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 2012 July 25Spectral properties of LiFeAs: an LDA+DMFT studyS. L. Skornyakov+�, D.Y. Novoselov+, T.G�urel�, V. I. Anisimov+�+Institute of Metal Physics UD of the RAS, 620990 Yekaterinburg, Russia�Ural Federal University, 620002 Yekaterinburg, Russia�Department of Physics, Namik Kemal University, 59030 Tekirda�g, TurkeySubmitted 17 May 2012Resubmitted 20 June 2012Spectral properties of LiFeAs superconductor are investigated within the LDA+DMFT method. Calcu-lated distribution of the spectral weight in the k-space is in good agreement with angle-resolved photoemission(ARPES) spectra. Calculated e�ective electron mass enhancement factor m�=m � 3 is close to the one es-timated from comparison of density-functional theory results with ARPES spectra. Our results demonstratethat inclusion into consideration of dynamical Coulomb correlations between the electrons plays a key role inunderstanding of the spectral properties of LiFeAs.Discovery of high-temperature superconductivity inlayered iron pnictides [1] has initiated an increasing in-terest to this class of compounds [2{12]. The pnic-tides represent a completely new class of superconduc-tors with critical temperatures higher than for the con-ventional BCS superconductors but lower than for thehigh-Tc cuprates. Since the mechanism of superconduc-tivity in pnictides is still not clear, researchers interprettheir results trying to �nd parallels in behaviour of phys-ical properties of the pnictides with other classes of su-perconducting compounds, especially with the cuprates.The pnictides and the cuprates crystallize into a lay-ered crystal structures and share a common phase dia-gram with antiferromagnetic spin-density wave (SDW)appearing below the Ne�el temperature. As in the caseof cuprates, almost in all pnictide families parent com-pounds are not superconducting. Superconductivity isassociated with suppression of the SDW ordering underpressure or adding electrons via doping with simulta-neous transition of the system into a superconductingstate. But in the case of cuprates parent compoundsare Mott insulators and in the case of pnictides parentsystems are metals. Since it is generally accepted thatstrong Coulomb correlations between Cu electrons areresponsible for formation of anomalous properties of thecuprates, investigation of the role of electron-electroninteractions is an important issue for understanding ofsuperconducting transition mechanism in the pnictides.Coulomb correlations in pnictide compounds are in-tensively studied during last four years. Initially pnic-tides were considered as strongly correlated systems onthe verge of metal-to-insulator transition [3]. Later stud-ies shown that the correlation strength should be classi-�ed as moderate [4{6] (i.e. su�cient to cause changes of

the excitation spectrum at the Fermi level but still weakto form the Hubbard bands).Lithium ferroarsenide shows unique spectral andmagnetic properties in comparison with the other ironpnictides. First, the stoichiometric compound becomessuperconducting under cooling (Tc = 18K [10]) withouta need of applying pressure or adding of extra-carriersby means of doping. Second, according to angle-resolvedphotoemission spectra, unlike other pnictides there isonly a poor nesting [11] of the electronic and hole pock-ets of the Fermi surface (FS) in LiFeAs. As a conse-quence, spin 
uctuations are not as strong as in otherpnictide superconductors which, in turn, results in low-ering [13, 14] of the critical temperature in LiFeAs.In this work we investigate the role of Coulomb elec-tronic correlations in formation of the spectral propertiesof LiFeAs compound within �rst-principle LDA+DMFTmethod [15] which combines the local density approxi-mation (LDA) with the dynamical mean-�eld theory [16](DMFT). We have calculated the spectral functionsA(k; !) and the e�ective electron mass enhancement fac-tor m�=m, and compare our results with the availableARPES spectra for LiFeAs [11] �nding good agreementbetween the calculated and experimental data.The realization of LDA+DMFT scheme employed inthe present work proceeds in three stages. First, ane�ective Hamiltonian ~hk is constructed in the basis ofWannier functions using converged LDA result. Second,the many-body Hamiltonian H(k) is set up. And thethird step includes iterative solution of the correspond-ing self-consistent DMFT equations.The e�ective 16-band Hamiltonian ~hk incorporates�ve Fe 3d-orbitals and three As 4p-orbitals for each ofthe two Fe and As ions per unit cell. The Wannier func-�¨±¼¬  ¢ ���� ²®¬ 96 ¢»¯. 1 { 2 2012 123



124 S. L. Skornyakov, D.Y.Novoselov, T.G�urel, V. I.Anisimovtions were generated within projection procedure [17] foran energy window including both p- and d-bands. Hence,by construction eigenvalues of the e�ective Hamiltonian~hk exactly correspond to 16 bands of Fe and As ob-tained in the full-orbital LDA calculation and hybridiza-tion e�ects between As 4p- and Fe 3d-electrons are ex-plicitly taken into account. The LDA calculations wereperformed with the experimentally determined crystalstructure [10] using the Elk full-potential linearized aug-mented plane-wave (FP-LAPW) code [18]. Parameterscontrolling the LAPW basis were kept to their defaultvalues. To account for the Coulomb interaction en-ergy between d-electrons already present in LDA thedd diagonal elements of the e�ective Hamiltonian ~hkare renormalized by a double counting correction [17]EDC = �U(nDMFT � 1=2),hddk;�� = ~hddk;�� �EDC���: (1)Here, nDMFT denotes the total self-consistently calcu-lated number of d-electrons per Fe site obtained withinDMFT, and �U is the average Coulomb parameter forthe d shell which includes the e�ects of inter- and intra-orbital interactions. This form of EDC yields reliable re-sults for transition metal compounds including the pnic-tide superconductors LaFeAsO, LaFePO, and BaFe2As2[5{7]. The pd Hamiltonian to be solved by DMFT thenhas the formH(k) =Xk;� (hddk;��dyk��dk�� + hppk;
�pyk
�pk�� ++ hdpk;�
dyk��pk
� + hpdk;
�pyk
�dk��) ++ Xi;�;�0 U��0�� ndi��ndi��0 : (2)In Eq. (2), the operators dk�� and pk
� are Fouriertransforms of di�� and pi
�, which annihilate the d- orp-electron with orbital and spin indices �� or 
� in theith unit cell, and ndi�� is the corresponding occupationnumber operator. The DMFT self-consistent equationswere solved iteratively on the Matsubara contour. TheDMFT auxiliary impurity problem was solved by theContinuous- time quantum Monte Carlo (QMC) method[19]. The elements of the interaction matrix U��0�� areparametrized by the on-site Coulomb potential U andintraatomic exchange parameter J according to proce-dure described in [20]. In the present work the interac-tion parameters U = 3:5 eV and J = 0:85 eV were cal-culated according to the constrained DFT method [21].The DMFT calculations were performed for the para-magnetic phase of LiFeAs at the inverse temperature� = 1=T = 40 eV�1. The local self-energy �(!), which

is formally an 16�16 matrix with the only nonzero ele-ments on the diagonal of the dd block, was obtained bymeans of analytic continuation from imaginary Matsub-ara frequencies to the real energy axis with the use ofPad�e approximants [22].For the multi-orbital problem hybridization e�ectsplay a crucial role and the band structure cannot berepresented as a superposition of independent bandswith given symmetry. In this case the Green's functionG(k; !) is a matrix in orbital indices de�ned in eachpoint of the reciprocal space,G(k; !) = [! + ��H(k) � �(!)]�1; (3)where � is the self-consistent DMFT chemical potential.The momentum- and orbitally-resolved spectral functionAi(k; !) by analogy with the single-orbital case corre-sponds to diagonal (with respect to the orbitals) ele-ments of the Green's function, Ai(k; !) = � 1�Gii(k; !).The orbitally resolved local spectral function Ai(!) isobtained by summation over all contributions within the�rst Brillouin zone, Ai(!) =PkAi(k; !).Comparison of the orbitally-resolved Fe 3d andAs 4p spectral functions computed within LDA andLDA+DMFT is shown in Fig. 1. Within the LDA all�ve Fe 3d-orbitals form a common band in the energyrange (�2:5; +2) eV relative to the Fermi level (bandwidth W � 4:5 eV). There is a signi�cant hybridiza-tion of the Fe 3d-orbitals with the As 4p-orbitals lead-ing to appearance of the Fe 3d spectral weight in theenergy interval (�5; �2:5) eV where the As 4p-band islocated. Nevertheless, this is not a correlation e�ect be-cause there are no additional poles emerging due to theself-energy in the Green's function in that energy range,i.e. the corresponding features cannot be interpreted asthe Hubbard bands. The overall shape of the LDA spec-tral functions (including the peaks below and above theFermi level located in the interval EF � 2 eV) remainsalmost unchanged in the presence of the correlations.The only e�ect of correlations on the spectral proper-ties is substantial renormalization of the spectrum in thevicinity of the Fermi energy so that separation betweenthe peaks in LDA+DMFT becomes approximately threetimes smaller in comparison with the LDA.A quantitative measure of electronic correla-tion strength is provided by enhancement of thee�ective mass. The mass enhancement coe�cientm�=m is connected with quasiparticle renormalizationfactor Z�1 = m�=m. Here m (m�) correspondsto the e�ective band mass in LDA (DMFT) andis related to the dispersion law �LDA(DMFT)(k)as m(�) = ~2 R dk[1=r2k�LDA(DMFT)(k)], andZ = (1 � @�@! j!=0)�1. In the multiorbital case the�¨±¼¬  ¢ ���� ²®¬ 96 ¢»¯. 1 { 2 2012
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Fig. 1. Orbitally resolved Fe 3d and total As 4p spec-tral functions of LiFeAs obtained within LDA+DMFT(straight lines) in comparison with LDA results (shadedareas)self-energy is a matrix which leads to di�erent m�=mfor di�erent orbitals. Within DMFT approximationthe self-energy is momentum-independent and m�=mdescribes average renormalization of the bands withgiven symmetry in the vicinity of the Fermi energy.The calculated e�ective mass enhancement for eachFe 3d-orbital are presented in Table. The dx2�y2 orbitalhas the largest value of e�ective mass renormalization(m�=m = 4:09). The smallest value 2.01 correspondsto the dxy orbital. The averaged mass enhancement of3.03 agrees well with the renomalization factor of 3.01reported by Borisenko et al. [11] based on comparisonof the LDA results and ARPES data. In spite of largem�=m the compound under investigation should notbe treated as a strongly correlated system. Accordingto the scheme introduced in [5], LiFeAs as all otherrepresentatives of the pnictide class is a moderatelycorrelated system.More detailed information on the spectral propertiescan be extracted from the band structure. The corre-lated band structure �DMFT(k) was computed as poles of

E�ective electron mass enhancement m�=m for di�erentorbitals of the Fe 3d shell of LiFeAsdxy dyz;xz d3z2�r2 dx2�y2m�=m 2.01 3.32 2.41 4.09the interacting DMFT Green's function [3]. The disper-sion curves obtained within DMFT for the large energyinterval are shown in Fig. 2 in comparison with the LDA

Fig. 2. Energy bands of LiFeAs computed withinLDA+DMFT (straight lines) in comparison with the LDAresult (dashed lines)result. As in the analysis of the orbitally resolved densi-ties of states we note that dynamical correlation e�ectslead to signi�cant narrowing of the band structure in thevicinity of the Fermi energy and the total width of the pdcomplex of bands remains almost unchanged. In Fig. 3�DMFT(k) calculated along �X�, �M�, and MXM direc-tions in the Brilloiun zone is shown in comparison withARPES data of Borisenko et al. [11]. The calculatedcorrelated band structure is in good agreement with ex-perimental intensity map. More speci�cally, the resultsof LDA+DMFT calculation reproduce the character ofthe Fermi surface (position and size of the electronicand hole pockets) and the number of bands crossing theFermi level. It is also possible to conclude that signif-icant contribution to the spectral weight of the peaksbelow the Fermi energy is provided by the 
at band re-gions located at �0:1 eV on the �-M direction. We alsonote that near the Fermi energy, i.e., in the energy rangefrom �0:25 to 0 eV where quasiparticles are well de-�ned (real part of the self-energy is a linear function offrequency and imaginary part behaves as �!2) this dis-persion is very well represented by the scaling relation�DMFT(k) = �LDA(k)=(m�=m), with m�=m taken as thecomputed average mass enhancement.�¨±¼¬  ¢ ���� ²®¬ 96 ¢»¯. 1 { 2 2012
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Fig. 3. The band structure of LiFeAs along �MG, MXMand �X� lines of the Brillouin zone (lines) in comparisonwith ARPES data [11] (contours)In Fig. 4 the Fermi surface region (that is A(k; ! == 0)) is shown as a contour plot. The k-vectors werechosen belonging to the plane de�ned by �, X, and Mpoints of the reciprocal space. The computed FS hasseveral pronounced features wich form and position isvery close to the ones observed in experimental spec-trum of Borisenko et al. [11]. There is a barrel-like FScentered at the � point with high-intensity region in-side. The M point is surrounded by a square cylinderwith rounded edges. The shape of this FS is very di�er-ent from that surrounding the � point. Thus these two
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