossing the Fermi level, almostpreserve their energy positions and dispersions withinLDA0. However LDA0 leads to the jEd � Epj splittingbeause of a nonuniform narrowing of O1-2p and O2-2pstates, together with a slight shift of O2-2p states. Intotal, the jEd � Epj energy splitting is about 0.5 eVlarger in LDA0 than in onventional LDA.5.2. LDA+DMFT and LDA0+DMFT DOSIn ontrast to previous works (Refs. [40�44℄), wehere used the full TB-LMTO-ASA-alulated LDA andLDA0 Hamiltonians, not invoking any of the widelyused projetion tehniques. In QMC alulations, the723 8*
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Fig. 9. Densities of states alulated with LDA+DMFT(dashed lines) and LDA0+DMFT (solid lines) forSr2RuO4. The Fermi level is zeroIn onsrast to Refs. [40�43℄, we observe very smoothupper and lower Hubbard bands in V-3d DOS in bothalulations for SrVO3 (upper panel of Fig. 8). Thisagrees well with the full orbital alulations reportedin Ref. [26℄. Also in Ref. [26℄ it is shown that a smallervalue of Ed (if Ed is treated as a free parameter)moves oxygen states down in energy, whih leads tobetter agreement with experiment (see the next para-graph).5.3. Comparison of LDA+DMFT andLDA0+DMFT results with X-ray experimentsIn Figs. 10 and 11, the LDA+DMFT (dashed lines)and LDA0+DMFT (solid lines) alulated spetra forSrVO3 and Sr2RuO4 are drawn. To obtain theoreti-al spetra from the total DOS, Gaussian broadeningto simulate the experimental resolution and Lorentzianbroadening to simulate lifetime e�ets, together withmultipliation with the Fermi distribution funtion,were performed as desribed elsewhere [40�44℄. In the�gures, emission (left side) and absorption (right side)spetra are plotted.724
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is also seen in the LDA0+DMFT results in the rightpanel of Fig. 11 and is formed essentially by Ru-4d t2gstates (thin line).6. CONCLUSIONThis work ontinues our researh of the double-ounting problem arising within the LDA+DMFT om-putational sheme. The problem appears beause someportion of loal eletron�eletron interation is alreadypresent in LDA alulations. Beause DMFT methodgives an exat loal solution of the Hubbard-like model,double ounting between the LDA and DMFT loaleletroni interations must be avoided. Despite 15years of developing the LDA+DMFT method, thereis still no unique de�nition of this double-ountingterm. This is beause the LDA ontribution to theexhange orrelation energy has no diagrammati ex-pression. Several di�erent ad ho de�nitions that areurrently available work well only in some partiularases, for some partiular ompounds. Sometimes theLDA+DMFT solution is wrong even qualitatively if thedouble-ounting term is hosen not arefully enough.To overome this problem, we proposed a onsistentLDA0+DMFT approah [13℄. It uses a natural as-725
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are more interesting. CoO and NiO systems are foundto be metals in the onventional LDA+DMFT alu-lations, while LDA0+DMFT gives a proper insulatingsolution. Transition-metal 4s-states missed in previousLDA+DMFT works on these monooxides are found tobe responsible for the harge gap asymmetry aroundthe Fermi level.Finally, we an onlude that the proposed on-sistent LDA0+DMFT method works well for bothmetalli and insulating systems. We believe that ourLDA0+DMFT method provides a reasonable parame-ter-free treatment of the double-ounting problem.We thank A. I. Poteryaev for providing us with theQMC ode and many helpful disussions. We are grate-ful to E. Z. Kuhinskii for the insight into alulationsof optial ondutivity. This work is supported in partby the RFBR grant 11-02-00147 and was performedin the framework of programs of fundamental researhof the Russian Aademy of Sienes (RAS) �Quantum726
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