Pis’ma v ZhETF, vol. 87, iss. 10, pp. 647 { 651 cfl 2008 May 25

High temperature superconductivity in transition metal oxypnictides: a rare-earth puzzle?

I. A. Nekrasov, Z. V. Pchelkina�, M. V. Sadovskii

Institute for Electrophysics RAS, 620016 Yekaterinburg, Ural Division, Russia

�_{Institute for Metal Physics RAS, 620041 Yekaterinburg GSP-170, Ural Division, Russia}

Submitted 9 April 2008

We have performed an extensive ab initio LDA and LSDA+U calculations of electronic structure of newly discovered high-temperature superconducting series ReO1�xFxFeAs (Re=La,Ce, Pr, Nd, Sm and hypothetical case of Re=Y). In all cases we obtain almost identical electronic spectrum (both energy dispersions and the densities of states) in rather wide energy interval (about 2 eV) around the Fermi level. We also clain that this fact is unlikely to be changed by the account of strong correlations. It leads inevitably to the same critical temperature Tc of superconducting transition in any theoretical BCS-like mechanism of Cooper pair formation. We argue that the experimentally observed variations of Tc for di¸erent rare-earth substitutions are either due to disorder e¸ects or less probably because of possible changes in spin-‚uctuation spectrum of FeAs layers caused by magnetic interactions with rare-earth spins in ReO layers.

PACS: 71.20.�b, 74.25.Jb, 74.70.�b

The recent discovery of the new superconductor LaO_1�_xF_xFeAs with the transition temperature T_c up to 26 K [1 – 4] has been immediately followed by the reports of even higher T_c = 41 K in CeO_1�_xF_xFeAs [5], T_c = 43 K in SmO_1�_xF_xFeAs [6] and T_c = 52 K in NdO_1�_xF_xFeAs and PrO_1�_xF_xFeAs [7, 8]. A number of other element substitutions were studied producing compounds with rather wide interval of T_c values [9]. These discoveries of the whole new class of superconductors, based on doped layered oxypnictides ReOMPn (Re=La,Ce,Pr,Nd,Sm,Gd; M=Mn,Fe,Co,Ni; Pn=P,As), open the new chapter in studies of hightemperature superconductivity outside the well-known domain of copper oxides. Of course, at the moment, the microscopic nature of superconductivity in these compunds remains unclear, though a number of aspects of this has already been discussed [10 – 15].

The LDA electronic structure and phonon spectrum of LaFeAsO were first calculated in Ref. [16] (see also [10]). These were extended to an account of strong electronic correlations on Fe via LDA+DMFT in Ref. [17]. Spin polarized LDA calculations for LaFeAsO with antiferromagnetic ordering in the ground state were done in Refs. [18, 19]. First principles (FLAPW) calculations of the doping dependent phase diagram of LaO- MAs (M=V-Cu) were performed in Ref. [20].

Here we present the results of an extensive ab initio calculations of electronic structure of newly discovered high-temperature superconducting series ReO_1�_xF_xFeAs (Re=La, Ce, Nd, Pr, Sm and hypothetical case of Re=Y) within LDA and LSDA+U frameworks.

Table 1

Combined list of experimental and calculated parameters for ReOFeAs systems

ReOFeAs La Ce Pr Nd Tc, K 26 41 52 51.9 a, Å 4.035334 3.996 3.9853 3.940 c, Å 8.740909 8.648 8.595 8.496 Source Ref. [1] Ref. [5] Ref. [8] Ref. [6] LDA N_{Ef} , 56.19 56.51 52.1 54.21 states/Ry/cell

According to the experimental data all ReOFeAs (Re=La, Ce, Pr, Nd, Sm) compounds have (at room temperature) well defined tetragonal ZrCuSiAs-type crystal structure with the P 4/nmm space group. The structure of iron oxypnictides is formed by FeAs layers sandwitched between LaO layers. These two layers are separated by a distance of 1.8 Å. The nearest neighbors of Fe ions are four As ions which form a tetrahedron. The crystal structure of LaOFeAs is shown in Fig.1. The values of experimentally obtained lattice constants for different known rare-earth substitutions are presented in Table 1. As the atomic number of rare-earth element increases the lattice constants decrease indicating the contraction of the cell due to the lanthanoid compression effect. The systematic decrease of the lattice constants was also observed for F� substitution to the site of O^2� ions [1].

Ŕĺśĳňă ć ĘİŠŤ šőň 87 ćżŕ. 9 { 10 2008 647

Fig.1. Tetragonal crystal structure of LaOFeAs compound. FeAs layers are formed by Fe ions tetrahedraly surrounded by As ions

The electronic structure of ReOFeAs (Re=La, Ce, Pr, Nd, Sm and Y) compounds was calculated in the local (spin) density approximation (L(S)DA) and LSDA+U [21] method by using linearized muffin-tin orbitals (LMTO) [22]. The details of the atomic spheres radii and LMTO basis set used in the calculation are given in the Table 2. Since the experimental data

Table 2

Details of LMTO calculations for ReOFeAs (Re=La, Ce, Pr, Nd, Sm, Y)

Type of atom LMTO basis R_{AS} , Å La 6s5d4f 1.63 Ce 6s5d4f 1.61 Sm 6s5d4f 1.59 Nd 6s5d4f 1.62 Pr 6s5d4f 1.625 Y 5s4d 1.637 Fe 4s4p3d 1.377 As 4s4p 1.42 O 3s2p 1.09

for atomic coordinates are limited, in the case of Ce, Pr, Nd, Sm and Y systems we used the same z_{Re} and z_{As} as for the LaOFeAs compound: z_{La}=0.141545, z_{As}=0.65122 [1].To our knowledge there is no experimental data for the lattice parameters and atomic coordinates for SmOFeAs. Thus for SmOFeAs we use the same lattice parameters and atomic positions as for Nd system. The hypothetical compound with yttrium is not synthesized yet and for its electronic structure calculation we exploit the data for La compound from Ref. [1]. We also keep fixed the radii of atomic spheres of Fe, As and O across the series. The f-states of rare-earths were treated as a pseudocore states. The Brillouin zone was sampled using 20 irreducible k points.

Fig.2. LDA energy bands for LaOFeAs (solid lines) and PrOFeAs (dashed lines) compounds. The Fermi level corresponds to zero

Fig.3. Total and partial LDA DOS for LaOFeAs (solid lines) and PrOFeAs (dashed lines) compounds. The Fermi level corresponds to zero

The obtained LDA bands along high symmetry lines of the Brillouin zone and density of states (DOS) for pure

Ŕĺśĳňă ć ĘİŠŤ šőň 87 ćżŕ. 9 { 10 2008

Fig.4. Total (left) and partial Fe-d (right) LDA DOS for series ReOFeAs systems. The Fermi level corresponds to zero

LaOFeAs and PrOFeAs superposed with each other are shown in Fig.2 and Fig.3, correspondingly. Both density of states and band structure are in good agreement with the more accurate calculation within full potential linearized augmented planewave (LAPW) method using WIEN2k package [23, 24]. The only significant change in spectra to a substitution of different rare-earths reduces to the increase of the size of tetrahedral splitting because of lattice contraction. One can see these effects at about �1.5 eV for Fe-d states, �3 eV for As-p (Figs.3, 4).

These results clearly show that electronic structure of ReOFeAs compounds (e.g. DOS around the Fermi level, see Table 1) practically does not depend on the kind of rare-earth ion (Re) used in a wide energy interval around the Fermi level, which is relevant for superconductivity in FeAs layers. This simply follows from the fact that electronic states of ReO layers are rather far from the Fermi level. Thus there is almost negligible hybridization between Fe-d and Op electronic states as illustrated by partial DOS contributions shown in Fig.3. Within FeAs layers however there is quite sizeable hybridization between Fed and As-p. Smaller but still finite hybridization between O-p and As-p is obtained. Therefore the ReOFeAs systems can be considered as quasi-two-dimensional which is similar to the case of conventional high-T_c cuprates.

Ŕĺśĳňă ć ĘİŠŤ šőň 87 ćżŕ. 9 { 10 2008

Similarity of compounds within ReOFeAs series is unlikely to be changed by the account of strong electronic correlations on Fe, along the lines of Ref. [17], since only bare Fe bands are important in such type of calculations. In Fig.4 we show that no substantial modifications of Fe-d electronic states close to the Fermi level are found due to rare-earths substiutions. But one can in principle expect that interplay of orbital degrees of freedom within Fe-d shell because of different tetrahedral splitting might affect DOS value on the Fermi level within multi-orbital Hubbard model. However no such effects has been reported in Ref. [17].

Also we performed LSDA and LSDA+U calculation for collinear antiferromagnetically ordered Fe ions in FeAs plane. Spins were directed perpendicular to the FeAs plane. Values of Coulomb interaction U and Hund exchange J were taken 3 and 1 eV respectively. Corresponding LSDA+U DOS for LaOFeAs and PrOFeAs compounds are presented in Fig.5. Here one can say

Fig.5. Total and partial LSDA+U DOS for LaOFeAs (solid lines) and PrOFeAs (dashed lines) compounds. The Fermi level corresponds to zero

that any kind of spin-polarized LSDA or LSDA+U type of calculations do not make these compounds remarkably different. Our results are in good agreement with Refs. [18, 19]. Also one can mention that for all systems we obtained half-metallic LSDA+U solution.

We also have done LSDA+U calculations with AFM ordered Re ions, while Fe ions were not magnetic. We have found that rather large magnetic moments of Re ions have alsmost no effect on FeAs layer. Namely no magnetization of FeAs layer induced by Re ions is observed.

Thus, situation with rare-earth ions in ReOFeAs system seems in many respects quite similar to that in ReBa_2Cu_3O_7�_x series of copper oxide superconductors, studied in the very early days of high-T_c research in cuprates [25, 26]. In this series, the electronic states of rare-earth ions also just do not overlap with electronic states of CuO_2 conducting planes. This leads to the well established fact of almost complete independence of superconducting T_c¸ 92 K on the type of the rare-earth ion for the case of Re=Y,Nd,Sm,Eu,Gd,Ho,Er,Tm,Yb,Lu,Dy [25], with only two exceptions – the much lower value of T_c ¸ 60 K in the case of La and no superconductivity in the very special case of Pr [26].

Almost identical electronic structure of Fe oxypnictides ReOFeAs with different rare-earth substitutions in a wide energy range around Fermi level should inevitably lead to practically the same values of superconducting transition temperature T_c in any kind of BCS-like pairing mechanism. Rare-earths just do not influence electronic structure of FeAs layers due to a very small overlap of appropriate electronic states. Thus, no significant change of pairing interaction constant should be expected. There is no serious reason to expect any significant change of phonon’s spectrum due to the rare-earth substitution either as well as spin fluctuation spectrum in FeAs layers.

Thus we have a kind of a rare-earth puzzle! In contrast to ReBa_2Cu_3O_7�_x series of copper oxides experimental data of Refs. [5 – 9] show that the rare-earth substitutions in ReOFeAs series lead to rather wide range of T_c – from about 10 K in case of Gd up to 52 K in case of Nd and Pr systems. Two possible explanations of this puzzle seem feasible at the moment:

(i) Different quality of samples (disorder effects) may lead to a wide range of T_c, as disorder usually leads to a strong suppression of exotic types of pairing (e.g. anisotropic p- or d-wave, triplet pairing, etc.), which are discussed now for ReOFeAs series [11 – 14]. In general, situation here is qualitatively similar to the case of copper-oxides, where d-wave pairing is strongly suppressed by disorder (see e.g. [27]). Similar argument is usually used to explain typically lower values of T_c in LaBa_2Cu_3O_7�_x as due to disorder in La and Ba positions and oxygen vacancies [26]. This stresses the importance of systematic studies of disorder effects in the new class of ReOFeAs high-T_c superconductors.

(ii) Basically, spin-ordering effects of rare-earths (like Ce, Pr, Nd, Sm, Gd possessing localized spin mo-

Ŕĺśĳňă ć ĘİŠŤ šőň 87 ćżŕ. 9 { 10 2008 ment) may, in principle, induce a change of spin fluctuation spectrum (and T_c) due to magnetic interaction between rare-earths and FeAs layers (in case of spinfluctuation mechanism of pairing, as discussed e.g. in Refs. [11, 12]). However, these interactions are most probably rather weak, as illustrated by our LSDA+U calculations. Still, these effects are worth studying since the situation with rare-earth spins ordering is at present unclear from the experimental point of view.

This work is supported by RFBR grants # 08- 02-00021, # 08-02-00712, RAS programs “Quantum macrophysics” and “Strongly correlated electrons in semiconductors, metals, superconductors and magnetic materials”, Grants of President of Russia # MK- 2242.2007.2(IN), # MK-3227.2008.2(ZP) and scientific school grant # SS-1929.2008.2, interdisciplinary UB-SB RAS project, Dynasty Foundation (ZP) and Russian Science Support Foundation(IN).

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

2. G. F. Chen, Z. Li, G. Zhou et al., arXiv: 0803.0128v1. 3. X. Zhu, H. Yang, L. Fang et al., arXiv: 0803.1288v1. 4. A. S. Sefat, M. A. McGuire, B. C. Sales et al., arXiv:

0803.2528.

5. G. F. Chen, Z. Li, D. Wu et al., arXiv:0803.3790v2. 6. X. H. Chen, T. Wu, G. Wu et al., arXiv:0803.3603v2. 7. Z.-A. Ren, J. Yang, W. Lu et al., arXiv:0803.4234v1. 8. Z.-A. Ren, J. Yang, W. Lu et al., arXiv:0803.4283v1. 9. G. F. Chen, Z. Li, D. Wu et al., arXiv: 0803.4384v1.

10. L. Boeri, O. V. Dolgov, and A. A. Golubov, arXiv:

0803.2703v1.

11. I. I. Mazin, D. J. Singh, M. D. Johannes, and M. H. Du, arXiv: 0803.2740v1.

12. K. Kuroki, S. Onari, R. Arita et al., arXiv: 0803.3325v1. 13. X. Dai, Z. Fang, Y. Zhou, and F. Zhang, arXiv:

0803.3982v1.

14. Q. Han, Y. Chen, and Z. D. Wang, arXiv: 0803.4346v1. 15. H. Eschrig, arXiv: 0804.0186v1.

16. D. J. Singh and M.-H. Du, arXiv: 0803.0429v1. 17. K. Haule, J.H. Singh, and G. Kotliar, arXiv:

0803.1279v1.

18. C. Cao, P. J. Hirschfeld, and H.-P. Cheng, arXiv:

0803.3236v1.

19. F. Ma and Z.-Y. Lu, arXiv: 0803.3286v1. 20. G. Xu, W. Ming, Y. Yao et al., arXiv: 0803.1282v2. 21. V. I. Anisimov, F. Aryasetiawan, and A. I. Lichtenstein, J. Phys.: Condens. Matter 9, 767 (1997).

22. 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).

23. D. J. Singh and M. H. Du, arXiv:0803.0429v1. 24. N. A. Skorikov et al., unpublished.

25. B. N. Goshchitskii, V. L. Kozhevnikov, and M. V. Sadovskii, Int. J. Mod. Phys. B 2, 1331 (1988).

26. J. T. Markert, Y. Dalichaouch, and M. B. Maple, In \Physical Properties of High Temperature Superconductors I", Ed. D. M. Ginsberg, World Scienti˛c, Singapore, 1989.

27. M. V. Sadovskii, \Superconductivity and Localization", World Scienti˛c, 2000.

Ŕĺśĳňă ć ĘİŠŤ šőň 87 ćżŕ. 9 { 10 2008