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Superconductivity in Fe-based superconductors: competing orders and
 Cooper-pairingIlya Eremin
 Theoretische Physik III, Ruhr-Universität BochumTheretical Physics Chair, Institute of Physics, Kazan Federal University
 National University of Science and Technology ‘MISiS’, Moscow
 I. Eremin, Коуровка, 26.02.2016
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A Brief History of unconventional superconductivity
 1972Osheroff, Richardson, Lee: Superfluidity in 3He
 1996
 1979Frank Steglich: superconductivity in CeCu2Si2, Tc=0.79K
 Bednorz, Mueller: superconductivity in cuprates, Tc,max=135K
 1986
 1987
 Hideo Hosono: superconductivity in iron-based systems, Tc=57K
 2008
 I. Eremin, Коуровка, 26.02.2016
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Iron-based superconductors• Layered materials: transition metal (Fe) plus
 pnictogen (nitrogen group, such as As)
 Fe
 Ba
 As
 BaFe2As2
 I. Eremin, Коуровка, 26.02.2016
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Iron-based superconductors• Layered materials: transition metal (Fe) plus pnictogen
 (nitrogen group, such as As) Several families
 also with chalcogen (oxygen group, such as Se)
 I. Eremin, Коуровка, 26.02.2016
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Iron-Pnictides: typical phase diagram
 magnetic, structural, and superconducting order
 disorder, pressure
 I. Eremin, Коуровка, 26.02.2016
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Lectures outline
 Part I: Magnetism in iron-based superconductors - magnetic excitations, role of the orbitals, effect of the spin-orbit coupling
 Part II Superconductivity in iron-based superconductors- mechanism, symmetries of the superconducting gaps, role of orbitals, BCS-BEC crossover
 I. Eremin, Коуровка, 26.02.2016
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Iron-based superconductors:
 what are the common electronic features?
 I. Eremin, Коуровка, 26.02.2016
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• BaFe2As2: (Ba2+, As3-, Fe2+) – Fe2+: 3d6 six 3d-electrons or four 3d-holes.
 • La2CuO4: (La3+, Cu2+, O2-)– Cu configuration: [Ar]3d104s1
 – Cu2+: 3d9, nine 3d-electrons or one 3d-hole.
 or or etc
 or only
 Valence consideration
 I. Eremin, Коуровка, 26.02.2016
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In cubic and tetragonl systems degeneracies split
 } t2g
 } eg
 3d orbitals and degeneracies
 I. Eremin, Коуровка, 26.02.2016
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• Atomic crystal field levels, reflecting electrostatic Madelung energies for the different orbitals.
 • Typically these are not more than an electron volt for most transition metal materials.
 • Actual splitting energies are larger due to ligand field effects when hybridizations are included.
 • Simple consideration for Fe2+: Ehigh spin-Elowspin = 2 x”10Dq” > 0,
 so low spin is stabilized by crystal field splitting. Spherical Cubic Tetragonal
 SO(3)
 Crystal field levels
 I. Eremin, Коуровка, 26.02.2016
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As
 Fe
 ~ Tetrahedral coordination Crystal field splitting Is inverted as compared to Octahedral
 Many transition metal oxides have octahedral coordination (such as copper oxide): • Cation(+) = TM ion, anion(-) =
 oxygen.• This puts the eg orbitals at higher
 energy than t2g orbitals due to their spatial extent towards anion orbitals.
 Iron pnictides – tetrahedral coordination
 I. Eremin, Коуровка, 26.02.2016
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LOFP Lebegue 2007 (Tc=6K) LOFA Singh & Du 2008 (Tc=26K)
 Band structures for 2 materials nearly identical!Hole pocket near , electron pocket near M
 2D!
 Electronic-structure calculations
 I. Eremin, Коуровка, 26.02.2016
 Also Ekaterinburg groupNekrasov, Pchelkina, Sadovskii, JETP Lett. 87, 560 (2008); ibid. 88, 144 (2008)
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4 holes per cite – multiband structure. chemical potential lies in the gap
 LaFeAsO
 Crystalline electric field of the tetrahedra
 is weak
 All 5 Fe d-orbitals are near the Fermi level
 Electronic-structure: multiorband structure
 I. Eremin, Коуровка, 26.02.2016
 3d Fe 62
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Wannier functions from Local Density Approximation (LDA)
 Orbitals primarily formed by Fe d-states with hybridizations with nearest neighbor As p-states
 O. K. Anderson & L. Boeri, 2011.
 Lattice Hamiltonian
 I. Eremin, Коуровка, 26.02.2016
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Singh & Du, 2008
 Mostly Fe 3d states around EF; some As states at Fermi level, but most are at least 2.5 eV below.
 Bandwidth W ~ 4 eV
 Band structure from LDA
 I. Eremin, Коуровка, 26.02.2016
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Graser et al, 2009
 t2g
 eg
 • states tetrahedrally coordinated• many states crossing the Fermi level.• “hole pockets” around the G pt, “electron pockets”
 around M pt.
 Orbitally resolved bands
 I. Eremin, Коуровка, 26.02.2016
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Graser et al, 2009
 • states tetrahedrally coordinated• many states crossing the Fermi level• “hole pockets” around the (0,0), “electron pockets” around M pts (,0) & (0,) in one Fe unit cell
 Orbitally resolved bands
 I. Eremin, Коуровка, 26.02.2016
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z-axis and complications due to structure
 e.g., Ba 122 – body centered tetragonal (bct)
 • largely two-dimensional Fermi surfaces,
 • z-axis dispersion is present. Depends upon material (spacer layers)
 • “hole” derived Fermi surface grows with hole doping, disappears at G pt and some critical electron doping.
 • “electron” FS grows with electron doping at M pts, disappears at a critical hole doping.
 Mazin & Schmalian, 2009.
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Comparison with other (newer) materials
 La-1111 Ba-122 FeTe
 courtesy of I. Mazin
 Hole pockets near (0,0) Electron pockets near ()
 I. Eremin, Коуровка, 26.02.2016
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NdFeAs(O1-xFx) (x=0.1) A. Kaminski et al.
 Hole pockets near (0,0) Electron pockets near ()
 dHVaARPES
 LaFeOPA. Coldea et al,
 Ba06K04Fe2As2
 H. Ding et al.
 A. Kordyuk et al LiFeAs
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Iron-based superconductors: what are the common electronic
 features
 - the electronic structure is almost two-dimensional
 - there are several bands crossing the Fermi level
 - Some of the bands are almost empty (electron-like dispersion), some are almost completely filled (hole-like dispersion)
 - Separation between electron- and hole-like Fermi surfaces in the k-space is approximately wave vector Q=(,0) or Q=(,0) (or Q=(, ) in the 2Fe unit cell BZ)
 Why is this important?I. Eremin, Коуровка, 26.02.2016
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magnetic and structural
 transition lines follow closely each other
 correlated phases!
 Iron pnictides: normal state properties
 I. Eremin, Коуровка, 26.02.2016
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I) Structural Transition II) Magnetic Transition
 FeTe
 122/1111
 Transitions are simultaneous for FeTe and almost for parent 122’s, but structural transition is first in 1111’s and doped 122’s
 DFT correctly reproduces (or even predicts) correct magnetic and structural ground states, but requires magnetism as a prior condition for distortion
 Iron pnictides: structural and magnetic transitions
 Not in this lecture!
 I. Eremin, Коуровка, 26.02.2016
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Metallic behavior of parent compounds of Fe pnictides
 TN
 Resistivity
 I. Eremin, Коуровка, 26.02.2016
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Parent Materials are Metallic AFM
 (metallic) order lying near structural phase transition (unlike (insulating) order in cuprates). Candidate explanations:
 • Weak Coupling SDW band nesting (as in Chromium), or
 • Local Moments and Heisenberg Exchanges (cuprates)
 Both views have pluses & minuses
 Mazin et al PRL 2008, ...
 Johannes et al PRB 2009
 Magnetism in the iron pnictides
 I. Eremin, Коуровка, 26.02.2016
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• Fermi surface nesting: Stoner magnetism depend upon subtleties of Fermi surfaces.
 • Local moments, short-range exchange: start with local spins, expand in powers of t/, t/U.
 • Intra-atomic Hund’s coupling: magnetism involves all occupied states (not just near FS).
 1Fe 2Fe
 Possible scenarios
 I. Eremin, Коуровка, 26.02.2016
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• Hund’s physics. • Overestimates large Fe
 magnetic moment (but still smaller than 4μB/Fe):– experiments range from 0.4
 μB/Fe in LaOFeAs, to 1 ∼μB in BaFe2As2, to over 2 μB in doped tellurides.
 • Does not adequately capture spin fluctuation effects.
 • Also cannot capture strong U correlation effects.
 Mazin et al, 2008
 Magnetism in LDA
 I. Eremin, Коуровка, 26.02.2016
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Magnetism in ferropnictides: strong coupling description
 Ising nematic
 Ch. Henley, PRL 62, 2056 (1989)
 I. Eremin, Коуровка, 26.02.2016
 1 2 0M M r r
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Magnetism in iron-based
 superconductors: itinerant picture
 I. Eremin, Коуровка, 26.02.2016
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Magnetic excitations: nearly perfect nesting at x=0
 h
 e
 For a perfect nesting, SDW instability occurs already at small U
 I. Eremin, Коуровка, 26.02.2016
 For Cr: Rice, Keldysh, Kopaev (1965), for Fe-based SC: Kuroki et al, PRL (2008); Mazin et al., PRL (2008); Korshunov and Eremin PRB (2008)
 eQk
 hk
 0
 0
 (Q ) (Q )
 1-U (Q )AFM
 AFMAFM
 0 (Q )
 AFM
 k
 k QAFM
 T
 E log
 d d F
 T22k
 k
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Unfolded Brillouin Zone
 Eremin, Chubukov.,PRB 81, 024511 (2010)
 I. Eremin, Коуровка, 26.02.2016

Page 32
                        

Full Hamiltonian: H = HKE + H2 For a single atom there is no KE.
 ^ ^ ^
 Or we could use Wannier orbitals, plane waves, etc…
 Hybridization and multiplets
 I. Eremin, Коуровка, 26.02.2016
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Hybridization and multiplets
 I. Eremin, Коуровка, 26.02.2016
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Hybridization and multiplets
 I. Eremin, Коуровка, 26.02.2016

Page 35
                        

Hybridization and multiplets
 I. Eremin, Коуровка, 26.02.2016
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instead of spherical harmonics
 Focusing on real orbitals
 I. Eremin, Коуровка, 26.02.2016
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Focusing on real orbitals
 I. Eremin, Коуровка, 26.02.2016
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Generally one can show that
 Focusing on real orbitals
 I. Eremin, Коуровка, 26.02.2016
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Full Hamiltonian: Ĥ= ĤKE + Ĥ2
 ĤKE = j,j’,’ tjj’’ d†
 j dj’’
 with the hopping matrix elements tjj’’ = integral
 dr3 w*j(r) wj’’(r)
 And wj(r) the Wannier function centered at site j.Ĥ2
 …plus Coulomb interaction terms involving more than one site. In what cases can we neglect these?
 Lattice Hamiltonian
 I. Eremin, Коуровка, 26.02.2016
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Madelung energy governed by electrostatic contributions.Screening: Polarizability of the medium; dielectric screening of mobile carriers.
 • electronic polarizabilites ~ anion volume• α(O2-)~1-3Å3, α(P3-)~6-8Å3, α(As3-)~10-
 12Å3
 • Changes in ionization & electron affinity reduces U by ~ 13 eV in CuO, ~17 eV in FeAs.
 G. A. Sawatzky et al, EPL 2008
 —
 Lattice environment & screening reduces U
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Ĥ2
 First term = intra-orbital Hubbard repulsion U
 Second term = inter-orbital Hubbard repulsion U’
 Third term = ferromagnetic coupling between electrons in different orbitals (Hund’s rule) J
 Fourth term = intra-site hopping of pairs of electrons between two orbitals J’. This term is usually suppressed by double occupancy reduction by U, which is often the largest energy scale in the problem
 Full Hamiltonian: Ĥ= ĤKE + Ĥ2
 ĤKE = Sj,j’,,’,s tjj’’ d†
 j dj’’
 Lattice Hamiltonian
 I. Eremin, Коуровка, 26.02.2016
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Band representation
 u1u2
 u3
 u4
 I. Eremin, Коуровка, 26.02.2016
 Chubukov, Efremov, Eremin ,PRB 78, 134512 (2008)
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Band representation: simple picture
 density-density interaction between fermions on different pockets
 exchange interaction between pockets
 pair hopping between pockets
 Density-density interaction withinthe same pocket
 u1
 u2
 u3
 u4 u5
 I. Eremin, Коуровка, 26.02.2016
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The model: from orbital to the band description
 S. Graser et al New J. Phys. 11, 025016 (2009)
 A.V. Chubukov, D. Efremov, and I. Eremin, PRB (2008)
 u1
 u3
 u4
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Two-band model and Fermi-liquid interactions
 I. Eremin, Коуровка, 26.02.2016
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Fermi surface in the unfolded BZ and SDW orders
 - two nesting wave vectors Q1=(0,) and Q2=(,0)
 - two vector SDW order parameters
 - two sublattice order parameters
 I. Eremin, Коуровка, 26.02.2016
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Simplest model to solve: 1 hole and 2 electron pockets
 - sets the value of the total order parameter but does not specify or
 - the ground state degeneracy is even larger than in the J1-J2 model of localized spins
 O(6) degeneracy [5 Goldstone modes](0, ) or (,0) are two of many possibilities
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Simplest model to solve: 1 hole and 2 electron pockets
 - the magnitude of the order parameter at each site is the same
 Degeneracy as in J1-J2-model
 - to add the interaction (density-density) between electron pockets
 U4
 U8
 U6
 U7
 Correction to the free energy (all Ui are equal )
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Simplest model to solve: 1 hole and 2 electron pockets
 - From the RG we know that interactions are not equal
 U4
 U8
 U6
 U7
 - Electron pockets are elliptic
 < 0
 Positive (mx-my)2
 or
 (0, ) or (,0) is selected !– no need for quantum fluctuations in itinerant picture- charge fluctuations are crucial
 Eremin, Chubukov.,PRB 81, 024511 (2010)
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If the interaction were magnetic
 or
 I. Eremin, Коуровка, 26.02.2016
 I. Eremin, Physics-Uspekhi 57 (2014).

Page 51
                        

SDW state: electronic structureusual SDW
 insulator
 Metallic SDW state in pnictides
 one of the combination of the electron pockets will decouple from SDW
 Metal even for complete nesting !I. Eremin, Коуровка, 26.02.2016
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peculiarities of the Ising nematic
 transition in the iron-based superconductors
 I. Eremin, Коуровка, 26.02.2016
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• A state that breaks Z2 symmetry but remains paramagnetic
 disordered state Ising nematic state
 Z2
 symmetry breaking
 O(3)
 symmetry breaking
 magnetic state
 spontaneous tetragonal symmetry breaking
 Ising nematic order and magnetism
 I. Eremin, EPFL, 16 May 2012
 Electronic nematic phase the point-group symmetry from C4 (tetragonal) to C2 (orthorhombic), is equivalent to the orthorhombic phase “nematic” is used to emphasize that the phase transition is of purely electronic origin
 0iSyiixii SSSS
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Fermi surface in the unfolded BZ and SDW orders
 - two nesting wave vectors Q1=(0,) and Q2=(,0)
 - two vector SDW order parameters
 - two sublattice order parameters
 I. Eremin, Коуровка, 26.02.2016
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How to treat the Ising nematic order in the itinerant picture
 - Ising variable: [ R. Fernandes et al., PRL 105 (2010)]
 Ising nematic transition
 General procedure: introduce two bosonic fields
 Partition function as an integral over Grassmann variables
 I. Eremin, Коуровка, 26.02.2016
 Fernandes, Chubukov, Eremin, Schmalian.,PRB 85 (2012)
 1 2 0M M r r
 2 2 2 21 2 1 2 X YM M
 r r r r r r
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How to treat the Ising nematic order in the itinerant picture
 decouple the quartic term in fermionic operators using the Hubbard-Stratonovich transformation
 Expand Seff in powers of X and Y and obtain the Ginzburg-Landau type of action
 I. Eremin, Коуровка, 26.02.2016
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Away fromperfect nesting:
 hole pocket
 Itinerant approach to the nematic state
 Finite ellipticity
 I. Eremin, Коуровка, 26.02.2016
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OR
 mean-field solution:
 Itinerant approach to the nematic state
 I. Eremin, Коуровка, 26.02.2016
 01
 22
 21 g
 02 01 02
 0mag
 i
 F
 222
 21
 222
 21
 22
 21
 0mag 442
 gurF
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To consider the possibility of a nematic state, we need to include fluctuations
 nematicorder
 parameter
 Itinerant approach to the nematic state
 I. Eremin, Коуровка, 26.02.2016
 222
 21
 222
 21
 22
 21
 1magmag 44
 guF - q
 22
 21 2
 221
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Equation of state for the nematic order parameter:
 solution already in the paramagnetic phase, when the magnetic susceptibility is large enough
 magneticfluctuations
 nematic order
 Itinerant approach to the nematic state
 I. Eremin, Коуровка, 26.02.2016
 12mag
 3 q g
 0
 22
 21
 0F
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• Magnetic fluctuations become stronger around one of the ordering vectors in the paramagnetic phase
 x and y directions become inequivalent: tetragonal symmetry breaking
 nematic
 transition
 Fernandes, Chubukov, Eremin, Schmalian, PRB 85 (2012)
 Itinerant approach to the nematic state
 I. Eremin, Коуровка, 26.02.2016
 0,1 Q
 ,02 Q
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nematictransition OR
 Structural transition driven by magnetic fluctuations
 magneto-elastic coupling:
 Ising nematic transition triggers structural transition
 I. Eremin, Коуровка, 26.02.2016
 ba
 ba
 kkkkk ,,,,elmag YYXX ccccH
 0 0 0
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• Distinct orbital content of different Fermi pockets leads to orbital order (Fe configuration: 3d6)
 Ising nematic transition triggers orbital order
 I. Eremin, Коуровка, 26.02.2016
 orb
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• explains the experimentally observed sign of the orbital splitting in BaFe2As2
 Yi et al, PNAS (2011)
 Ising nematic transition triggers orbital order
 I. Eremin, Коуровка, 26.02.2016
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• Strong increase of the magnetic correlation length at the nematic transition
 nematictransition
 magnetictransition
 Nematic order enhances magnetic fluctuations
 I. Eremin, Коуровка, 26.02.2016
 STT
 22
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• NMR reveals the enhancement of magnetic fluctuations at the nematic transition
 Ma et al, PRB (2011)
 NaFeAs
 Fernandes, Chubukov, Eremin, Knolle, Schmalian, PRB (2012)
 Nematic order enhances magnetic fluctuations
 I. Eremin, Коуровка, 26.02.2016
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magneticfluctuations
 nematic order
 give rise to
 enhances
 transitions naturally follow each other
 Phase diagrams for the magnetic and structural transitions
 I. Eremin, Коуровка, 26.02.2016

Page 68
                        

• Characters of the transitions depend on the nematic coupling, dimensionality, and temperature
 Fernandes, Chubukov, Eremin, Knolle, Schmalian, PRB (2012)
 Phase diagrams for the magnetic and structural transitions
 I. Eremin, Коуровка, 26.02.2016
 02
 1 2,,
 2,
 k
 kYkXk GGGg
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magneto-structural phase diagram:
 meta-nematic
 transition
 BaFe2As2
 I. Eremin, Коуровка, 26.02.2016
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magneto-structural phase diagram:
 meta-nematic transition
 Rotundu et al, PRB (2011)Kim, RMF et al, PRB (2011)
 BaFe2As2
 BaFe2As2
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magneto-structural phase diagram:
 split 2nd order transitions
 electrondoping
 BaFe2As2
 I. Eremin, Коуровка, 26.02.2016
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magneto-structural phase diagram:
 split 2nd order transitions
 electrondoping
 Rotundu et al, PRB (2011)Kim, et al, PRB (2011)
 transitions split with electron doping
 BaFe2As2
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magneto-structural phase diagram:
 pressure
 simultaneous
 1st order transition
 BaFe2As2
 I. Eremin, Коуровка, 26.02.2016
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magneto-structural phase diagram:
 pressure
 simultaneous
 1st order transition
 Colombier et al, PRB (2009)
 transitions remain simultaneous with pressure
 BaFe2As2
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• Due to its magnetic origin, nematicity also competes (indirectly) with superconductivity
 Competition between superconductivity and nematicity
 • even in the absence of long-range magnetic order
 12mag
 3 q g
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Possible magnetic states
 or
 C4 non-uniform state
 Lorenzana et al, PRL (2008)Eremin et al, PRB (2010)Brydon et al, PRB (2011)Giovannetti et al, Nature Comm
 (2011)L. Fanfarillo et al.
 arXiv:1410.8488Wang, Kang & RMF, PRB (2015)Gastiasoro et al, arxiv (2015)
 C4 non-collinear state
 Wang & RMF, PRB (2014)
 01 M
 02 M
 21 || MM
 21 MM
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Is spin-orbit coupling important in iron-based superconductors?
 λ
 Previously considered in effective models
 • Nodal structure of SDW phase in C2 SAF phase
 • Effects on superconductivity when spin-orbit acts as hybrydization between
 xz
 and yz orbitals
 • Spin-orbit coupling and nematic order have similar strength
 • Splitting of zz and +- components was previosuly observed
 PRB 90 214515 (2014) R. M. Fernandes, O. Vafek
 PRB 88 134510 (2013) V. Cvetkovic, O. Vafek
 PRB 86 144519 (2012) M. Khodas, A.V. Chubukov
 J. Supercond 10, 1007 (2012), M. Korshunov, Y. Togushova, I. Eremin, P. Hirschfeld
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However:• AF State: C2 symmetric striped atiferromagnetic order
 • Strong magnetic anisotropy in the magnetic
 state
 • Magnetic moments pointing along Qx
 • PM state
 •
 de la Cruz et al. Nature 2008
 PRB 91 060505, F. Waßer
 PRB 82 064515, Lipscombe et al
 So far: Explanation in terms of ferroorbital order
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Spin reorientation in the C4 symmetric AF state
 S. Avci et al., Nature Commun. 5, 3845 (2014);D.D. Khalyavin et al. Phys. Rev. B 90, 174511 (2014).
 A.E. Böhmer et al., arXiv: 1412.7038 Previous study under pressure E. Hassinger et al., PRB 86, 140502 (2012)
 Spin reorientation moments are pointing along z-direction
 F. Waßer et al. Phys. Rev. B 91, 060505(R) (2015)
 - similar phase found in Ba(Fe1-xMnx)2As2 Kim et al, PRB (2010)
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Approach in this work
 Itinerant model plus spin-orbit coupling intrinsic anisotropy
 xz, yz orbitals contributing to the Г-point
 (π,0) pocket mixture of xy and yz
 (0,π) pocket mixture of xy and xz
 New J. Phys. 11 025016, Graser

Page 81
                        

compute spin response with λ
 + multiorbital RPA (U,U’,J)
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• Zeeman-field with imaginary component
 • between xz, yz orbitals only
 ( -point )
 •
 •
 i
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)
 • xz,yz coupled with xy orbitals
 •
 Q
 x
 -
 -
 ++
 Electronic pockets must be necessarily elliptic
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Q
 x
 -
 -
 ++
 No ferro-orbital order needed! •
 • Extra role of ferroorbital order
 )
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Possible magnetic stateswith spin-orbit coupling: strong magnetic anisotropy
 dyz orbital
 dxz orbital
 dxy orbital
 I. Eremin, Коуровка, 26.02.2016
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C2 striped AF stateFrom the paramagnetic state
 I. Eremin, Коуровка, 26.02.2016
 0
 0
 2
 ,1
 M
 M x
 0
 0
 ,2
 1
 yM
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C4 symmetric magnetic state - Magnetic moments are pointing along z-direction
 - local probe of magnetization: Mössbauer spectroscopy
 J.M. Allred et al Nature Phys. (2016)
 C4 phase: - large central peak with the same isomer shift as the PM phase non-magnetic sites - sextet with magnetic sites twice larger effective field than in the C2 phase
 double Q C4 non-uniform state (spin-charge order)
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AFM state in the itinerant scenario:magnetic excitations
 I. Eremin, Коуровка, 26.02.2016
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Single-band Hubbard model: a primer
 J. R. Schrieffer, X. G. Wen, and S. C. Zhang Phys. Rev. B 39, 11663 (1989);
 Peres, Araujo, PRB 65, (2002)R. Coldea et al., PRL 86, (2001)
 Assume finite ground state magnetization:
 Include transverse fluctuations:
 I. Eremin, Коуровка, 26.02.2016

Page 90
                        

Spin waves in multiband systems
 Spin operator has an additional label s:
 SDW order Parameters:
 translational symmetry breaking in the AFM phase:
 off-diagonal Umklapp components in the AFM state:
 I. Eremin, Коуровка, 26.02.2016
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Transverse spin susceptibility spin waves
 - Goldstone mode at Q1 and zero energy mode at Q2=(0,)- continuum is gapped, no Landau damping
 No ellipticity Complete nestingMagnetic order with Q1 = (,0) set by hand
 I. Eremin, Коуровка, 26.02.2016
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Transverse spin susceptibility spin waves
 - Finite damping still well-defined spin waves around Q1 - Finite ellipticity Q2 –mode is gapped- Landau damping Q2 -mode behaves as paramagnon
 Finite ellipticity remnant Fermi surface pockets
 I. Eremin, Коуровка, 26.02.2016
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Spin waves Comparison to experiment
 - only one out of two elliptic pockets is involved in SDW anisotropic spin wave velocity along x and y directions (30%)
 - even above ~90meV there are well-defined peaks in the q-cuts for a given
 Exp. J. Zhao et al., Nature Phys. 5, 555 (2009); S. O. Diallo et al., Phys. Rev. Lett. 102 187206 (2009)
 Theory: J. Knolle, I. Eremin, A.V. Chubukov, and R. Moessner, PRB 81, 140506(R) (2010)
 I. Eremin, Коуровка, 26.02.2016
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Iron-based superconductors:
 Superconductivity in proximity to magnetism
 I. Eremin, Коуровка, 26.02.2016
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L. Boeri, O.V. Dolgov, and A.A. Golubov, PRL 101, 026403 (2008)
 =0.44 for Al
 Too small to account for Tc ~ 50K
 Too small to account for Tc ~ 50K
 including magnetismL. Boeri et al., PRB 82, 020506 (2010)
 Iron-based superconductors: electron-phonon interaction is probably too weak
 I. Eremin, Коуровка, 26.02.2016
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Ĥint
 First term = intra-orbital Hubbard repulsion U
 Second term = inter-orbital Hubbard repulsion U’
 Third term = ferromagnetic coupling between electrons in different orbitals (Hund’s rule) J
 Fourth term = intra-site hopping of pairs of electrons between two orbitals J’. This term is usually suppressed by double occupancy reduction by U, which is often the largest energy scale in the problem
 Full Hamiltonian: Ĥ= ĤKE + Ĥint
 ĤKE = Sj,j’,,’,s tjj’’ d†
 j dj’’
 What to do with the lattice Hamiltonian?
 I. Eremin, Коуровка, 26.02.2016
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convert the model into band basis for bare interaction (U,U’,J, J’), fit the interactions by the lowest angular harmonics, and extracted parameters eh, ee, etc.
 solve and analyze the gap equations
 Extension for the realistic lattice-based model
 I. Eremin, Коуровка, 26.02.2016
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Ĥint
 What to do with the lattice Hamiltonian?
 Project onto generic low energy BCS Hamiltonain on the band basis
 I. Eremin, Коуровка, 26.02.2016
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What to do with the lattice Hamiltonian?
 - quadratic term describes low-energy excitations near hole and electron FSs
 - the four-fermion term describes the scattering of a pair (k ,−k ) on the FS i to a pair (p ,−p ) on the FS j
 Ueh, Uee, Uhh
 I. Eremin, Коуровка, 26.02.2016
 Maiti, Chubukov, Korshunov, Hirschfeld, PRL, PRB (2011)
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What to do with the lattice Hamiltonian?
 - Conversion from the orbital model
 I. Eremin, Коуровка, 26.02.2016
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What to do with the lattice Hamiltonian?
 depends on the angles along different Fermi surfaces and contain component in all representations of the tetragonal
 D4h group
 I. Eremin, Коуровка, 26.02.2016

Page 102
                        

DOS near Fermi due almost entirely to 5 Fe d-states
 Complications: calculations will be harder
 Novelty: surprising new aspects of multiorbital/multiband physics
 LaO
 LaOFeAs
 Fe 3d
 As 4p
 LaO
 Total
 Band structure Fermi surface
 Iron-based superconductors are multiband (multiorbital) systems
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What to do with the lattice Hamiltonian?
 contain component in all representations of the tetragonal D4h group how to extract s-wave or d-wave
 I. Eremin, Коуровка, 26.02.2016
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Near k=0,
 Near p
 A generic consideration of the pairing in a multi-band (multiorbital) system
 S-wave pairing
 I. Eremin, Коуровка, 26.02.2016
 k
 k-
 p
 p-
 )p( )k( p)(k, mmn,
 nmn,
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Suppose, we keep only the leading terms in the series:
 We end up with the effective interactions, whichgenerally depend on the angles along electron FSs We end up with the effective interactions, whichgenerally depend on the angles along electron FSs
 The solution of the set of gap equations then yields angle-dependent gaps along electron FSsThe solution of the set of gap equations then yields angle-dependent gaps along electron FSs
 Near hole FSs
 Near electron FSs
 The gap must be of this form by symmetry!
 nnnnn A ... 8 cos C 4 cos B A )k(
 2 cos D~
 A~
 ...) 6 cos E~
 2 cos D~
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 ... 8 cos C~
 4 cos B~
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Similar consideration for the d-wave gap
 Near hole FSs
 I. Eremin, Коуровка, 26.02.2016
 ... 2k cos - 2k cos ,k cos k cos )k( yxyx1 gB
 n
 )p( )k( p)(k, 11
 mn,mn,
 gg Bm
 Bn
 k*
 k*
 k*
 k* 2 cos ... 10 cos 6 cos 2 cos )k(1 nnnn
 Bn acbag

Page 107
                        

Similar consideration for the d-wave gap
 Near electron Fermi surface (,0) or (0,)
 ... 2k cos - 2k cos ,k cos k cos )k( yxyx1 gB
 n
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Similar consideration for the d-wave gap
 Near electron Fermi surface (,0) or (0,)
 ... 2k cos - 2k cos ,k cos k cos )k( yxyx1 gB
 n
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Similar consideration for the d-wave gap
 ... 2k cos - 2k cos ,k cos k cos )k( yxyx1 gB
 n
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s-wave
 d-wave
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To obtain Tc one has to solve the eigenvalue problem
 The system is unstable if one or more i are positive
 I. Eremin, Коуровка, 26.02.2016
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The system is unstable if one or more i are positive
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Simple case: one hole pocket and two electron pockets
 The eigenvalue can be easily found (s-wave)
 uhe has to exceed some threshold to make system superconducting
 Like in a previous consideration
 (q) , (q) 1,2 e,hh e
 4334 or 0 )-( need uuuu
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Add the angular dependence on the electron pockets
 The first two eigenvalues
 But the third one can be positive if A > 0
 I. Eremin, Коуровка, 26.02.2016
 2 cos (q) , (q) 1,2 e,hh e
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Add the angular dependence on the electron pockets
 But the third one can be positive if A > 0
 Set
 2 cos (q) , (q) 1,2 e,hh e
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Physics: s+- gap develops cos 2 oscillations along electron FS to minimize the effect of intra-band Coulomb repulsion
 Solve for the gap: s+- solution exists for ANY u2he/ u hh u ee
 Large u2he/ uhh uee
 nodeless s+-
 Small u2he/ uhh uee
 nodal s+-
 u2he/ uhh uee
 I. Eremin, Коуровка, 26.02.2016
 2 cos (q) , (q) 1,2 e,hh e
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Bottom line:
 Angle-dependence of the interaction between hole and electron pockets gives rise to an attraction in s-wave channel for all electron and hole dopings.
 Because the interaction is necessary angle-dependent,the gaps on electron FSs have cos 2 components and may have accidental nodes
 electron FSs
 S+- gap with or without nodes
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How it works:
 projection from bare interaction.
 s-wave
 d-wave
 s-wave
 d-wave
 I. Eremin, Коуровка, 26.02.2016
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Results:I. Small/moderate dopings – s-wave wins
 electron FSs
 superconductivity comes from electron-hole interaction, ueh
 2 hole FSs 3 hole FSs
 electron FSs
 I. Eremin, Коуровка, 26.02.2016
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a) isotropic s+/-b) nodes c) deep minima
 Sensitivity to the relatively small changesNevertheless the physics is still universal
 s+- solution exists for ANY u2he/ uhhuee
 I. Eremin, Коуровка, 26.02.2016
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Problems:
 If the intra-pocket repulsion (u4) is stronger than the pair hopping (u3), the pairing interaction is repulsive
 In general, intra-pocket interaction should be the largest ( u4 is Coulomb repulsion at a small momentum transfer )
 An inclusion of the angular dependence helps but why Tc is so high?
 I. Eremin, Коуровка, 26.02.2016
 4334 or 0 )-( need uuuu
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Cooper-pairing due to antiferromagnetic spin fluctuations in cuprates
 single-band Hubbard Hamiltonian on a square lattice
 I. Eremin, Коуровка, 26.02.2016
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spin singlet
 spin triplet
 Berk, Schrieffer (1966), Scalapino et al. (1989-1996)
 Note that the first diagram is ignored in the singlet channel
 Cooper-pairing due to antiferromagnetic spin fluctuations in cuprates
 I. Eremin, Коуровка, 26.02.2016
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spin singlet channel
 spin susceptibility charge susceptibility
 Visualization: easily spin polarizable medium close to the magnetic instability
 magnetic instability
 Superconductivity and magnetism are neighbors on the phase diagram
 Cooper-pairing due to antiferromagnetic spin fluctuations in cuprates
 I. Eremin, Коуровка, 26.02.2016
 ),(1
 ),(
 2
 1
 ),(1
 ),(
 2
 3),(
 0
 02
 0
 02
 q
 q
 q
 qq
 UU
 UUVeff
 0),(1 0 qU

Page 125
                        

Symmetry of the sc gap: hole-doping
 Repulsive nature of the interaction
 the gap shows a maximum where magnetic BZ crosses the Fermi surface (hot spots)
 Bickers, Scalapino, White, PRL 62, 961 (1989); recent reviews by Schmalian, Chubukov, Eschrig (2005/2006)
 I. Eremin, Коуровка, 26.02.2016
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Superconductivity in band picture: Kohn-Luttinger mechanism
 Assume for a second we have only isotropic Coulomb repulsion
 u1=u2=u3=u4=u5
 Consider corrections beyond ladder approximation to the interaction
 I. Eremin, Коуровка, 26.02.2016
 ?or 0 )-( need 4334 uuuu
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Superconductivity in band picture: Kohn-Luttinger mechanism
 u4=uhh=
 Consider corrections beyond ladder approximation to the interaction
 u3=uhe=
 I. Eremin, Коуровка, 26.02.2016
 212u 122 uu 2
 2u
 24u
 232 uu 132 uu
 13uu
 13uu
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Superconductivity in band picture: Kohn-Luttinger mechanism
 Consider corrections beyond ladder approximation to the interaction
 I. Eremin, Коуровка, 26.02.2016
 Gu
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Superconductivity in band picture: Kohn-Luttinger mechanism
 Consider corrections beyond ladder approximation to the interaction
 I. Eremin, Коуровка, 26.02.2016
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Superconductivity in band picture: RPA mechanism
 Condition to find s+- superconductivity
 Even if originally u3 < u4 it could be reverted by renormalization corrections (spin fluctuations)
 I. Eremin, Коуровка, 26.02.2016
 4u 3u 4u
 4u 3u3u
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What to do with the lattice Hamiltonian + higher order diagrams?
 I. Eremin, Коуровка, 26.02.2016
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How it works:
 withoutspin fluct.
 with spinfluctuations
 s-wave
 d-wave
 s-wave
 d-wave
 I. Eremin, Коуровка, 26.02.2016
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Results:I. Small/moderate dopings – s-wave wins
 electron FSs
 the attraction comes from electron-hole interaction, enhanced by higher-order diagrams (spin fluctuations)
 2 hole FSs 3 hole FSs
 electron FSs
 I. Eremin, Коуровка, 26.02.2016
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Multiorbital physics Origin of the gap anisotropy
 - importance of orbital character on Fermi surface sheets
 See also: Chubukov et al 2008, Thomale et al 2009, D.-H- Lee et al. 2008 (band picture),
 Kuroki et al. 2008, A. Kemper , P. J. Hirschfeld et al 2010, (orbital picture)
 Cooper-pairing occurs at the level of bands as an instability with respect to the existing Fermi surface!
 S. Graser et al. New J. Phys. 11, 025016 (2009)
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Spin fluctuations guarantee that:
 If the spin fluctuations are weak the angular dependence of the gap on the electron pocket helps
 I. Eremin, Коуровка, 26.02.2016
 4334 or 0 )-( need uuuu
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gap changes sign underinterchanging kx and ky
 d-wave
 Weak electron doping – s+- superonductivity due to interaction between hole and electron pockets
 Strong electron doping – d-wave superconductivity due to interaction between the two electron pockets
 Large electron doping, no hole Fermi surfaces
 I. Eremin, Коуровка, 26.02.2016
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s-wave d-wave
 A direct d-wave interaction between electron pockets becomes attractive and large
 Large electron doping, no hole Fermi surfacesfull calculations
 I. Eremin, Коуровка, 26.02.2016
 5.9 d 0.1 s
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Parquet renormalization group
 I. Eremin, Коуровка, 26.02.2016
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Parquet renormalization group
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Parquet renormalization group
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Parquet renormalization group
 nesting mismatch between electron and hole bands (E)
 I. Eremin, Коуровка, 26.02.2016
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Assumption of the renormalization group
 1)
 calculate the renormalization of all couplings by fermions with energies larger than E
 find the coupling evolve when E approaches
 I. Eremin, Коуровка, 26.02.2016
 iu iu
 iu
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Simple BCS theory
 Cooper renormalization is logarithmical
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Poor-man’s modelAnderson & Morel/ Tolmachev
 Determine Tc (non-zero determinant) Renorm. Coulomb repulsion
 From simple BCS
 - the effect of the attractive interaction is slightly diminished- Finite transition temperature exists as long as > *- Effect of the Coulomb interaction does not enter in full strength
 polarization of the ionic lattice due to electrons persists much longer than the
 time scale of electrons
 Screening due to dynamic electron-electron pair formation
 I. Eremin, Коуровка, 26.02.2016
 /1exp13.1 DcBTk
 *
 1exp13.1
 DcBTk
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Two coupling u3 and u4
 Not too interesting (only particle-particle renormalization)
 I. Eremin, Коуровка, 26.02.2016
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Parquet RG in the 2 pockets case
 I. Eremin, Коуровка, 26.02.2016
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Parquet RG in the 2 pockets case
 I. Eremin, Коуровка, 26.02.2016
 132 uu
 132 uu
 432 uu
 232 uu
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One-loop parquet RG
 I. Eremin, Коуровка, 26.02.2016
 1u
 2u
 3u
 4u
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At certain level the logs in ph and pp channel start to behave differently
 I. Eremin, Коуровка, 26.02.2016
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At certain level the logs in ph and pp channel start to behave differently
 I. Eremin, Коуровка, 26.02.2016
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Density and Cooper-pairing instabilitiesPossible charge (spin) density and Cooper-pairing instabilities
 - SDW and CDW instabilities (real and imaginary), - simple s-wave superconductivity, - s-wave superconductivity with -shift of the phase between the bands
 I. Eremin, Коуровка, 26.02.2016
 4u
 3u
 3u
 3u1u
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Two-band model and Fermi-liquid interactions
 I. Eremin, Коуровка, 26.02.2016
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One-loop RG FlowSDW with real order parameter
 In the process of RG flow, the interaction in the extended s-wave channel becomes attractive
 Extended s-wave
 CDW with imaginary order parameter
 - SDW order and extended s-wave superconductivity are competing orders- determined by effective interactions of comparable strength
 I. Eremin, Коуровка, 26.02.2016
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Experimental facts on LaFeAsO versus LaFePO
 I. Eremin, Коуровка, 26.02.2016
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Together with the underlying orbital structure:
 I. Eremin, Коуровка, 26.02.2016
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Together with the underlying orbital structure:
 I. Eremin, Коуровка, 26.02.2016
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LiFeAs and NaFe1-xCoxAs
 I. Eremin, Коуровка, 26.02.2016
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Umewaza et al.PRL 108, (2012)
 Borisenko et al., Symmetry 4, (2012)
 LiFeAs and NaFeAs experimental data
 ARPES: Borisenko et al., PRL 105, (2010)dHvA: B. Zeng et al., PRB 88 (2013)
 Wang et al., PRB 88 (2013):
 LiFeAs:
 Borisenko et al., Phys. Rev. B 86, 214508
 C. Zhang PRL 111, 207002
 NaFe0.95Co0.05As:
 NaFe0.985Co0.015As
 STM data: boradly consistent
 The low-energy band structure can be extracted from ARPES
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DFT+fRG: Platt, Thomale, Hanke PRB 84 (2011)Theory SF approach based by Wang et al., PRB 88 (2013) ARPES derived band structure with SF/RPA treatment.
 Exp ARPES:Numerical result:
 Borisenko et al., Symmetry 4, (2012)
 - Is the gap symmetry correct?
 disagreement
 LiFeAs: gap structure
 INS: no sign for strong antiferromagnetic fluctuations
 Qureshi, et al., PRL 108 (2012)
 I. Eremin, Коуровка, 26.02.2016
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Starting point is the same electronic structure as in Wang et al., PRB 88 (2013):
 [1 Fe per unit cell Fermi surface structure]
 orbital content of FS
 I. Eremin, Коуровка, 26.02.2016
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orbital content of FS
 Subset 1: Two hole pockets
 mainly of xz and yz character.
 Starting point is the same electronic structure as in Wang et al., PRB 88 (2013):
 [1 Fe per unit cell Fermi surface structure]
 I. Eremin, Коуровка, 26.02.2016
 h2 , h1
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Subset 2: Large hole pocket and
 two electron pockets with strong
 admixture of xy orbital.
 At the bare level, without taking into account spin fluctuations, the coupling
 between both subsets is relatively weak.
 Subset 1: Two hole pockets
 mainly of xz and yz character.
 orbital content of FS
 Starting point is the same electronic structure as in Wang et al., PRB 88 (2013):
 [1 Fe per unit cell Fermi surface structure]
 I. Eremin, Коуровка, 26.02.2016
 2cos2,1 ,h3 eeee
 h2 , h1
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Subset 2, kz=0: If only the γ – pocket and two β – pockets are present, the gap changes sign between them
 Subset 2, kz=0: If only the γ – pocket and two β – pockets are present, the gap changes sign between them
 For γ – pocket and two β - pocketsFor γ – pocket and two β - pockets
 I. Eremin, Коуровка, 26.02.2016
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s-wave A-state robust at bare level: both subset are effectively uncoupled and the pairing state is for each subset
 s-wave A-state robust at bare level: both subset are effectively uncoupled and the pairing state is for each subset
 s-wave B-state:Hole-electron interactions are large, both subsets are
 s-wave B-state:Hole-electron interactions are large, both subsets are
 B-state (usual ), proposed by Wang et al., PRB 88 (2013)
 Weakly coupled subsets, near degeneracy of 4 possible s-wave states:
 s-wave C state: Hund coupling is sufficiently strong
 s-wave C state: Hund coupling is sufficiently strong
 C-state (orbital antiühase ), X. Lu et al., PRB 85 (2012) Yin, Haule and Kotliar, Nature Physics (2014)
 I. Eremin, Коуровка, 26.02.2016
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Prototype of orbital antiphase s-wave in LiFeAs: X. Lu et al., PRB 85, 054505 (2012)Yin, Haule and Kotliar,Nature Physics (2014)
 found by Wang et al., PRB 88 (2013)
 Expected renormalization of interaction for weak spin
 fluctuations.
 Effect of interactions between electron and hole bands
 I. Eremin, Коуровка, 26.02.2016
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A-state is dominant for weak SF and matches the experimental results.
 Umewaza et al.PRL 108, (2012)
 Borisenko et al., Symmetry 4, (2012)
 Weakly coupled subsets, near degeneracy of various s-wave states:
 I. Eremin, Коуровка, 26.02.2016
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CORPES, 06.07.2015
 What is the situation in NaFeAs
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What is the situation in NaFeAs
 Conventional s+- wave state dominates the phase spaceI. Eremin, Коуровка, 26.02.2016
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BCS-BEC Crossover
 I. Eremin, Коуровка, 26.02.2016
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I. Eremin, Коуровка, 26.02.2016
 BCS-BEC Crossover in FeSe
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I. Eremin, Коуровка, 26.02.2016
 BCS-BEC Crossover in FeSe
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I. Eremin, Коуровка, 26.02.2016
 FeSe: F~De Haas- van Alphen effect
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I. Eremin, Коуровка, 26.02.2016
 FeSe: F~Superconducting gaps from Fourier –Transfromed STM
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I. Eremin, Коуровка, 26.02.2016
 FeSe: F~ - upper energy cutoff
 E0 – energy of the bound state in vacuum
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I. Eremin, Коуровка, 26.02.2016
 FeSe: F~
 I II III
 ladder series of renormalizations
 2D case
 1F
 insE
 T
 1F
 insE
 T
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I. Eremin, Коуровка, 26.02.2016
 Single band caseVariation of the chemical potential with temperature
 F
 insE
 T
 0EEF 0EEF
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I. Eremin, Коуровка, 26.02.2016
 Single band case
 0EEF
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I. Eremin, Коуровка, 26.02.2016
 Superconducting temperature, Tc
 Comparison of the condensation energy (Ekin+Epot(q=0))
 and energy costs of the phase fluctuations ( prefactor in front q2 ~ superfluid stiffness)
 Single band case
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I. Eremin, Коуровка, 26.02.2016
 Superconducting temperature, Tc
 Phase fluctuatuations too costly
 Single band case
 0EEF 0EEF
 insc TT
 )0(2
 TTc
 insc TT
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I. Eremin, Коуровка, 26.02.2016
 Superconducting temperature, Tc
 Single band case
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I. Eremin, Коуровка, 26.02.2016
 Two-band case: FeSeII
 0EEF
 00 22.0113.1
 E
 EET F
 ins
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I. Eremin, Коуровка, 26.02.2016
 Two-band case: FeSe
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I. Eremin, Коуровка, 26.02.2016
 Two-band case: FeSeSuperconducting temperature, Tc
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I. Eremin, Коуровка, 26.02.2016
 Two-band case: FeSeSuperconducting temperature, Tc
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I. Eremin, Коуровка, 26.02.2016
 Two-band case: FeSeSuperconducting temperature, Tc ~ 0.1Tins
 as the system is a compensated metal
 - Tc is non-zero for EF ~ 0
 - however there is still a gap between Tins and Tc
 0EEF
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