Pis’ma v ZhETF, vol. 97, iss. 1, pp. 18 – 23 © 2013 January 10

LDA^′+DMFT investigation of electronic structure of K_{1−x}Fe_{2−y}Se_2 superconductor

I. A. Nekrasov^{+1)}, N. S. Pavlov^{+ 1)}, M. V. Sadovskii^{+∗ 1)}

+Institute for Electrophysics UB RAS, 620016 Ekaterinburg, Russia

∗Institute for Metal Physics UB RAS 620990 Ekaterinburg, Russia

Submitted 15 November 2012

We investigate electronic structure of the new iron chalcogenide high temperature superconductor K1−xFe2−y Se2 (hole doped case with x = 0.24, y = 0.28) in the normal phase using the novel LDA^′+DMFT computational approach. We show that this iron chalcogenide is more correlated in a sense of bandwidth renormalization (energy scale compression by factor about 5 in the interval ±1.5 eV), than typical iron pnictides (compression factor about 2), though the Coulomb interaction strength is almost the same in both families. Our results for spectral densities are in general agreement with recent ARPES data on this system. It is found that all Fe-3d(t2g ) bands crossing the Fermi level have equal renormalization, in contrast to some previous interpretations. Electronic states at the Fermi level are of predominantly xy symmetry. Also we show that LDA^′+DMFT results are in better agreement with experimental spectral function maps, than the results of conventional LDA+DMFT. Finally we make predictions for photoemission spectra lineshape for K0.76Fe1.72Se2.

DOI: 10.7868/S0370274X13010049

The iron based FeAs(Se) high-temperature superconductors [1] are one of the hottest topics of the present day condensed matter research [2–4]. Recent discovery of iron chalcogenides K_xFe_2Se_2 [5], Cs_xFe_2Se_2 [6] and (Tl,K)Fe_xSe_2 [7] with superconducting critical temperatures T_c around 30 K, which is typical for the most studied 122 iron pnictides [8–11] initiated intensive studies of these new systems, which was further stimulated by the discovery of nontrivial antiferromagnetic ordering with very high Neel temperature about 550 K and Fe vacancies ordering at approximately the same temperatures in K_{0.8}Fe_{1.6}Se_2 (the so called 245 phase) [12]. Because of the complicated picture of microscopic phase separation in this system, there is still no consensus on the composition of the phase, responsible for superconductivity, though the majority point of view indicate to KFe_2Se_2 (122 phase) as a parent compound for superconductivity (while 245 phase is insulating) [13–15]. There is also experimental evidence for some other phases being present in this system [16].

From crystal structure point of view AFe_2As_2, Fe(Se,Te), and AFe_2Se_2 systems are formed by identical layers of Fe(As,Se)_4 tetrahedra. AFe_2As_2 and AFe_2Se_2 compounds are isostructural. LDA (local density ap-

1)e-mail: nekrasov@iep.uran.ru; pavlov@iep.uran.ru; sadovski@iep.uran.ru

proximation) calculated electronic band structures of Fe(Se,Te) [17] and AFe_2As_2 [18–20] are quite similar to each other, especially if we are dealing only with bands in the vicinity of the Fermi level. LDA electronic structure of AFe_2Se_2 is significantly different [21, 22]. Direct comparison of LDA band structures of Fe pnictides and chalcogenides can be found in Refs. [22, 13].

From the early days of iron based superconductors, it was noted that electronic correlations are important for understanding the physics of pnictide materials [23–26]. Electronic correlations for these materials were taken into account within LDA+DMFT hybrid computational scheme [27]. It is rather common opinion now, that the main effect of correlations onto band structure of Fe pnictides reduces to the simple LDA bandwidth renormalization (narrowing) by the factor of 2 or 3. There are only few papers on LDA+DMFT in Fe chalcogenides up to now [28, 29].

The AFe_2Se_2 systems were rather extensively studied by angular resolved photoemission spectroscopy (ARPES) [30]. In contrast to AFe_2As_2 compounds, with several, more or less well defined, hole cylinders of the Fermi surface around Γ-point, ARPES data for AFe_2Se_2 show rather weak indications for Fermi surface around Γ-point. Around (π, π) point in both classes of superconductors electron Fermi surface sheets are well observed. These ARPES results are in rough agreement with LDA predictions [21, 22, 13].

18 Письма в ЖЭТФ том 97 вып. 1 – 2 2013

Fig. 1. LDA (dashed lines) and LDA^′ (solid lines) calculated band dispersions (right panel) and total, Fe-3d and Se-4p densities of states (left panel) for KFe2Se2. The Fermi level EF is at zero energy

This paper was inspired by the recent ARPES work [31] on A_xFe_{2−y}Se_2 (A = K,Rb). Here we present our LDA+DMFT and LDA^′+DMFT [32] results for hole doped K_{0.76}Fe_{1.72}Se_2. LDA and LDA^′ calculations were performed using Linearized Muffin-Tin Orbitals method [33], with settings described in Ref. [22]. To solve DMFT effective five orbital impurity problem we used the Hirsh-Fye Quantum Monte-Carlo algorithm [34], with temperature about 280 K. LDA+DMFT and LDA^′+DMFT densities of states and spectral functions were obtained as proposed in Ref. [32]. Coulomb parameter U was taken to be 3.75 eV and Hund parameter – J = 0.7 eV [31]. These parameters agree well with those calculated in Ref. [35]. To define DMFT lattice problem we used the full (i.e. without any downfolding or projecting) LDA Hamiltonian, which included Fe-3d, Se-4p and K-4s states.

In Fig. 1 we plot LDA (dashed lines) and LDA^′ (solid lines) calculated bands dispersions (right panel), as well as total, Fe-3d and Se-4p densities of states (left panel) for stoichiometric KFe_2Se_2. The Se-4p states are located between −7 eV and −3.5 eV. The Se-4p states are well separated in energy from Fe-3d states which cross the Fermi level. The Fe-3d states expand from −2.2 up to +1 eV. This is the same or similar to previous LDA results of Refs. [21, 22]. For LDA^′ results we observe band shapes, that are almost identical to those of LDA, with approximately rigid shift of Se-4p states down in energy for LDA^′ [32]. Note the effect of LDA^′ – splitting of xy bands around 0.55 eV.

In Fig. 2 we show orbitally resolved densities of states (DOS) for Fe-3d orbitals. Thin gray lines represent LDA results and thin black lines – LDA^′. We see that the main contribution at the Fermi level comes from Fe(3d)- t_{2g} bands – xy and degenerate xz, yz (similar to the case of Ba122 pnictide [18]). In general LDA^′ DOS’es are similar to those of LDA, except that LDA^′ DOS’es are few tenths of eV narrower. In contrast to Ba122 pnictide [18] both LDA and LDA^′ DOS’es here have rather well developed “pseudogap” at the Fermi level. Also at the Fermi level LDA^′ DOS is slightly higher than that of LDA.

By thick gray and black lines we show LDA+DMFT and LDA^′+DMFT DOS’es for corresponding Fe-3d orbitals of K_{0.76}Fe_{1.72}Se_2. This hole doping level of parent compound KFe_2Se_2 corresponds to 6.08 electrons per Fe site within LDA+DMFT calculations. Despite correlations are moderate as compared to Fe-3d bandwidth of K_{0.76}Fe_{1.72}Se_2, we observe rather remarkable renormalization of the spectral weight. Interestingly, the contributions of Fe(3d)-e_g bands (x^2 − y^2 and 3z^2 − r^2) in our LDA+DMFT and LDA^′+DMFT results become larger at the Fermi level, as compared to LDA and LDA^′, while t_{2g} bands contribution at the Fermi level remains

Письма в ЖЭТФ том 97 вып. 1 – 2 2013 2^∗

Fig. 2. Comparison of LDA (thin gray lines), LDA^′ (thin black lines) and LDA+DMFT (thick gray lines), LDA^′+DMFT (thick black lines) densities of states for K0.76Fe1.72Se2 for different Fe-3d orbitals. The Fermi level EF is at zero energy

nearly the same. From LDA and LDA^′ DOS’es one can note, that LDA+DMFT and LDA^′+DMFT results can roughly be obtained just by bands compression around the Fermi level by a factor of 2 to 2.5, which is comparable to Ba122 pnictide [26]. However, we shall see below, that situation is not so simple.

More detailed picture is revealed in Fig. 3. Here we show LDA+DMFT and LDA^′+DMFT spectral function maps for K_{0.76}Fe_{1.72}Se_2 along Γ-X(π, π) high symmetry directions, compared with experimental data of Ref. [31]. Both theoretical and experimental data are shown in a narrow energy interval from −300 to +100 meV. A common feature of theory and experiment is rather low intensity of the spectral function close to the Fermi level, where there are (almost) no well defined quasiparticle bands. It is the main difference of K_{0.76}Fe_{1.72}Se_2 from similar Ba122 pnictide, where quasiparticle bands are clearly seen close to the Fermi level [26]. This fact can be explained by “pseudogap” behavior of LDA+DMFT and LDA^′+DMFT DOS’es in

Fig. 2 at ± 100 meV around the Fermi level. This pseudogap structure is related to rather short lifetime (imaginary part of self-energy), together with positive inclination of the real part of the self-energy (Cf. Ref. [36]). This corresponds to a kind of non Fermi-liquid behavior close to the Fermi level.

At the same time, both experiment and our theory show the pronounced quasiparticle bands at energies about −200 meV. These bands are easily described by LDA or LDA^′ bands with the energy scale, which is compressed by a factor of ∼ 5 for the energy interval ± 1.5 eV. Corresponding results are shown on panels (e) and (f) of Fig. 3. Thus, K_{0.76}Fe_{1.72}Se_2 has much stronger quasiparticle mass renormalization than similar 122 pnictides [26]. We conclude, that K_{0.76}Fe_{1.72}Se_2 is more correlated, than Fe pnictides and is rather close to Mott insulator (see also Refs. [29, 31]). To clarify LDA+DMFT and LDA^′+DMFT spectral function maps orbital character, on panels (e) and (f) of Fig. 3 we show with different symbols the predominant contributions of different Fe-3d orbitals (black circles – xz, yz, black squares – xy, white circles – 3z^2 −r^2, white squares – x^2 −y^2). It is also important to note, that right above the Fermi level (at +50 meV) there is rather flat Fe(3d)-e_g band which consists of x^2 − y^2 and 3z^2 − r^2 contributions. Thus, small changes of doping level may lead to rather dramatic changes of electronic properties, as discussed previously in Refs. [22, 13].

Now we take a closer look at the “dark region” of spectral density, close to the Fermi level. If we plot the region between ± 50 meV of the Fermi level on a smaller intensity scale (panels (g) and (h) of Fig. 3), we can distinguish some “band” structure, in a sense of dispersive maxima of spectral density, which are shown in both panels. We can see here a rather narrow “band” of xy symmetry. However it is not just the LDA xy band, renormalized by a factor of 10, as proposed in Ref. [31]. This band can be seen from second derivative of rough ARPES data from panel (a) of Fig. 3. Its line shape differs quite considerably from those of LDA. One has to remember, that around the Fermi level all quasiparticle bands are rather ill defined. We also note, that it is pretty strange that in Ref. [31] xz and yz bands are found to be different along (0,0)–(π, π) direction, because it is just prohibited by the symmetry (see also panel (a) of Fig. 3).

In Fig. 4 we present comparison of LDA+DMFT (grey lines), LDA^′+DMFT (black lines) Se-4p (thin lines), and Fe-3d states (thick lines) densities of states for K_{0.76}Fe_{1.72}Se_2. The LDA+DMFT and LDA^′+DMFT results for the DOS are quite similar. At the Fermi level, there is a kind of narrow “pseudogap”

Письма в ЖЭТФ том 97 вып. 1 – 2 2013

Fig. 3. K0.76Fe1.72Se2: comparison LDA+DMFT (c) and LDA^′+DMFT (d) spectral functions with rough experimental ARPES data (a) and corresponding second derivative (b) from Ref. [31]. Panels (e) and (f) show LDA and LDA^′ bands (compressed by factor of 5) on top of LDA+DMFT and LDA^′+DMFT results. Maxima of LDA+DMFT and LDA^′+DMFT spectral functions near the Fermi level are presented on panels (g, h). Symbols show predominant contributions of different Fe-3d orbitals into the spectral function (black circles – xz, yz, black squares – xy, white circles – 3z^2 − r^2, white squares – x^2 − y^2). The Fermi level EF is at zero energy

structure for Fe-3d states. However, LDA^′+DMFT DOS for Se-4p states are shifted about 0.5 eV lower in energy, as compared to those obtained in LDA+DMFT. This suggests the importance of the measurements of the lineshape of X-Ray photoemission spectra, as we are unaware of any experiments of this kind for the K_{0.76}Fe_{1.72}Se_2 system.

Conclusion. In this paper we investigated the electronic structure of hole doped high temperature iron chalcogenide superconductor K_{0.76}Fe_{1.72}Se_2 in normal phase by means of LDA+DMFT and LDA^′+DMFT. It

Письма в ЖЭТФ том 97 вып. 1 – 2 2013

22 I. A. Nekrasov, N. S. Pavlov, M.V̇. Sadovskii

Fig. 4. Comparison of LDA+DMFT (grey lines), LDA^′+DMFT (black lines) Se-4p (thin lines) and Fe-3d states (thick lines) densities of states for K0.76Fe1.72Se2. The Fermi level EF is at zero energy

was found, that K_{0.76}Fe_{1.72}Se_2 is more correlated, than similar isostructural 122 Fe pnictides, in the sense of bandwidth renormalization (energy scale compression by a factor about 5 in the interval ± 1.5 eV). Contrary to the conclusions of Ref. [31], we observe that all Fe-3d bands have the same bandwidth renormalization.

Also in contrast to Fe 122 pnictides, K_{0.76}Fe_{1.72}Se_2 compound does not have well defined quasiparticle bands around the Fermi level and is apparently quite close to Mott insulating phase (see also Ref. [31]). Both within LDA+DMFT and LDA^′+DMFT we observe a kind of “pseudogap” at the Fermi level, which is inherited from LDA band structure. The presence of this “pseudogap” leads to relatively low intensity spectral function near the Fermi level, which is clearly seen both in theory and in ARPES data [31]. Similarly to Ref. [31], within this “pseudogap” region, we can distinguish some very low intensive “band” structure (both in LDA+DMFT and LDA^′+DMFT) — there is rather ill defined quasiparticle band of xy symmetry, which is not simply renormalized (by a factor of 10) LDA xy band, as proposed in Ref. [31]. Finally we stress the importance of measurements of photoemission spectra lineshapes.

We thank A.I. Poteryaev for providing us QMC code and many helpful discussions. This work is partly supported by RFBR grant # 11-02-00147 and was performed within the framework of programs of fundamental research of the Russian Academy of Sciences (RAS) “Quantum mesoscopic and disordered structures” (12- Π-2-1002) and of the Physics Division of RAS “Strongly correlated electrons in solids and structures” (012-T-2- 1001). NSP acknowledges the support of the Dynasty Foundation and International Center of Fundamental Physics in Moscow.

1. Y. Kamihara, T. Watanabe, M. Hirano, and H. Hosono, J. Am. Chem. Soc. 130, 3296 (2008).

2. M. V. Sadovskii, Uspekhi Fiz. Nauk 178, 1243 (2008);

Physics Uspekhi 51(12) (2008); arXiv: 0812.0302. 3. K. Ishida, Y. Nakai, and H. Hosono, J. Phys. Soc. Jpn.

78, 062001 (2009).

4. Y. Mizuguchi and Y. Takano, J. Phys. Soc. Jpn. 79, 102001 (2010).

5. J. Guo, S. Jin, G. Wang et al., Phys. Rev. B 82, 180520(R) (2010).

6. A. Krzton-Maziopa, Z. Shermadini, E. Pomjakushina et al., J. Phys.: Condens. Matter 23, 052203 (2011).

7. M. Fang, H. Wang, C. Dong et al., Phys. Rev. B 84, 224506 (2011).

8. M. Rotter, M. Tegel, and D. Johrendt, Phys. Rev. Lett.

101, 107006 (2008).

9. G.F. Chen, Z. Li, G. Li et al., Chin. Phys. Lett. 25, 3403 (2008); arXiv: 0806.1209.

10. K. Sasmal, B. Lv, B. Lorenz et al., Phys. Rev. Lett. 101, 107007 (2008).

11. N. Ni, S. L. Bud’ko, A. Kreyssig et al., Phys. Rev. B 78, 014507 (2008).

12. W. Bao, Q. Huang, G. F. Chen et al., Chin. Phys. Lett.

28, 086104 (2011); ArXiv: 1102.0830.

13. M. V. Sadovskii, E. Z. Kuchinskii, and I. A. Nekrasov, JMMM 324, 3481 (2012); arXiv:1106.3707.

14. A. A. Kordyuk, Low Temperature Physics 38, 888 (2012).

15. H.-H. Wen, Reports on Progress in Physics 75, 112501 (2012).

16. W. Li, H. Ding, Z. Li et al., Phys. Rev. Lett. 109, 057003 (2012).

17. A. Subedi, L. Zhang, D. J. Singh, and M. H. Du, Phys.

Rev. B 78, 134514 (2008).

18. I. A. Nekrasov, Z. V. Pchelkina, and M. V. Sadovskii, Pis’ma v ZhETF 88, 155 (2008) [JETP Letters, 88, 144 (2008)], arXiv:0806.2630.

19. I. R. Shein and A. L. Ivanovskii, Pis’ma v ZhETF 88, 115 (2008), arXiv: 0806.075.

20. C. Krellner, N. Caroca-Canales, A. Jesche et al., Phys.

Rev. B 78, 100504(R) (2008).

21. I. R. Shein and A. L. Ivanovskii, Phys. Lett. A 375, 1028 (2011); arXiv:1012.5164v1.

22. I. A. Nekrasov and M. V. Sadovskii, Pis’ma v ZhETF 93, 182 (2011) [JETP Lett. 93, 166 (2011)]; arXiv:1101.0051.

23. K. Haule, J. H. Shim, and G. Kotliar, Phys. Rev. Lett.

100, 226402 (2008).

24. L. Craco, M. S. Laad, S. Leoni, and H. Rosner, Phys.

Rev. B 78, 134511 (2008).

25. A. O. Shorikov, M. A. Korotin, S. V. Streltsov et al., ZETF 135, 134 (2009) [JETP 108, 121 (2008)]; arXiv: 0804.3283.

Письма в ЖЭТФ том 97 вып. 1 – 2 2013

LDA^′+DMFT investigation of electronic structure of K_{1−x}Fe_{2−y}Se_2 superconductor 23

26. S. L. Skornyakov, A. V. Efremov, N. A. Skorikov et al., Phys. Rev. B 80, 092501 (2009).

27. K. Held, I. A. Nekrasov, N. Blümer et al., Int. J. Mod.

Phys. B 15, 2611 (2001); G. Kotliar, S. Y. Savrasov, K. Haule et al., Rev. Mod. Phys. 78, 865 (2006).

28. L. Craco, M. S. Laad, and S. Leoni, arXiv:0910.3828; L.

Craco and M. S. Laad, arXiv:1001.3273.

29. L. Craco, M.S. Laad, and S. Leoni, arXiv:1109.0116. 30. Y. Zhang, L. X. Yang, M. Xu et al., Nature Materials 10, 273 (2011); ArXiv: 1012.5980; X.-P. Wang, T. Qian, P. Richard et al., Europhys. Lett. 93, 57001 (2011); ArXiv: 1101.4923; D. g Mou, Sh. Liu, X. Jia et al., Phys. Rev. Lett. 106, 107001 (2011); L. Zhao, D. Mou, Sh. Liu et al., Phys. Rev. B 83, 140508(R) (2011).

31. M. Yi, D. Lu, R. Yu et al., arXiv:1208.5192v1.

32. I. A. Nekrasov, N. S. Pavlov, and M. V. Sadovskii, Pis’ma v ZhETF 95, 659 (2012) [JETP Letters 95, 581 (2012)]; arXiv:1204.2361; I. A. Nekrasov, N. S. Pavlov, and M. V. Sadovskii, ZhETF (JETP) (to be published); arXiv:1208.4732.

33. O. K. Andersen. Phys. Rev. B 12, 3060 (1975); O. Gunnarsson, O. Jepsen, and O. K. Andersen, Phys. Rev. B 27, 7144 (1983); O. K. Andersen and O. Jepsen, Phys. Rev. Lett. 53, 2571 (1984).

34. J. E. Hirsch and R. M. Fye, Phys. Rev. Lett. 56, 2521 (1986).

35. V. I. Anisimov, Dm. M. Korotin, M. A. Korotin et al., J.

Phys. Cond. Matt 21, 075602 (2009).

36. M. V. Sadovskii, I. A. Nekrasov, E. Z. Kuchinskii et al., Phys. Rev. B 72, 155105 (2005).

Письма в ЖЭТФ том 97 вып. 1 – 2 2013