Supplemental Materials for
Scaling of the Fano effect of the in-plane Fe-As phonon and the superconducting
critical temperature in Ba;_,K Fe;As,

B. Xu,»* E. Cappelluti,? L. Benfatto,® B. P. P. Mallett,"»* P. Marsik,! E. Sheveleva,! F. Lyzwa,’
Th. Wolf,> R. Yang,® X. G. Qiu,® Y. M. Dai,” H. H. Wen,” R. P. S. M. Lobo,®? and C. Bernhard®:
University of Fribourg, Department of Physics and Fribourg Center for Nanomaterials,

Chemin du Musée 3, CH-1700 Fribourg, Switzerland
2 Istituto di Struttura della Materia, CNR, 34149 Trieste, Italy
JISC-CNR and Department of Physics, Sapienza University of Rome, P.le A. Moro 5, 00185 Rome, Italy
“The Photon Factory, Department of Physics, University of Auckland, 38 Princes St, Auckland, New Zealand
Institute of Solid State Physics, Karlsruhe Institute of Technology, Postfach 3640, Karlsruhe 76021, Germany
%Beijing National Laboratory for Condensed Matter Physics,

Institute of Physics, Chinese Academy of Sciences, Beijing 100190, China
"National Laboratory of Solid State Microstructures and Department of Physics, Nanjing University, Nanjing 210093, China
8LPEM, ESPCI Paris, PSL University, CNRS, F-75005 Paris, France
YSorbonne Université, CNRS, LPEM, F-75005 Paris, France

OPTICAL RESPONSE IN BKFA AND TEMPERATURE DEPENDENCE OF THE PHONON AND ITS
PARAMETERS OBTAINED FROM THE FANO FIT

The upper panels of Figure S1 show the temperature dependent spectra of the real part of the optical conductivity,
o1(w), in the infrared range for selected doping levels of = 0, 0.08, 0.19 and 0.33. Their infrared conductivity is
dominated by the strong electronic response that is composed of a Drude peak at the origin, due to the itinerant
carriers, and a pronounced tail toward high frequency, that arises from inelastic scattering of the free carriers and/or
low-lying interband transitions [1-4]. The spectra agree well with the previously reported ones [5-10] and show the
well-known changes due to the spin-density-wave (SDW) at Ty = 138 K, 130 K and 90 K for z = 0, 0.08 and 0.19,
respectively, and the SC gap below T, = 18 K, and 38 K at z = 0.19 and 0.33, respectively. The SDW and the SC
gaps both reduce the spectral weight of the regular charge carrier response. For the former this spectral weight is
shifted to higher energy, where it forms a so-called pair-breaking peak, whereas in the SC state it is transferred to a
d(w) function at the origin that accounts for the infinite dc conductivity.

The temperature dependence of the phonon parameters wg, S and 1/q, obtained from the Fano fits, is shown in
the lower right panels of Fig. S1. For all magnetic samples, the combined AF and structural transition into the o-AF
state gives rise to clear anomalies in the T-dependence of wg, S and, especially, of 1/¢q. At x = 0, in agreement with
previous reports [11, 12], 1/¢q has a very small negative value in the paramagnetic state that increases strongly in
magnitude below Ty (Fig. S1(ad)). For the doped samples with = 0.08 and 0.19 the o-AF transition gives rise to
corresponding anomalies, except that 1/¢ increase from a negative value above Ty (that is larger at x = 0.19 than
at 0.08) to a large positive value below Ty . Finally, for the optimally doped sample without any AF order (z = 0.33,
Fig. S1(d4)) 1/q has the largest negative value and it is only weakly temperature dependent. Quite remarkably, there
is hardly a signature of the SC transition at 7T, in the temperature dependence of the phonon parameters. This is a
clear indication that the Fano effect of the E, Fe-As mode does not arise from the coupling with the itinerant charge
carriers, for which the spectral weight in the vicinity of the phonon mode decreases below T, due to the formation of
the SC energy gap. This implies that the Fano effect of this E, phonon mode is governed by the coupling to some
interband transitions that are part of the electronic background at higher frequency (that is only weakly affected by
the SC transition as shown in Fig. S1(d)).
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FIG. S1: (color online) Temperature dependent optical conductivity of Baj—_K;FepsAss in the far infrared region for z = 0

(a), 0.08 (b), 0.19 (c) and 0.33 (d). (al-d1l) Line shape of the infrared-active phonon mode (with offset) at temperatures from
300 to 5 K (color lines). The underlying black solid lines through the data denote the corresponding Fano fit. Temperature
dependence of the (a2—-d2) phonon frequency wo, (a3—d3) strength S and (a3-d3) Fano parameter 1/q of the phonon for z = 0,
0.08, 0.19 and 0.33 in Ba;_,K,FeaAss.

FITTING OF THE ELECTRONIC BACKGROUND AND ITS EFFECT ON THE FANO PARAMETER

The reflectivity data of BKFA were acquired with the same resolution of 4 cm™! on the Bruker Vertex 70v. To
check the effect of the resolution on the phonon lineshape, we have measured the spectra for the x = 0.33 sample with
different resolutions at 150 K. The differences of the phonon lineshape are detailed in Figure S2(a) and Figure S2(b).
Clearly, the phonon linewidth is strongly dependent on the resolution, whereas the Fano parameter 1/¢* remains
almost unchanged. For a comparison, in Figure S2(b) we also included a symmetric phonon lineshape with 1/¢? = 0.
Compared to the symmetric phonon lineshape, the change of the phonon lineshape due to the asymmetry effect spans
a wide frequency range that is several times larger than the phonon linewidth. Therefore, the resolution used in our
measurement is sufficient to capture the asymmetry of the phonon mode and thus its Fano parameter.

Figure S2(c) shows, for the case of the x = 0.33 sample at 150 K, how different low-frequency extrapolations during
the Kronig-Kramers analysis of R(w) influence the obtained spectra of o1 (w). It shows that it mostly affects the low-
frequency region below the phonon mode. Figure S2(d) highlights the corresponding changes in the region around the
phonon mode and shows that the lineshape of the phonon mode is only weakly affected. The thin solid lines through
the data are fits of the Fano line shape which confirm that the value of the Fano parameter, 1/¢%, does not strongly
depend on the low-frequency extrapolation. This observation agrees with our finding that the Fano effect of the FeAs
mode does not arise from a coupling to the itinerant charge carriers but rather involves some interband transitions
that are located on the high-energy side of the phonon.

Generally, o1(w) of pnictides can be modeled over a wide frequency range with a superposition of several Drude
and Lorentz components. The black line in Fig. S2(e) shows such a wide range Drude-Lorentz fit of the electronic
background for which the additional phonon mode has been fitted by a Fano line shape. However, in order to
accurately capture the characteristics of the phonon with such a wide range fit, it would be required that the spectra
are essentially noiseless. A more reliable and accurate approach that has been used in this manuscript is therefore
based on fitting the spectra in a narrow frequency range centered around the phonon mode for which the electronic
background can be reasonably well described with a linear or quadratic function. Figure. S2(f) shows the corresponding
Fano fits of the phonon mode with the linear (blue line) or quadratic (green) background at = 0.33 and T' = 150 K.
Figure S2(g) shows the corresponding temperature dependence of the Fano parameter 1/¢? obtained from the fits
with the linear and quadratic backgrounds. Finally, Fig. S2(h) displays the corresponding doping dependence of the
Fano parameter 1/¢% at 150 K as obtained from the fits with the linear (red symbols) and quadratic (black symbols)
backgrounds. It confirms that the value of 1/¢* depends only weakly on the description of the electronic background.
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FIG. S2: (color online) (a) Phonon lineshape measured with different resolutions. (b) Phonon lineshape after the background
is subtracted. The solid line through the data is the Fano fit. (c)The optical conductivity at = 0.33 obtained by the Kronig-
Kramers analysis of R(w) with different low-frequency extrapolations, such as Constant (R(w) = constant), Hagen-Rubens
(R(w) = 1 — Ay/w), Marginal Fermi Liquid (R(w) = 1 — Aw), and Two Fluid (R(w) = 1 — Aw?). Panel (d) shows the enlarged
view of panel (c) focusing on the phonon around 255 cm™'. The solid lines show the Fano fits obtained with a quadratic
description of the electronic background. Panel (e) shows for the spectrum obtained with a Hagen-Rubens extrapolation
how the Fano fit and the Fano parameter of the phonon mode are affected if the electronic background is fitted over a wide
frequency range with a Drude-Lorentz model. Panel (f) shows the Fano fits of the phonon when the electronic background is
fitted over a narrow range around the phonon mode, either with a linear (blue) or quadratic (green) function. Panel (g) shows
the temperature dependence of the Fano parameter 1/¢* obtained from the fits with the linear and quadratic backgrounds at
2 = 0.33. Panel (h) displays the corresponding doping dependence of the Fano parameter 1/ ¢° at 150 K obtained from the fits
with the linear and quadratic backgrounds. It confirms that its characteristic dome-like doping dependence does not depend
on the details of the fitting procedure

In particular, it highlights that characteristic doping dependence of 1/¢? in the paramagnetic state (at T > 150 K)
is an intrinsic feature that does not depend on the fitting of the electronic background. The variation of 1/¢? for the
different backgrounds is in fact included in the error bar of 1/¢?, as shown in Fig. 2(d) of the main text.
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FIG. S3: (color online) Optical conductivity, at 150 K, of Bag.67Ko.33Fe2Ass (presented in the main text) and Bag.¢Ko.4Fea Asa
(measured at ESPCI). The inset shows the phonon and its Fano fit at 150 K for both samples. It confirms that the value of
the obtained Fano-parameter does not strongly depend on the noise level of the spectra.

In Fig. S3 we compare the Fano fitting for the o (w) spectra at 150 K of the optimally doped Bag 7Ko.33Fe2Aso
sample from the manuscript and the more noisy spectrum of a Bag gKg 4FesAsy crystal with a similarly high 7T, that
was measured with a different setup at ESPCI [8, 13]. This comparison confirms that Fano fitting and, in particular,
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FIG. S4: (color online) (a) Sketch of typical Fermi surfaces at low doping in iron-based pnictides in the reduced Brillouin zone
corresponding to two Fe and two As atoms per unit cell. Red and green Fermi surfaces have different symmetries and no optical
transition is allowed among them. (b) Sketch of Fermi surfaces like in panel (a) in the extended Brillouin zone corresponding
to one Fe and one As atom per unit cell. Green Fermi sheets in panel (a) are obtained upon folding of panel (b) in the reduced
Brillouin zone.

\\Q/

the obtained Fano parameter hardly depend on the experimental setup the noise level of the spectra. The inset shows
that in both cases the asymmetric phonon line shape can be seen directly in the bare spectra and the fitting hardly
depends on the noise level.

HAMILTONIAN AND OPTICAL ELECTRONIC TRANSITIONS IN UNFOLDED BRILLOUIN ZONE

As a suitable tool for investigating the electronic and optical excitations of iron-based cuprates in the presence
of a F,, lattice distortion, we consider for the moment the 5-band tight-binding model based on the Slater-Koster
approach, as discussed for instance in Ref. [14]. Relevant orbitals are thus the 5 d Fe-orbitals and the 3 p As orbitals.
In this scheme, considering the layer Fe-As, inter-atomic electronic hoppings between Fe atoms contaning direct Fe-Fe
hopping terms and As-mediated hoppings which can be evaluated within the second order perturbation theory.

Considering the staggered vertical positions of the A atoms, the formal unit cell contains two Fe atoms, and hence
the Hilbert space should contains 5+5 d-orbitals for a total of 10 bands. Such unit cell is conventionally used in first-
principle calculations and the resulting bands are depicted in the corresponding square Brillouin zone, whose corners
are M’ = (£7,0)/a, (£m,0)/a, a being the Fe-Fe distance (see Fig. S4). Typical Fermi surfaces, in this framework, for
the undoped case, contain two electron-like Fermi pockets at the M’ points, with zz/zy (yz/zy) orbital character, and
two hole-like Fermi sheets around the I' point with mainly zx/yz. A further hole-band at I" with main xy character
can driven at the Fermi level depending on doping and on the out-of-plane height of the As atom.

Although this picture is commonly reported in first-principle based calculations, the band structure can be more
conveniently viewed in the unfolded Brillouin zone, which correspond to consider one Fe atom per cell. The possibility
of such unfolding was discussed analytically in a detailed way in Ref. [14]. The crucial point is that the 10 x 10
Hamiltonian can be divided, choicing an appropriate Hilbert space, in two 5 x 5 separate blocks with different
symmetry:

- _( Hsxs(k) 0
ot = (5 5 i) W

where Q = (m,7)/a. As discussed in Ref. [14], each 5 x 5 block can be obtained as a result of a simplest tight-binding
model defined in a unit cell containing only one Fe atom, and hence with a corresponding larger square Brillouin
zone defined by the corners M=(%m, £7)/a. Since the two blocks are orthogonal, and since the second block can
be obtained just as a shift k — k + Q. The band-structure of (1) can be simply obtained from the band-structure
of the block ﬂ5x5(k) upon a “folding”, as shown in Fig. S4. Due to the orthogonality of the two blocks, the
elliptical electronic Fermi pockets result to be degenerate (in the absence of spin-orbit interaction) along the M-M
line. The effective possibility of low-energy excitations between these two degenerate bands is however not trivial since



it involves coupling between electronic states with opposite symmetry. In particular, it is straightforward to realize
that the current operator, for instance along z, j,(k), which can be obtained as derivative j,(k) = 0H (k)/dk,, does
not couple to states belonging to different 5 x 5 blocks. Low-energy excitations associated to the band-crossing of
the electronic bands are thus not allowed in the optical conductivity and, in general, no particle-hole optically active
continuum can be obtained at energies as low as the E,, phonon energy w =~ 250 cm™! in a Fermi surface scenario as
the one depicted in Fig. S4 representative of undoped/low-doped BKFA. As a consequence, since the charged-phonon
response function x(w) contains a subselection of the optically active transitions of the electronic background [15-17],
no sizable Fano effect can be observed (apart the small one induced by the residual intraband scattering), in agreement
with our observation at x = 0 in the normal state T' > T .

Entering a appropriate broken symmetry phase (tuning the temperature below T ), or changing the Fermi surface
topology provide two different and independent ways to induces a sizable Fano effect.

Concerning the effects of a broken symmetry phase, it should be stressed that the forbidding of low-energy opti-
cal active transitions between band-crossing electronic bands strongly relies on the possibility of splitting the total
Hamiltonian in two separate orthogonal 5 x 5 blocks. Such splitting is itself possible as a consequence of the symmetry
of the lattice, electronic and magnetic degrees of freedom in the normal state. Under these conditions, the initial
two Fe atoms per cell can be mapped in two indepedent lattices of only one Fe atoms per cell. It is clear that any
breaking of these conditions will induce the need of an effective two Fe-atoms per cell, i.e . will induce an effective
coupling between the two 5 x 5 blocks, and hence te low-energy optical transitions between the electronic bands that
are responsible for a sizable Fano effect. This is clearly the case of the stripe-like antiferromagnetic order o-AF for
T < Tx where the magnetic/lattice ordering make the two Fe atoms inequivalent. Different broken symmetry phases
can have of course different effects on the newly allowed low-energy optical transition, and this is reflected in the
anomaly observed in the Fano effect about x ~ 0.24 — 0.26 where a different magnetic order t-AF enter into play.

Note that not every broken symmetry phase can be responsible for the activation of new optical channels, but only
phases that break the underlying symmetries that make possible the “unfolding” process, and the reduction from
two Fe atoms per cell to one Fe atom per cell. On this regards it is clear that the superconducting ordering act in
a different (Nambu) space and it does not change the relevant symmetries of the normal states. On this ground,
entering the superconducting phase is not expected to affect the relevant optical transitions for w > 2A, and hence
not to affect the Fano properties, in accordance with our observations.

Electron or hole doping, changing the topology of the Fermi sheets, can provide also a suitable way of inducing
and tuning a finite sizable Fano effect. It has been recently suggested that in hole-doped BKFA, due to the relative
different upwards and downwards shifts of the hole-like and electron-like bands, the Fermi surface scenario can be
quite different from the one typical of undoped compound, and the optimal doping can occur when the elliptical
electron-like Fermi surfaces evolve in electron-like propeller shapes, as described in Refs. [18, 19]. Additional hole
doping can leads also to hole-like propellers, passing through a region where unavoidably the Fermi level crosses a
Dirac point. In such scenario, like in graphene, low-energy optical transitions, within each of the 5 x 5 block, are
known to be finite and relevant, and are the natural candidate for a finite sizable Fano effect in the normal state.
Further doping can eventually move the Fermi level far from the Dirac physics and leads to the observed depletion of
1/¢? for z > 0.33.

ELECTRON-PHONON COUPLING AND CHARGED-PHONON RESPONSE OF THE E, MODE IN
LAYERED IRON-BASED PNICTIDES

In order to shed further light on the microscopic mechanism responsible for the Fano effect of the E, in the
normal state, and to reveal a crucial dependence on the orbital content, we present here a microscopic analysis of the
charged-phonon response function using a tight-binding model that permits to identify the crucial orbital character.

Basic ingredient for the microscopical analysis of the changed-phonon response function are: ) the multi-
band/multi-orbital electronic Hamiltonian H (k); 4i) the current operator that can be derived in a straightforwward
way (for instance along the z-axis) as J(k) = dH (k) /dky; i) and the electron-phonon matrix term V (k) coupling
the electronic states with the q = 0 E), lattice distortion.

We have already discussed above how in the normal state both Hamiltonian and the current operator can be divided
in two 5 x 5 independent blocks. Few more words are worth to be spent about such electron-phonon coupling. After
a careful analysis, it is clear to see that the in-plane FE, lattice distortion, depicted in Fig. S5, does not break the
relevant symmetries and the normal state and it does not hence mix the two 5 x 5 blocks. This supports the analysis
that low-energy optical transitions at the E, phonon energy w ~ 250 cm™! must be sought in the intra-block allowed
optical transitions. It should be stressess however that this scenario has not a general validity of a generic phonon
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FIG. S5: (color online) (a) Lattice structure of the Fe-As plane. Fe atoms (big red circles) form a square lattice (with lattice
constant a) whereas As atoms (small colored circles) lie at the center in a staggered out-of-plane position, respectively depicted
as yellow and green. The dotted squared represents the natural unit cell of containing two Fe atoms and two As atoms, while
the dashed square depicts the reduced unit cell containing just one Fe atom and one As atoms. Such reduced unit cell is suitable
in a convenient basis where Bloch states with different symmetries are decoupled, as discussed in the main text. (b) Sketch of
the lattice structure upon F, frozen phonon distortion u. Yellow and green squares represent Fe plaquettes with staggered As
out-of-plane position. €21, Q2 denote the set of Slater-Koster parameters for the two inequivalent bonds in the presence of a
FE,, distortion.

mode. Most evident is the case of the out-of-plane A, optical mode that involves a rigid upward (or downward)
shift of all the As atoms with respect to the Fe plane. The two As atoms result thus to have different z heights from
Fe plane and to be thus deeply not equivalent. As a consequence the electron-phonon coupling associated with such
optical mode cannot be divided in two separated 5 x 5 blocks and it will induce low-energy transitions between the
two electron-like elliptical Fermi sheets in the undoped case.

On the ground of these results, focusing on the E, phonon mode, we can restrict our further analysis on one single
5 x 5 block and investigate how it is affected by a rigid in-plane shift of the As atoms. The Slater-Koster approach is
particular suitable to this aim since lattice distortions can be modelled in terms of few simple parameters describing
the change of the direction cosines and the amplitude change of the hopping energies. For sake of simplicity we retain
in our analysis only the relevant orbital components in the hole-doped range here considered, namely the zz, yz and
zy orbitals. zx and yz are expected to be dominant for the hole-like bands close to the I' point, whereas a mix of
zx 4+ zy (yz + xy) orbitals will be relevant for the electron-pockets close to the X (Y) points, respectively.

From a general point of view, we can write:

I:I(k; u) = HFe (k) + FIAs(k; u)a (2)

where fIFe(k) represents the direct hopping between Fe atoms, and H As(k; u) the second order As-mediated processes,
which will be affected by the F, distortion quantified by the lattice displacement u. Denoting as “A” and “B” the
two inequivalent Fe sublattices, we introduce the Hilbert space defined the vector

q>i(k) = (dA,za? (k)v dA,yZ (k)7 dAJZ/ (k)v dB,zw (k)a dB,yZ (k)7 dB,ﬂ?y (k)v ) : (3)

In this Hilbert space each term H;(k;u) (i = Fe, As) can be written as a 6 x 6 Hamiltonian, namely:

g en — ([ Hiaa(su) Hiap(ku)
Hifk;w) <Hz',BA(k; u) H; pp(k;u) > ” )

where the 3 x 3 Hamiltonian H 4 (k) represents the next-nearest neighbor hopping Hamitonian only among Fe
sublattice A, Hgpp gk) the 3 x 3 next-nearest neighbor hopping Hamiltonian connecting only Fe atoms on the sublattice
B, and Hup(k), Hpa(k) the nearest-neighbor hopping between the two sublattices. Note that Hap(k), Hpa(k)
connect only atoms along the x/y axis whereas H(k), Hpp(k) only atoms along the diagonal of the Fe square
lattice.



Considering first direct Fe-Fe hopping, we can write thus:

(L B
Hre(k) = ( g;i{y(k) ;ﬁe(k) ) ’

where
’Ygr,lelc-’tcy 775T7yz45r5y 0
ch(k) = _7'527236489351/ ’Ygz,yzllcxcy 4 0 ) (6)
0 0 Vay,zy3CzCy,
Wfr,zzQCI + ’ygr,zx2cy 0 0
Al (k) = 0 Vyzyz2Ce + Vyzy22Cy 0 ; (7)
0 0 %z?zfgryQ(cz +¢y),

and where ¢, = cos(k,a), ¢y = cos(kyy), 5o = sin(kga), sy = sin(kay), 72, .. =15 . = [Udar (V20) + Ugas(V2a)]/2,

Ve oy = 1BUaao (V20) + Uaas(V20)] /4, 7%y = 7o = Waan (V20) = Uaas(V2)]/2, Vo sw = Vo = Yoty =
Uddr(a), and 7Y, .. = 7y, . = Udas(a). Here Ugas(R), Uadar(R), Ugas(R) represent the Slater-Koster Fe-Fe energy
integrals at the distances R = a for nearest neighbors, and R = v/2a for next-nearest neighbors.

Our main focus in this paper is the modulation of the As-mediated effective hopping between Fe atoms upon a F,,
lattice distortion. We will focus for the moment on the As-mediated hopping processes connecting one Fe atom on
the sublattice A with neighbor Fe atoms on the sublattices A and B, i.e. on the blocks H a4 (k;u) and H,p(k;u).
The remaining blocks Hp s(k;u), Hp A(k;u) will be evaluated later using symmetry arguments. We denote with
Q = {r,0,¢} the set of the relevant parameters in the context of Slater-Koster model, namely d being the inter-
atomic distance between Fe and As atom, and 0 and ¢; the direction cosines pointing from the Fe to the As atom.
In the presence of a E, lattice distortion, we need to employ two different sets €21, €25, as depicted in Fig. S5. For
sake of simplicity, following Ref. [14], we denote eq the local energy of the Fe d-orbitals, and ¢, the local energy of
the As p-orbitals, neglecting the energy splitting due to the crystal field. Fe d orbitals are denoted with the label
«, B = zz,yz, vy whereas As p orbitals are denoted with the label u = z,y, z.

It is also useful to introduce the function

ta,s(Q1,Q2) = Z tavﬂ(ﬂl)tu,ﬁ(ﬂﬁ_ .

€d — €p

H=Z,Y,2

With this notation, the As-mediated hopping between the « and S d-orbitals of nearest-neighbor Fe atoms along
the x, y axes, with « being on the A sublattice, will be:

tgﬁ(k;ﬂl,ﬂg) = [ta,ﬂ(dl,el,al;dg,792,7012)+ta7ﬁ(d1’791’,a1;d2792’a2)}eik1a

+ [ta,p(da, T + 09, g dy, ™ — 01, —a1) + ta g(da, ™ — O, —an;di, 7 + 01, a)] e e (9)
th 5(k;Q1,Q2) = [tas(di, 01, 005di,m — 01, —a1) + ta,p(da, ™ — O3, —ag; da, B, az)] €0

+ [ta,p(d1, =01, —a1;d1, T+ 61,01) + to g(da, ™ + 02, crg; da, —02, —t2)] e kv, (10)

whereas the hopping terms between next-neighbor Fe atoms along the diagonal of the square Fe-lattice will obey the
relations:

ti,g(k; Q1, Q) = tap(difi,ar;dz, 09, —ag)e™ = TR Lt 5(dy, T+ O, s dy, ™+ 01, —ay e Feam ke
tta,p(dr, =01, —a1;da, —0, a)e™ v 4t 5(do, T — O3, —azidy, ™ — 01, 0y e~ FeotRue(1])
After few straightforward steps, using the symmetry properties of the Slater-Koster energy integrals, we can write

the general expression for the As-mediated hopping Hamiltonian in the presence of the E,, lattice distortion. Focusing
on the 3 x 3 “AA” block describing the hopping processes along the diagonal of the Fe square lattice, we can write:

d d
tm,mél%cy t

vd d vd
. d 4 R,zmﬁyZQSZSy + ZtI,zx,y226$8y th,zx,zy2c$cy + ZtI zm,zy2s$cy
Has aak;u) = t(li{,yz,zzzsl’sy + zt&y%chzsy . tyz’yz4cmgy 1R yz.ay 2SSy HilT . o 2008y (12)
TRy, 20 2CaCy T UL 1y 20 282Cy TR 4y 422828y + U] 4y 22008y Uy wydCacy



whereas for the 3 x 3 “AB” block describing the hopping processes along the x/y axis the Fe square lattice we have:

. ti:c szCﬂi + tzw zw y 0 th zZx myQCﬂi + ZtI zZx my28$ + tzz a:y y
Has apk;u) = 0 tysyz2c + 17, . 2¢y ity oy28y (1p)
TR oy, 20 2Ce + U7 4y 0280 + 18, 220y ity 4228y Uy ay2Ca + 4y 1y 2Cy,

For sake of shortness, we omitted in Eqgs. (12)-(13) the dependence of the As-mediated hopping terms on the



Slater-Koster parameters €21, €25. Their explicit expressions read:

2,22 (1)t 1,02 (2)

zzzm(ﬂhﬂQ) = = Z gﬁ : B 76’ i (14)
n=x,y,z d p
(91 92) — Z gy [tuyrZ(Ql)tu,m(Ql)+tu,r2(ﬂ2)tu,M(92)] (15)
zm zx ’ Pt N €d— € ’
z Qtu,yz (Ql)tu yz (92)
yzyz(ﬂlvﬂQ) = Z 9u — 3 (16)
p=,y,z €
(1) L(Q ty (92 (2
yzyz(ﬂhﬂz) = Z My 1) Luy ( i)i‘euu ()t “y ( 2)]’ (17)
W=T,Y,2 d p
t zm(Ql)t 21(92)
zr zx Q 79 = ZL e = 5 18
(Q1,€22) M:wz,y)zg, p— (18)
Lty (1)t 2 (82
yzyz(ﬂlvﬂ2) _ Z g, Y (61)_uy ( 2), (19)
U=x,y,% d €p
tdﬁ,m,yz(ﬂlaﬂ2) _ th,yz,zm(QlaQ2 Z g#gu[u ( 1) uy( 2)_ My ( 2) uy( 1)]7 (20)
=7y, €d €p
x Z:E Q z Q zx Q 2 Q
tii,zx,yz(QhQQ) _ 7tﬁy2,zx(ﬂl792 Z gu z H 1) ny ( ii_eﬂ ( 2) a2 ( 1)], (21)
H=x,y,z p
2 2ty (1)1, 2y (22
wya:y(ﬂlvﬂQ) - - Z gul a yE 75/ y( )’ (22)
n=x,y,2 d p
z z oy (£ ay (1) + 00y (2 oy (€2
xymy(91792) _ Z 9ig; # y 1) s y( 1)_: y( 2) s y( 2)]’ (23)
p=x,y,z €
z 1,2 Ql) 1,2 (92)
;zy ay(91792) = Z 9.9 Z ey B —/6 . s (24)
U=x,y,2 d p
ZZL‘ Q x Q 32T Q t L Q
t%{,zm,xy(ﬂlvﬂQ) _ Rzy o 91792 Z gugu M 1) M U( il)iigll ( 2) M, U( 1)}, (25)
H=Z,Y,z p
tI,zz,my(Ql’QQ) = tI,xy,zz(ﬂlan Z g#g#[“ ( 1) , y( Zi_eu ( 2) H, y( 1)]’ (26)
p=x,y,z p
(1)t Q " Q5)t, Q
Y., W(QMQQ) = Ly - (Q1, Q) = Z gl:igz /wcz 1)t £ xy( 1) — Ly, c=(22) /,xy( 2)}7 (27)
€4 — €
n=x,y,z p
zTr Q x Q zZT Q xr Q
tg{,zz,zy(ﬂl>ﬂ2) — Rajyzx(ﬂl7ﬂ2 Z g#gu[ﬂ ( 1) My U( 2) lh ( 2) My y( 1)]’ (28)
€d — €p
H=x,Yy,z
ti{zz,zy(ﬂlvﬂZ) _ 7tﬁmy7z1(91392 Z g#g#[ﬂ ( 1) My y( 2) My ( 2) My y( 1)}’ (29)
p=w,y,z €
T z Z Q L Q +t4 z Q s Q
yz Iy(QhQQ) = Iyyz 91,92 Z T uy 1) / xy( i)_ez Y ( 2) u:cy( 2)}7 (30)
H=T,Y,z d P
2( 1)t 2y (2 ()t 2y (2
By (O 0) = (@0, 0) = 3 gl (00 e ()l (), (31)
L=,z ed—ep
tyz (C21) T 2y (2 trys (S22)t 2y (S2
tii,yz,my(ﬂl792) _ 71{%7%(91’92) _ Z gﬁ[”’y (1)t ey (Q2) + 12 (R2)t 2y ( 1)], (32)
=7y, €d — €p
where g;; = —1if p = v and g,; = 1 otherwise.

The matrix expressions for the blocks “BB” and “BA” can be now obtained by symmetry from (12)-(13) upon the
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mapping a; — —aq, as — —as. Exploiting the symmetries of the Slater-Koster integrals, we can easily find that

d ) ad
R z:r zx4cil?cy tR,zm,yZQSQJSy + ZtI,zz,yz2C€I/’sy tR zT zy2c$cy - ZtI zx,xy28$cy
Has pekiu) = thdyz 22855y + th 2,20 2Cx Sy tzz yrdczcy th e, ny.srsy it yz,nyczsy(?’ )
; d 1 d

tR,wy7zw2cwcy - Zthy,zzQchy _tR,wy,yz2SL3y ZtI,wy,yz2c$Sy Zy my4clcy

and
z z z 1y
A Uow 20 2Cz + tzw L22Cy 0 —tR e Iy2c ztI . Iy25 tm@chy
. — z
HAs,BA(ka u) = 0 tvz UZQCQC + f,yz yz Cy ’Ltyz :py28y (3 )
_{x &z —tY
tR,wy,ZJQC ZtI , LY, zz253€ txy,szCy —ity xY, yz28y xy nyCx + tacy zy2 Y

Egs. (5)-(7), along with (12), (13), (33), (34), define the band structure within the Slater-Koster context in the
presence of a finite generic E,, lattice distortion u. For u = 0 we have {|Q1]} = {|Q2|} = {|0]}, where {|Q;|} = {|2;]}
means r; = 75, |0;| = |0;| and |¢;| = |¢;|. In this limit we recover thus the tight-binding model of Ref. [14] in the
reduced zz, yz, xy space. Note that in the perfect crystal structure it was shown (see Ref. [14]) that an appropriate
basis to re-write the total Hamiltonian in two separate blocks with different symmetries is defined by the Hilbert
space:

(I)i(k) = (dJr,Z:E (k)7 d+7yz (k)> d*,ﬂiy (k), d*,za: (k)v d*,yz (k)a d+,wy (k)v ) ) (35)

where dio = [da 22(k) £ dB 2z (k)]/v/2. One can easily see that, since the E, distortion does not affect the underlying
symmetries on the base of such decoupling in separate blocks, the same Hilbert space (35) can decoupled the total
6 x 6 Hamiltonian in two separate 3 x 3 blocks. In such space we have thus:

" ‘) = 7:[3><3(k;u) . 0
i < 0 ngg(kw;u))’ )

where
Hawz(k;u) = Hro(k) + Has(k; u). (37)

In similar way as above, each matrix 7:li(k; u) can be divided in hopping terms along the z/y axis and hopping terms
along the diagonal. We have thus:

Hro(k) = Hil” (k) + o (K), (38)
where
. ’ygx,ZIQCI - 751,21262‘/ 0 0
H;éy k) = 0 Vyz,y=2Ce — Vyz,y22Cy 0 ) (39)
0 0 ’7;4,%0&12(0@ +cy)
~d ’YZ§ 214CLcy _’};gw,yzllslsy 0
HFe(k) = ’yyz7zw48lﬂsy r}/yz7yz4cﬂcy d 0 ’ (40)
0 0 Voy,zydcacy
and
Has(kiu) = HEY (k;u) + AL, (ks w) (41)
S 9 As 9 As ) )
where
”w/y Z.L Zch-K + tZ.L Z‘L2 Y O t%{ 2T wy2 Ztlmzw wy2$ tga:,lyQCy
Hys (ku) = . 0 ty. yZZCx +tY. ,22cy ity 28y (4p)
t‘ﬁ LY, zx2cm + Ztﬁxy,zx251 + t%y,zzQCy ry yz2$y 7tiy zy2cﬂﬂ - t%y,ry2cy
and
~d J za: z:1:4c$cy tg{,zx,yzzszsy + thlza: yz2cw3y tg{,za:,xy2cwcy + Z:tiizz,xy2swcy
HAs(k; u) = tg{ Yz, erSISy + ZtI Yz, zr2cmsy J yz yz4cf€cy tR,yz,zyQSISy + ZtI Y2, myQCIsy (43)
tRﬂy,szcmcy + zt17zy,zw2sxcy tR,$y7y225xsy + ztI,IyﬂZchsy 13y, xy4cxcy
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The decoupling in Eq. (36) of the total Hamiltonian, in the presence of a E, lattice distortion, in two separate
blocks with different symmetries signalize that the E, in-plane optical phonon is just coupled to vertical (q = 0)
particle-hole transitions in the extended Brillouin zone, and not to the (symmetry forbidden) transitions that couple
states at different k points in the extended Brillouin zone and that appear vertical in the reduced Brillouin zone just
upon folding. This would be different for instance for the out-of-plane optical As, mode that effectively breaks the
underlying symmetries and it would induce off-diagonal elements in Eq. (36).

As said, Eqgs. (36)-(43) hold true in any generic E,, lattice distortion u. They provide also the basis for obtaining
an explicit expression for the linear electron-phonon coupling with the E, phonon, upon expansion of A as(k;u) at
the linear order in wu, i.e.

~ o HAS (kv u)
Vep(k) - }}i}% U (44)
To this aim we can write
tu,a(“l) ~ tu,a(QO) + Uwp,,a(QO)a (45)

where w, (o) contains all the contributions coming from the modulation of the energy integrals and from the
modulation of the direction cosines. From symmetry arguments we get also

tua(R2) = tua(Qo) — uwy o (o). (46)

One can now realize that most of the hopping terms in Eqgs. (14)-(32) have a vanishing linear coupling with u. The

only hopping terms that give rise to a linear electron-phonon coupling result to be tﬁZLyw UR 22y Loy th Jp
td yzzy- Ve obtain thus the matrix expression for the electron-phonon coupling:
. ]>3><3(k) O
Vep(k) = . , 47
0 = (Pt g (a7
where
0 i]m y22CzSy Im wy2CaCy — 12, 20, — 1Y, o 2¢,y
Viys(k) = —il?, ,.2C5, 0 I 1y2808y . (48)
Ie wyCaCy — I3 o 2¢, 1Y, . 20y Iyz 2y 28zSy 0
and where
d _ [w# 2 (20)t1,y2 (20) — 0,20 (R0) W,y 2 (o)
sz,yz = -2 Z gygu €d— € ) (49)
n=x,y,z
Iz, oy = 2 Z gy 2 (W22 (820) 1,2y (R0) — 22 (Ro)wy, 7611(90)]7 (50)
J——— €d — €p
xz Q x Q t Tz Q T Q
1Yy oy = 2 Z 9rg: (W22 (20) s,y ( S)i‘eu (£20) Wy, ay ( 0)]’ (51)
p=x,y,z 4=
[U) zx(ﬂO) x (QO) zm(no)w x (QO)]
Igz ay 2 Z gyg,u = oty €, — 6# oty ) (52)
p=z,y,z d= %
d . wu y2 (£20) 81,2y (Q0) — tpu,y2(Q20) Wy,ay (20)]
hey =2 > g p— . (53)
H=x,y,z

Eq. (48) is one of the fundamental ingredients to evaluate on a microscopic ground the charged-phonon response
function y(w) which is repsonsible for the Fano effect. Other ingredient are the total Hamiltonian 7 (k;u = 0) in the
absence of the lattice distortion and the current operator.

The direct Fe-Fe Hamiltonian term hopping 7:ch(k) is of course not affected by the lattice distortion, where the

As-mediated term Haq(k;u = 0) = ’Hz/y(k; u=0) 4 He, (k;u = 0) is simplified for u = 0 as:

2 )y tﬁw za:2c$ + tzw za: Cy 0 _Zt%zz myQSfD
Hy, (ku=0) = _ 0 ty, Uchg; + 1Y, 220y —itY. .25y , (54)
ztiwy7m2sm ity Y, yz23y xy nyCx — t%y,nyCy
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and

i1d
2508y WY g 4y282Cy
ZtI Yz, zyQCTsy ) (55)
4egcy

d
~d 4CmCy tR(,izz,yz
HAS (k7 U= O) = tR yz,zwzsﬂcsy téjz,yz4cmcy
ztlymy’m23$cy ztl’my,yZZCg;sy

Zil) yZX

:vy Ty

where the hopping terms are evaluated at {€2;} = {22} = {Q}. R X
The current operator along the z-axis can be now also evaluated as J*(k) = dH(k)/dk,. We obtain:

Fx _ jX (k) 0
Tk = ( o j3x3(k+Q)>’ (56)

where
Tss(k) = Jil? (k) + Fi (k) + Txl" (k) + Ti (k) (57)
and where
_’yzx,zazZSI 0 0
j;e/y(k) — 0 —ﬁz}yz% 0 , (58)
0 0 'y%}/mﬂsz
R _sz,zz4swcy _’ygz,yz4cwsy 0
jlgle(k) = _732,2m40189 _’y;(yiz,yzélszcy 0 ’ (59)
d
0 0 “Vay,zytSzCy

2028 0 —itfm’waCw
Tilvk) = 0 —tr, 28, 0 , (60)
T 4y, 20 2Co 0 Ury 2y 28z
R zr zr4srcy th zZx yzzcﬂﬂsy itﬁzx,xychcy
jgs (k) = tlr:l{ Yz, zm2c$8y Zz yz48$cy itiiyz zy28$8y N (61)
U] 4y 20 2CaCy thzwa?szsy Uy oy dSaCy

We can build up the charged-phonon function y(w) that rules the Fano effect. It is at this stage much more
convenient to work in the Matsubara frequency space, whereas the analytical continuation on the real axis can be
easily performed later. We have thus:

X(iwm) = CZTr [ G(K, iwn + iwm ) Vep(K)G (K, iwy,) | , (62)

where C' is a constant, G(k,z) = [(z 4+ u)I — #(k)]™", and p is the chemical potential. Note that all the matrix
quantities are separated in two independent 3 x 3 blocks. Since the second block is equivalent to the first one upon
substitution k — k + Q, we can restrict our analysis to the first block allowing k to span over the whole extende
Brillouin zone, covering thus all k’s as well all k + Q’s.

To get a deeper insight, let us assume now that the xy orbital is irrelevant. We can thus restrict our analysis to
the 2 x 2 block defined by the orbitals zx, yz. In this Hilbert space we have (we drop now the label “3 x 3”):

HK) = HiK)I +H, (K)o, + Ha(K)6s, (63)
Jk) = T + J.(k)5. + Tu(k)és, (64)
f}(k) = Z.Vy(k)&yv (65)

where 6, G,, 6. are Pauli matrices, and where Hy(k) = Hjacscy + Hio/y(ca + ¢y), Ho(k) = Heasesy, Hao(k) =
Hz,x/y(cm - Cy)7 jf(k) = jl,d(cxsy + Smcy) + j],r/ysxu jx(k) - jx,dcxsy; jz(k) - jZ,x/ysa:; Vy(k) = Vy,dczsy. The
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microscopical expressions of Hr a, Hr z/ys Hadr Hawsys I1ds Tre)ys Juds Tza/ys Vy,a in terms of the Slater-Koster
parameters can be inferred from Eqs.(39)-(40), (48), (54)-(61). In similar way, also the Green’s function G(k, z)
can be expanded in the Pauli matrix basis. We have in particular: G(k, z) = Gr(k, 2)I + G.(k, 2)6~ + Gu(Kk, 2)6%,
where Gr(k,z) = [z 4+ u — Hi(k)]/D(k,2), G»(k,2) = —H,(k)/D(k,z2), G.(k,z) = —H.(k)/D(k,z), and where

Dk, 2) = [z +p—Hr(k)]? = HE(k) — H2(k) = [z + pu — E1(k)][2z + . — E2(k)]. Here E;(k), Ea(k) are the two bands
of the two-band model with zx, yz orbitals:

Ei(k) = Hik)+ Ak), (66)

Ey(k) = Hik) — Ak), (67)
where

Ak) = VHZ(k) + Hz(k). (68)

A crucial remark here is that Tr[J (k)V(k)] = 0. This implies that we cannot pick up the component G(k, z) o
Gr(k,z)I in both Green’s functions in Eq. (62). Taking into account the symmetry properties encoded in the Pauli
matrix commutation rules, we get thus:

x(iwm) = —202 To(K)G1 (K, iwy, + iwm)Vy (k)G (k, iw, )]

+QC’Z Tz (k)G (K, iwn + 1w ) Vy (k)Gr (k, iw,)]

k.n

+2CZ T (K)Gr (K, iwp 4 iwm )V, (K)Ga (K, iwn )]

—202 T (K)Ga (K, iy, + icom) Vy (K)Gr (K, ity )]

1

2
¢ kz:: D(k, iwy,)D(k, iw, + iwn,)

[T (K [iwn + iwn — Hi(K)]Vy (k) (K)]

20y 5 [T (Y, (K) i, — M ()]

D(k, iwp,)D(k, iwy, + iwn,)

2035 [T (ML (), (K)o, — ()]

D(k, iwy,)D(k, iw, + iwm,)

1
-2
¢ Z D(k, iwn)D(k7 W, + W)

) (k) — T (K)Ha (K)]
- 2zmeZ k Mn) D(K, iwn, + iwym)

(T (k) [iwn, + iwm — Hi(k)]Vy (k) Ha (k)]

i ) J(Er() = 1) = S (E>() — 1)
= 4 mc;vy(m [T (k)M (k) = T (6 (9] X050 2 — Az (69)

We can now perform the analytical continuation iw,, — w + id. For w > 0 we get:

V(@) = ~200 S V() [Z ()M () — T (o) (o) LEE =) = I =i 5 ) (q0)
k,n

w

Given the orbital content of the electronic band-structure, particle-hole excitations between zz and yz orbitals are
allowed close to the X, Y points and in the anular area kr o < k < kg ; close to the I' point, where kp 1, kr 2 are the
Fermi momenta associated respectively to the larger (band Ej(k)) and smaller (band FEj(k)) hole Fermi sheets.

It is easy to see that the coherence factor Vy (k) [T, (k)H.(k) — J.(k)H. (k)] changes sign for k — k + Q, so that
the contributions from the X and Y points cancel out.

Focusing on the parabolic-like hole bands centered at the I' point, and denoting k, = kcos v, k, = ksin, we can
expand the coherence factor Vy (k) [T, (k)H. (k) — J.(k)H. (k)] at the leading order (o< k). We get:

27

/ d’kV, (k) [T (k) H. (k) — T.(k)H. (k)] o / 2kdkk* dip sin(44h) = 0. (71)

0
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Note that such cancellation stems out from the rotational symmetry properties of the orbtals zxz/yz. Things are
radically different when the orbital ay is included in the analysis. Using the 3 x 3 expressions in Egs. (48), (57)-(61)
for the matrices V(k), J(k), one can notice that in this case Tr[73x3(k)Vsx3(k)] # 0. This means that we cannot
rule in Eq. (62) the contribution:

iwm) =~ CY Tr [j(k)él(kjwn+iwm)f2(k)g}(k,iwn)}7 (72)
k,n

where a dominant role is played by the term G(k,z) o< (z + pu)l ~o (z + p)I/D(k,z). Here D(k,z) = [z + p —
Ey(k)][z + 1 — Ea(k)][z + p — Es(k)], where Eq(k), E2(k), E3(k) are the three bands of the three-orbital model.
We get thus:

[iwn + pfiwn + iwn + 4]
D(k, iwy,)D(k, iwy, + iwpy,)

Miwn) ~ €T [ ()V(k)] (73)
k.n

It is easy to see now that, due to the mixing of the off-diagonal components of (48), (57) associated with the
hybridization zx + zy, yz + xy, the prefactor Tr [j (k)f)(k)} does not change sign upon substitution k — k + Q and
the contributions from the optical transitions at the X and Y points does not cancel out.
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