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Band Structure Modification Due to the Spin-orbit Coupling
in the Three-orbital Model for Iron Pnictides
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We study the effect of the spin-orbit coupling on the band structure and the Fermi surface of the three-
orbital model within the two-iron Brillouin zone. Due to the presence of two irons in the crystallographi-
cally correct unit cell, the spin-orbit coupling can be divided into the intra- and intercell parts with respect
to the one-iron unit cell. We show that the intercell part produces the reconstruction of the Fermi surface
in the form of the pronounced splitting between the previously degenerate electron (m,m)-pockets along
the (0,7) — (w,m) direction. Intracell part shifts the bands around (0,0) point and removes degeneracy
there. There are also some other band shifts but they should not affect the low-energy physics because

they occur at energy scales of about 1 eV below the Fermi level.

Keywords: Fe-based superconductors, spin-orbit coupling, band structure, Fermi surface.
DOI: 10.17516/1997-1397-2018-11-4-430-437.

Discovery of superconductivity in iron-based systems in 2008 revived the interest in multi-
band systems [1]. Fermi surface in iron pnictides is formed by at least three bands. According to
the density-functional studies (DFT) within LDA (local-density approximation) and GGA (gen-
eralized gradient approximation) and ARPES (angle-resolved photo-emission spectroscopy), thee
bands originate from the three ¢54 iron d-orbitals. That is, the hybridization of the xz, yz, and
xy orbitals results in two electron-like Fermi surface pockets around X = (w,0) and Y = (0,7)
points and one hole-like pocket around I" = (0,0) point in the 1-Fe Brillouin zone. Nesting be-
tween two groups of sheets is the driving force for the spin-density wave antiferromagnetic order
in the undoped systems [2]. The scattering with the wave vector connecting hole and electron
pockets is the most probable candidate for the superconducting pairing in the doped systems.
In particular, the spin-fluctuation approach result the extended s-wave gap which changes sign
between hole and electron sheets (s state [3]) as the leading instability [1,4-7].

There are several low-energy models for iron pnictides. Simplest one is the two-orbital
model [8] correctly describing the dominant d,.-d,. contribution to the Fermi surface. It has
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many disadvantages including misplacement of the second hole pocket, wrong Fermi velocities
as compared with ARPES and DFT, and absence of d, orbital contribution which is known to
appear near or even at the Fermi level (both ARPES and DFT). Here we use the three-orbital
model from Ref. [9] that comes from the ty, manifold. In particular, there the d,, and d,.
orbitals are hybridized to form two electron Fermi surface sheets around X and Y points and
one hole sheet around I" point of the 1-Fe Brillouin zone (1-Fe BZ). The d,, orbital is decoupled
from the others and form an outer hole pocket around I" point.

One of the puzzles in iron-based superconductors is the anisotropy of the spin resonance
peak [10]. It was found that transverse and longitudinal components of the spin susceptibility,
X+— and 2y, violate the spin-rotational invariance, (S;yS_) = 2(S,S,). Later have to be
obeyed in the disordered system. One of the solution to the puzzle is the effect of the spin-orbit
(SO) interaction that can break the spin-rotational invariance like it does in SroRuOy4 [11]. This
approach was used before to study the spin response in model from Ref. [9] within the 1-Fe
BZ [12].

There is a complication coming from the As, which forms square lattice planes between the
lattice sites of, but also above and below, the square lattice of Fe. This alternating pattern of As
makes the correct real space unit cell twice the 1-Fe unit cell. The corresponding 2-Fe BZ is twice
as small as the 1-Fe one and called “folded BZ”. For the simplest case of single-layer Fe pnictides
the folding wave vector is two-dimensional and equal to Qp = (7, 7). Most experimental results
and DFT band structure are reported in the folded BZ since crystallographically it is the correct
one. However, some experiments sensitive to the Fe positions, like neutron scattering on Fe
moments, have more meaning in the 1-Fe BZ (“unfolded” zone).

Here we study the role of the SO coupling in the formation of the band structure and the
Fermi surface in the 2-Fe BZ within the three-orbital model from Ref. [9].

1. Three-orbital model in 1-Fe BZ

We write the Hamiltonian of the three-orbital model [9] in the following form:

Hy = Z Ei(mcltlgckmg, (1)

k,o,l,m

where | and m are orbital indices, ¢y, is the annihilation operator of a particle with momenta
k and a spin 0. We choose the following numbering of orbitals, dyy <+ 1,dy, <> 2,d.; <> 3. The
model consists of the three ¢z, orbitals and all of them are hybridized. Matrix of one-electron
energies and hoppings, £, is given by

€1k 0 0
€k = 0 ek ek |, (2)
0 &4 €3k

where €1k = €5y —p+2t 5, (cos ky+cos ky)+4t;y cos ky cos ky, eox = €y, — 42t cos kg +2t, cos ky—+
+4t' cos kg, cos ky +2t" (cos 2k, +cos 2ky), €3k = €4, — pu+2t, cos ky +2t,, cos ky +4t’ cos k, cos ky+
+2t"(cos 2k, + cos2ky), eax = 4ty.y sink,/2sink, /2. The following set of parameters (in V)
allows to reproduce the topology of the Fermi surface in iron pnictides: chemical potential = 0,
€oy = —0.70, ¢, = —0.34, €,. = —0.34, t,, = 0.18, t, = 0.06, t, = 0.26, t, = —0.22, ¢ = 0.2,
# = —0.07, tyay. = 0.38.
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2. Spin-orbit coupling in 1-Fe BZ

Following Ref. [13|, we write the spin-orbit coupling terms, Hso = A> Ly - Sy, in the
f

second-quantized form assuming that three ¢y, states behave like an ¢ = 1 angular momentum

representation, \

HSO = 15 Z €lmn Z CLZackmg/a—gal, (3)
l,m,n k,o,0’

where €, is the completely antisymmetric tensor, indices {l,m,n} take values {z,y,z} or

equivalently {z,y, 2z} < {dy.,d.z,dsy} < {2,3,1}, and 67, are the Pauli spin matrices. Explicit

form of the Hamiltonian is the following:

A .
Hgo = i3 Z [clt%ckggsgn (o) + 1cl%ckwsgn (o) + CngCkla - h.c.] , (4)
k,o
Let us introduce vector operators in the orbital space, @LU = (Cng, CL%, c;r(gg). Then,
Hy=> Wl a0, Hso= > U} 250U, (5)
k,o k,o,0'
Here
0 —i047 5sgn (o) 0o’ &5
- A ’ ’
€3 = iz | 10 .5sgn(0) 0 dor osgn (o) | = (6)
2 ’ El
_50/,5 _60’,0'Sgn (0) 0
A
= 15 [ézé,,/ﬁsgn (0) + 9575 (6% — i€Ysgn (o)) ], (7)
where we have introduces the following matrices:
0 0 O 0 0 1 0 1 0
=10 0 1 |=iJ,&= 0 00 |=-iJ,=| -1 0 0 | =iJ,. (8)
0 -1 0 -1 0 0 0 00

Here, J; are the generators of the rotation group O(3). It is well known [14] that O(3) transfor-
mation of the (z,y, z) vector is equivalent to the SU(2) transformation of the (£, &) spinor if

1 1
The total Hamiltonian H = Hy + Hgo can be written explicitly as

- A . A N
H= E [\IJLU <ék + igézsgn (0)) Vi, + 15‘1’;&0 (% —1é¥sgn (0)) \Ilkﬂ} =
k,o
A - D Y
= E |:\I]I<T (Ek+125 >\I/k¢+\1111;¢ (Ek—126 )\I/k¢+
k
A s A A s - A A A s .
: T oA : T o2 T oa o2 _
+ 15\111( x\IIkJ( + 1§\I]k¢5x‘l/k'r + §\I/kT€y\IJk~L — 2Wk¢8y\11k’]*:| =

TE
:;(% \IIIT“)H<\I!I;I> 9)

where
) E +is67  iTeT 4+ Jev
H=1 QAAy S (10)
155 — =& €k — 155
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If one considers only the z-component of the SO coupling, then the expression for H simplifies

significantly,
LY ; ot gt Vg Ykt
H. = Ho+Hso. = Z‘I’ka €k +i5€7sgn (0) | Vo = Z ( Yy Py >'Hz' b, | (11)
k,o k
where
. Ex + 1€ 0
H. = 2 \ : (12)
0 Ex — 155Z

Therefore, z-component of the SO interaction modifies one-electron energies only, but does
it differently for spin-up and spin-down elements of the spin-resolved Hamiltonian matrix H.
On the other hand, z- and y-components mix spin-up and spin-down matrix elements and thus
effectively increase the dimensionality of the problem by a factor of two.

3. Spin-orbit coupling in 2-FeBZ

While working in the unfolded BZ as before, we are missing important effect of the SO
hybridization between orbitals on neighboring irons. After such a hybridization the unfolding
is not possible any more. Hereafter we utilize the following conjecture: the structure of the SO
coupling between two orbitals on neighboring irons is the same as the structure between two
orbitals with the same symmetry on the one iron. Thus, if SO coupling between d,. and d.

orbitals has the form i—£%, the same form holds for d,, on Fe-1 (some one-iron unit cell) and dy.
on Fe-2 (neighboring one-iron unit cell). For convenience, we assign different coupling constant,
N, to intercell SO interaction; one can always put it to be equal to A. Note that when we use a
wording ‘intercell SO coupling’, it does not mean a long-range SO coupling. The SO interaction
is always local but since orbitals of two neighboring irons hybridize directly and through As,
the wave functions of electrons on these orbitals can overlap that opens up a possibility for the
effectively intercell SO coupling.

Brillouin zone folding, i.e. transition from 1-Fe BZ to 2-Fe BZ, is done in two steps. First,
momenta are transformed as (k. + ky)/2 — ki, (k. —k,)/2 — k. Second, the Hamiltonian
matrix is doubled by adding the shifted E{:/”_,'_QF7 where Qp = (m, ) is the folding wave vector.
Thus, the Hamiltonian (1) takes the form

l !
Ho= Y &l'tlugtime+ D &lhaethsqriothQrmo: (13)

k/,o,l,m k’,o,l,m

Later we skip prime assuming that all momenta are within the 2-Fe BZ.
The Hamiltonian can be written in the matrix form analogous to Eq. (9),

e N
H= Z( 2PN CAR A ) He | g (14)
k

where Wy, (®y,) corresponds to the first (second) set of iron orbitals.
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In case of intracell SO coupling, H has the form which immediately follows from Eq. (10):

i+ %éz iZem+ %éy 0 0
. e 2o o 2 0 0
- |2 "2 2 . — (15)
0 0 frrqe Hige e T
0 0 e _Aa g g —ides
2° 2 "y

For finite A, the result of diagonalization of Eq. (15) is the same as of Eq. (10)

come in once we add the intercell SO coupling:

. New effects

N N N
0 0 i—é&* i—é% 4 —¢v
)\I 2 A/ 2 )\I 2
. 0 0 i—e&% — —¢gv¥ —i—£*
HSOinter = b\ b\ 7 2 2 2 (16)
igéz igéz + —&v 0 0
)\/ )\/ )\/
1 AT T ’\y _1__ Az
i > € > € i > € 0 0
The total Hamiltonian is given by the sum of matrices (15) and (16),
A A R AN AN N
fx + 1552 15535 + =&y 1§EZ 1551 + —&v
A AL N AN N AN
. i—€% — —¢&v —1—£&* i—e&% — —&¥ —i—£&*
ji g 2 2 2 2 2 2 . (17)
A A Aw+)\w R +,)\ s ,)\Am+)\Ay
i— i— — &t i— i— —
5 é 5 é 5 &Y | éxt+qr 5 é 25 26
AN N y AN AN A Ay R AL
i—E&% — —¢ —i—£ i—E&% — =¢ é —i=£
2 2 2 2 kHQr T Ty

N A AN
fx + 156 0 A 155 2,
R . 0 fx — 1—=€7 0 —1—¢&*
H—-H, = X 2 2 (18)
igéz 0 fk+Qp +1-€7 0
'>\I Az 2 )\ Az
0 —156 0 Ek4Qr — 155

4.
calculations

Results of the band structure and Fermi surface

For A = 0, the band structure and the Fermi surface are shown in Fig. 1. It is essentially the

same as in Ref. [9] but within the folded BZ.

First, we switch on only the intercell SO interaction by setting A = 0 and X' = 100 meV.
Corresponding band structure and the Fermi surface are shown in Fig. 2. There is a pronounced
splitting between the previously degenerate electron M-pockets along the X— M direction. Now,
the band structure can not be unfolded. Also, there is a splitting between bands at M point and

along the M — T" direction around —1 eV.
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Fig. 1. Band structure and the Fermi surface in the three-orbital model without the SO coupling
(A=X =0) in the 2-Fe BZ

Now we also switch on the intracell SO interaction by setting A = A = 100 meV. The result
is shown in Fig. 3. Apparently, the intracell SO coupling provides shift of the bands around T’
point. Apart from that, there is no pronounced difference between Fig. 2 and Fig. 3.
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Fig. 2. The same as in Fig. 1 but for the finite intercell SO coupling A’ = 100 meV and the
vanishing intracell SO coupling A =0

Conclusions

If working in the 2-Fe BZ, the SO coupling can be divided into the intra- and intercell parts,
though both being local. We conclude that intercell coupling produces the reconstruction of
the Fermi surface around the M point. The new band structure can not be unfolded anymore.
Intracell SO coupling removes degeneracy of the bands around I" point. There is also a splitting
between bands at M point and along the M —I' direction around —1 eV. However, these energies
are far below the chemical potential and should not affect the low-energy physics.
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Fig. 3. The same as in Fig. 1 but for the finite intra- and intercell SO coupling, A = X = 100 meV
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N3Mmenenune 30HHOI CTPYKTYPhI U3-3a CIIMH-OPOUTAJIBLHOTO

B3aMMO/IeiCTBUSI B TPEXOPOUTAJILHON MOJAe/ I MHUKTUJIOB
xKeJjie3a

Makcum M. KopuryHoB

Cubupckuii dhesepasbHbIil YHUBEPCUTET

Csobomusrii, 79, Kpacuosipck, 660041

WNucruryr dusukn um. JI. B. Kupenckoro @I KHIT CO PAH
Axamemroponok, 50/38, Kpacroapck, 660036

Poccusa

FOuuna H. Torymosa
Cubupckuii dhesepabHbIil YHUBEPCUTET
Csobopusrit, 79, Kpacuosipck, 660041
Poccus

Hccenedosaro sausanue cnum-opbumansrozo 63aumodeticmeus Ha 30HHY10 cpyKmypy u noseprrocms Pep-
MU MPeropbumavrholi modesu 6 3one Bpuanroona deyxr amomos owcesesda wa auelixy. M3-3a npucym-
CMBUA J8YT AMOMO8 HCENE3A 6 KPUCTNAAN02DAPUUECKOT INEMERMAPHOT AveliKe CnUH-0pOUMasbHOe 63a-
UMOOETCTNEUE MOAHCHO PA3IEAUMD HA BHYMPU- U MEHCBALCEHWHYIO UACTNU NO OMHOWEHUIO K INEMEHMAD-
Holl Auelike pewemxu okceneda. I1okazano, WMo MENCBANEEWHAA HYACTD NPUBOOUM K PEKOHCMPYKUUU
noseprrnocmu Pepmu 6 ude BbLPAAHCEHHO20 PACULENAEHUS MENHCOY DAHEE BVPOAHCOEHHBIMU INEKMPOHHDL-
MU Kapmaramy 6 mouke (7, ) 6doav nanpasaerus (0,7) — (7, 7). Brympusaueewnas wacms npusodum x
cdeuzy son ebausu mowku (0,0) u crhumaem mam ewviposicdenue. Taxoice umerom mecmo dpyeue coeuay
30H, HO OHU HE DONIHCHDL BAUAMD HA HUSKOIHEPLEMUMECKYIO PUSUKY, NOCKOABKY BO3HUKAIOM HaA IHEPLUAL
nopadra 1 eV nuowce yposna Pepmu.

Karouesvie cro6a: c6eprnmpo6odHuKy Ha OCHOBE IHCEAE3q, CNUH-0POUMAAbHOE 83aUumMOodelicmeue, 30HHAA
cmpyrmypa, noseprrocms Pepmu.
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