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 2012 August 25Electronic structure of new multiple band Pt-pnictide superconductorsAPt3PI. A.Nekrasov+1), M.V. Sadovskii+�1)+Institute for Electrophysics UB RAS, 620016 Ekaterinburg, Russia�Institute for Metal Physics UB RAS, 620990 Ekaterinburg, RussiaSubmitted 24 May 2012We report LDA calculated band structure, densities of states and Fermi surfaces for recently discovered Pt-pnictide superconductors APt3P (A=Ca, Sr, La), con�rming their multiple band nature. Electronic structureis essentially three dimensional, in contrast to Fe pnictides and chalcogenides. LDA calculated Sommerfeldcoe�cient agrees rather well with experimental data, leaving little space for very strong coupling superconduc-tivity, suggested by experimental data on speci�c heat of SrPt3P. Elementary estimates show, that the valuesof critical temperature can be explained by rather weak or moderately strong coupling, while the decreaseof superconducting transition temperature Tc from Sr to La compound can be explained by correspondingdecrease of total density of states at the Fermi level N(EF). The shape of the density of states near the Fermilevel suggests that in SrPt3P electron doping (such as replacement Sr by La) decreases N(EF) and Tc, whilehole doping (e.g. partial replacement of Sr with K, Rb or Cs, if possible) would increase N(EF) and possiblyTc.1. Introduction. After the discovery of �rst iron-pnictide high-temperature superconductors [1] (see re-views in Refs. [2, 3]) several other iron-pnictide and iron-chalcogenide families of superconductors were inten-sively studied in recent years (see reviews in Refs. [2, 3]and pnictide-chalcogenide comparison in Ref. [4]). Thesearch for new systems produced several new supercon-ductors, which are chemical analogues of iron-pnictidesand chalcogenides, such as BaNi2As2 [5], SrNi2As2 [6],SrPt2As2 [7], SrPtAs [8], but with pretty low supercon-ducting Tc. Recently, another family of Pt-based super-conductors with chemical composition APt3P (A=Sr,Ca, La) [9] was discovered with experimental values ofTc equal to 8.4, 6.6, and 1.5K correspondingly. Basedon the observation of nonlinear temperature behavior ofHall resistivity, the authors of Ref. [9] supposed themultiple band nature of superconductivity in these newsystems, while speci�c heat data on SrPt3P has leadthem to a conclusion on very strong coupling nature ofsuperconductivity [9].Below we present the results on LDA calculated elec-tronic structure for SrPt3P and LaPt3P, as well as somecomparison with previously studied Pt-based supercon-ductor SrPt2As2 [10]. We also present some elementaryestimates concerning superconductivity in APt3P sys-tem.2. Crystal structure. Crystals of SrPt3P systemhave tetragonal space group P 4nmm with a = 5:8094�A1)e-mail: nekrasov@iep.uran.ru; sadovski@iep.uran.ru

and c = 5:3833�A [9]. Between Sr layers there are an-tiperovskite Pt6P octahedra where basal Pt1 atoms oc-cupy 4e (1/4, 1/4, 1/2) positions and apical Pt2 occupy2c (0, 1/2, 0.1409). Phosphorus inside octahedra alsooccupies 2c position, but with z = 0:7226. These octa-hedra are not ideal { distance from basal plane to apicalPt2 atoms is di�erent, while basal Pt1 atoms form per-fect squares. From Fig. 1 it is clear that because of al-
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Pt2Fig. 1. Crystal structure of SrPt3P. Pt6P octahedra areshown by Pt{Pt bondsternating edge sharing Pt6P octahedra, basal Pt1 atomsform two dimensional square lattice. For LaPt3P weassume the same crystal structure as for SrPt3P.�¨±¼¬  ¢ ���� ²®¬ 96 ¢»¯. 3 { 4 2012 243 6�



244 I. A.Nekrasov, M.V. Sadovskii3. Electronic structure. Using the experimentallyestablished crystal structure [9] we performed LDA bandstructure calculations within the linearizedmu�n-tin or-bitals method (LMTO) [11] with default settings.In Fig. 2 we present LDA calculated densities ofstates (DOS) of SrPt3P (upper panel) and LaPt3P
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Fig. 2. LDA calculated densities of states (DOS) of SrPt3P(upper panel) and LaPt3P (lower panel). Solid black line {total DOS, line with circles { Pt1-5d DOS, line with � {Pt2-5d DOS and dot-dashed line { P-3p DOS. The Fermilevel EF is at zero energy(lower panel). Most of spectral weight from �8 up to2 eV belongs to Pt1 (line with circles) and Pt2 5d states(line with �). Phosphorus 3p states give rather smallcontribution to the DOS (dot-dashed line). DOS at theFermi level is formedmainly by Pt1-5d states (Pt1 atomsmake 2d-square lattice, see Fig. 1) with a bit of admix-ture of Pt2-5d and P-3p states.The values of the DOS at the Fermi level N(EF)for Sr and La compounds are correspondingly 4.69 and3.77 states/eV/cell. These values are comparable withthose for pnictides with moderate Tc values [12]. Cal-culating Sommerfeld coe�cient 
b = �23 N(EF) we ob-tain 11 and 8.9mJ/mol/K2 for SrPt3P and LaPt3P, re-

spectively. For Sr compound the experimental value ofSommerfeld coe�cient is 
exp = 12:7mJ/mol/K [9] andagrees rather well with our band structure estimates. Infact 
exp should be larger than calculated (free electron)
b, because of DOS renormalization due to electron-phonon interaction (or interaction with other collectivemodes): 
 = (1 + �)
b, where � is corresponding di-mensionless coupling constant. Comparing experimen-tal data and calculated results we get an estimate of �of the order of 0.15 only, which corresponds to ratherweak coupling and is too small to obtain the experimen-tal values of Tc (see below). Note also that experimen-tal estimates [9] of Wilson ratio produced the values ofRW � 1, which signi�es the absence of strong correla-tions in SrPt3P.Our results for DOS show that in SrPt3P the Fermilevel is located just in the middle of the slope of a peak inthe DOS, so that electron doping decreasesN(EF), whilehole doping the other way around increases it. This maybe important for superconductivity (see discussion be-low).In Fig. 2 we show band dispersions of SrPt3P (blacklines) and LaPt3P (gray lines) in the vicinity of theFermi level. These are quite di�erent from band disper-sions reported for chemically similar material SrPt2As2[10] and also from iron pnictides and chalcogenides [4].First of all, both APt3P compounds are essentially threedimensional as one can see from dispersions in �-Z di-rection. From chemical composition point of view (ne-glecting lattice relaxation e�ects) LaPt3P is \electrondoped" SrPt3P system (one extra electron in La). Thisresults in almost rigid shift of the La compound bandsdown in energy for about 0.3 eV with respect to thebands of Sr compound (see Fig. 3). Close to the Fermilevel for LaPt3P there are several band crossings andVan-Hove singularities. Thus Fermi surface topologycan be changed rather easy upon doping.In Figs. 4 and 5 we present LDA calculated Fermisurfaces (FS) of SrPt3P and LaPt3P correspondinglyand also separately drawn di�erent FS sheets. Overallshape of the APt3P FS is very di�erent from those intypical iron pnictides or chalcogenides [13, 14]. First ofall it looks pretty three-dimensional and does not haveany well developed cylinders.The overall conclusion on electronic structure ofAPt3P family is that it really the new class of multi-ple band superconductors, as was expected from Hallmeasurements in Ref. [9]. SrPt3P system is essentiallytwo-band superconductor, while LaPt3 band structurein the vicinity of the Fermi level is even more compli-cated. Fermi surfaces of both systems are characterizedby multiple sheets and pockets in the Brillouin zone,�¨±¼¬  ¢ ���� ²®¬ 96 ¢»¯. 3 { 4 2012
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Fig. 3. LDA calculated band dispersions in the vicinity of the Fermi level for SrPt3P (black line) and LaPt3P (gray line). TheFermi level is at zero energy
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Fig. 4. LDA calculated Fermi surface for SrPt3P (a) and its separate sheets (b, c)which produce very complicated topology and variabil-ity under doping.4. Remarks on superconductivity. From thegeneral symmetry analysis [15, 16] it is known that incase of tetragonal symmetry and in spin-singlet case wecan in principle observe either the usual isotropic oranisotropic s-wave Cooper pairing or several types ofd-wave pairing. Most probable is, of course, the caseof s-wave superconductivity, as proposed in Ref. [9].Additional complications arise from multiple band na-ture of the APt3P compounds. The three-dimensionalmultiple sheet FS topology may lead to complicated su-perconducting gap structure, with di�erent energy gapson di�erent FS sheets. The Tc value and gap ratios inthe multiple band systems are actually determined byrather complicated interplay of intraband and interbandcouplings in Cooper channel, as well as by partial DOSratios at di�erent FS sheets [17, 18].Nevertheless simple BCS approach allows us to makesimple estimates of dimensionless coupling constant �value from experimental values of Tc. Using the simpleBCS expression Tc = 1:14!De�1=� with experimentalvalue of Debye frequency !D = 190K [9] we obtain weakcoupling value of � = 0:31 for Tc = 8:4K. Reducing thisvalue of � proportionally to the decrease of DOS at the

Fermi level (from 4.69 states/eV/cell in Sr compoundto 3.77 states/eV/cell in La system) we obtain Tc = 4Kfor LaPt3P in a reasonable agreement with experimentalvalue of 1.5K.As simple BCS expression for Tc is probably toocrude, we also used the McMillan expression [19]:Tc = !D1:45 exp�� 1:04(1 + �)�� ��(1 + 0:62�)� ; (1)where �� is the Coulomb pseudopotential. Quite simi-lar results were also obtained with Allen-Dynes formula[20], considered to be the best interpolation expressionfor Tc in strongly coupled superconductors. Taking the\optimistic" value of Coulomb pseudopotential �� = 0,we repeat our previous analysis. Now Eq. (1) gives� = 0:61 for SrPt3P and corresponding Tc = 5:6K forLaPt3P. Once we assume more typical value of �� = 0:1,we get � = 0:85 for SrPt3P and then Tc = 5:4K for Lacompound is obtained.To sum up we see that the values of Tc for Sr andLa systems reasonably correlated with DOS behaviorat Fermi level, which is similar to our estimates foriron pnictides and chalcogenides [4, 12]. At the sametime, these estimates correspond to weak or interme-diate coupling superconductivity in APt3P supercon-�¨±¼¬  ¢ ���� ²®¬ 96 ¢»¯. 3 { 4 2012
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Fig. 5. LDA calculated Fermi surface for LaPt3P (a) and its separate sheets (b{e)ductors, which cannot explain (compare [20]) unusuallyhigh 2�=Tc ratios obtained from speci�c heat data inRef. [9]. This stresses the need for independent experi-mental estimates of 2�=Tc ratios in these systems.5. Conclusion. In this work we presented LDA re-sults for band dispersions, densities of states and Fermisurfaces for recently discovered Pt-pnictogen supercon-ductors APt3P (A=Sr, La) [9]. We con�rm experimen-tal predictions concerning the multiple band supercon-ductivity in these systems, with complicated multiplesheet FS topology. In contrast to typical iron pnictidesand chalcogenides we �nd Pt systems to be essentiallythree dimensional. Our LDA data and simple estimatesof superconducting Tc leave little space for strong cou-pling superconductivity in new Pt-compounds. The ob-served correlation of Tc values with DOS behavior closeto Fermi level stresses the importance of doping. Itseems probable, that hole doping of SrPt3P, if possible,can lead to higher values of Tc.This work is partly supported by RFBR grant #11-02-00147 and was performed within the framework of theProgram of fundamental research of the Russian Acad-emy of Sciences (RAS) \Quantum mesoscopic and dis-ordered structures" (#12-�-2-1002).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), 1201 (2008); arXiv: 0812.0302.3. K. Ishida, Y. Nakai, and H. Hosono, J. Phys. Soc. Jpn.78, 062001 (2009).4. M. V. Sadovskii, E. Z. Kuchinskii, and I. A. Nekrasov,arXiv:1106.3707.5. E. D. Bauer, F. Ronning, B. L. Scott, and J. D. Thomp-son, Phys. Rev. B 78, 172504 (2008).
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