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Charge, spin, and lattice degrees of freedom are strongly entangled in iron superconductors. A neat consequence
of this entanglement is the behavior of the A, As-phonon resonance in the different polarization symmetries of
Raman spectroscopy when undergoing the magnetostructural transition. In this work, we show that the observed
behavior could be a direct consequence of the coupling of the phonons with the electronic excitations in the
anisotropic magnetic state. We discuss this scenario within a five-orbital tight-binding model coupled to phonons
via the dependence of the Slater-Koster parameters on the As position. We identify two qualitatively different
channels of the electron-phonon interaction: a geometrical one related to the Fe-As-Fe angle o and another one
associated with the modification upon As displacement of the Fe-As energy integrals pdo and pdw. While
both mechanisms result in a finite B, response, the behavior of the phonon intensity in the A, and B;, Raman
polarization geometries is qualitatively different when the coupling is driven by the angle or by the energy integral

dependence. We discuss our results in view of the experimental reports.
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I. INTRODUCTION

There is ample experimental evidence that iron pnictides
present a rich interplay between charge, lattice, and magnetic
degrees of freedom. The magnetic transition is commonly ac-
companied by a structural one. Several phononic spectroscopic
signatures show unconventional behavior in the magnetic
state.'"® At the theoretical level, ab initio calculations show
that the lattice constants and the phonon frequencies depend
sensitively on the presence of magnetism,”!” and the com-
parison with experimental measurements is improved when
magnetism is included in the calculations.”!'~!> Furthermore,
the electron-phonon coupling has been shown to be enhanced
by magnetism.'%!16-20 Within this scenario, the role of the
spin degree of freedom in the electron-phonon coupling and
its possible relevance in the mechanism of superconductivity
has been emphasized in several works, 6182122

The electronic and magnetic properties are especially
sensitive to the height of the pnictogen atom, which affects
the band structure at the Fermi level,”>?* the magnetic
moment,”!%21:25-27 and possibly the superconducting critical
temperature and gap.”*! Accordingly, the A, As phonon,
which involves vibrations of the As atoms along the ¢ axis
(see Fig. 1) seems to play a special role. Coupling to this
phonon has been detected by ultrafast techniques.’>* A rapid
development of the magnetic ordering upon the vibrational
displacement of the A;, As phonon has been observed.*
Features in the angle-resolved photoemission spectroscopy
(ARPES) spectrum of 11 compounds with an energy scale
close to the one of this phonon have been interpreted in terms
of polaron formation.

Raman response represents a powerful tool for investigating
the properties of lattice dynamics.">8374 A significant
narrowing of the A;, As phonon linewidth at the onset
of magnetism has been reported, whereas both softening
and hardening of the phonon frequency with decreasing
temperature have been observed.**#! Crucial information is
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also encoded in the intensity of the phonon resonances. In the
undistorted paramagnetic state, the A;, As phonon is active
neitherin the B¢ norin the B polarization symmetries. When
undergoing the magnetostructural transition, a strong phonon
signal emerges in the B, Raman response but notin Bzg.&42 In
122 compounds, the A, intensity shows a strong enhancement
in the magnetic state.!>%4 In spite of this, in BaFe,As,, the
B\, intensity is about 1.5 times larger than the A1, intensity.®*?
This is not accounted for by the orthorhombic distortion alone,
in agreement with the small B;, Raman intensity observed
below the nonmagnetic structural transition in FeSe.**

The aim of this paper is to analyze the unusual Raman
response and the changes on the phonon properties in the
magnetic state. We show that the dynamical electron-phonon
coupling can be responsible for large and unconventional
anomalies in the phonon Raman spectrum. We focus on the
out-of-plane As lattice vibrations (the A;, As phonon) for
which we explicitly calculate the electron-phonon coupling
within the context of a tight-binding Slater-Koster formalism.
The electron-phonon coupling is formally split into two main
qualitatively different contributions: (i) a purely geometrical
one (g%), related to the variation of the Fe-As-Fe angle «
and (ii) a second one (gP%) coming from the variation of the
Slater-Koster energy integrals pdo and pdm (see Ref. 24)
upon the modulation of the Fe-As distance. We consider
the (;r,0) magnetic state with magnetic moments ordered
antiferromagnetically in the x direction and ferromagnetically
in the y direction. Magnetism is included at the mean-field
Hartree-Fock level, ¢ and we study separately its interplay
with the sources (i) and (ii) of the electron-phonon interaction.
The Raman response is evaluated in the paramagnetic and in
the (77,0) magnetic states using the proper generalization of
the charge-phonon theory*’ discussed in Refs. 48 and 49.

Under generic conditions and excluding any static lattice
distortion, the coupling of the phonons with the electronic
excitations in the magnetic phase is able by itself to induce
a Raman intensity in the Bj, Raman polarization. This is
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FIG. 1. (Color online) Sketch of the lattice structure showing the
Ay, As phononiniron arsenides. The Fe-Fe nearest-neighbor distance
are, the Fe-As-Fe angle o, the Fe-As distance R, and the As height
with respect to the iron plane / are indicated.

due to the symmetry breaking in the anisotropic magnetic
state. Only the electron-phonon coupling g accounts for the
fact that the Bj, Raman signal can be larger than the A,
Raman signal, the latter strongly decreasing in the magnetic
state. A large enhancement in A;, with magnetism appears
when coupling electrons and phonons via gPY. Based on
symmetry considerations, we argue that in the double stripe
magnetic order of FeTe the out-of-plane A;, vibrations of
the Te atoms will show finite Raman intensity only within
the B, polarization setup and not in the B, one. With
increasing interactions the phonon frequency softens when
entering into the magnetic state but hardening is observed for
the gP¢ coupling for the largest values of the on-site electronic
interactions U considered.

II. THEORY
A. Model

The Hamiltonian we use to study the electron-phonon
coupling on the Fe superconductors has three terms:

H = Hy + Hp, + Hy. (1)

H, is the five Fe d-orbital tight-binding model for the Fe-As
planes, obtained after eliminating the As degree of freedom
and previously proposed in Ref. 24. H,, is the phonon part
including the free phonon and the electron-phonon interaction,
and Hy contains the electronic interactions. The one Fe unit
cell is used with x and y directions along the nearest-neighbor
Fe-Fe bonds. In the following, we describe in detail each of
the terms of the Hamiltonian.

a. Free electron part. The band structure of the system is
taken into account via the free electron term Hj,

> FL e T Y €l o, (2)

k,u,v,0,r i,n,0o

Hy =

where cl .o Creates an electron on the Fe d-orbital 4 with spino

and wave vector k, and cj .o Tepresents the same operator in real

space. F, (K) is the electronic k-dispersion relation®* and €,
is the crystal field. » labels the three different directions for the
hoppings 7, with different k dispersions, taken into account:
between first neighbors in the x direction, first neighbors in
the y direction, and second neighbors.

Direct Fe-Fe hoppings between their d orbitals and indirect
through the As p orbitals are considered. Indirect hopping is
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included to second order in perturbation theory.?* Within the
Slater-Koster framework considered,’® the hopping parameters
have explicit information on the geometry of the pnictogen
tetrahedra. These parameters depend on «, the angle between
the Fe-As bond and the Fe plane (see Fig. 1), and on the energy
integrals. The direct Fe-Fe hoppings depend on the energy
integrals ddo, ddm, and dd$ between the Fe d orbitals, while
the indirect (through the As) Fe-Fe hoppings depend on pdo
and pdm between the Fe d orbitals and the As p orbitals.
These energy integrals are a function of the relative distance
between the constituent atoms. The analytic expressions for
all the hoppings #,,, are given in Ref. 24.

The energy integrals and crystal field €, parameters in
Eq. (2) are chosen to correctly describe the bands, their orbital
compositions, the Fermi surface, and the modification induced
by « as provided by electronic structure calculations. Details
are given in Ref. 24. Hj has tetragonal symmetry, i.e., the
static orthorhombic distortion found in the magnetic phase is
not included in our calculations.

b. Phonon part. Hy, is given by

— 2 : T
Hy, = ®qaqaq
q

Y

k.q,p,v,0,M

M (K@)} quoClvo(ag +a g, (3)

where a;; creates a phonon in the A, As-mode at wave vector

q, wq is the phonon frequency and g{fv(k,q) the electron-
phonon matrix element between orbitals p and v. M labels the
type of interaction considered. The vertical displacement of the
As atoms 8h (squeezing and elongating the tetrahedra) gives
rise to a modification of « around the equilibrium position «
and to a variation of the energy integrals pdo and pdm (only
the indirect hoppings are affected by this phonon). The two
interaction terms that arise are labeled 2% and gP%, namely,
M = o and M = pd, respectively. In each of these cases, the
electron-phonon interaction may arise from the variation of the
hopping 7,,, with phonon coordinates giving rise to nonlocal
contributions, and from the variation of the crystal field €,
resulting in local contributions: gM = gM:loc 4 gM.nonloc,

The crystal field €, can be decomposed in a term which
includes the electrostatic interactions between the ions in the
system €°!! and a contribution that depends on the As orbital

%
energies elifd. The dependence of eE"“l on the As position is
beyond the scope of the present study and is neglected here.
We only consider the dependence of ejfd (see Appendix).
The nonlocal part %" involves the derivatives of the
hoppings with respect to « [straightforwardly calculated from
h, the distance between the As atoms and the Fe plane, and ar.,
the Fe-Fe nearest-neighbor distance, as o« = arctan(«/zh /are),
see Fig. 1] and a form factor F;v(k,q), which depends on
the symmetry of the lattice and the orbitals. As we are here
interested in the Raman response, q = 0 and Fﬁv(k,q) =
F,,(K). In the orbital basis, the genonle electron-phonon
coupling is given by
it o, )
do

glo:,UHOIﬂOC(k) — Z F;;U(k)
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with da = 2—101‘811 and form factors Fj, (K) as in Eq. (2).
Analogously,

ind
a,loc

g = ﬁ&x. 3)

This contribution to the interaction Hamiltonian appears as a
constant (non-k-dependent) diagonal term.

&P involves the derivatives of the hoppings with respect to
pdo and pdr. These integrals are a decaying function of R,
the distance between Fe and As atoms. R isrelated to i as R =
h/sinco. We assume the R dependence is the same for both
pdo and pdn: pdo = Cpes f(R) and pdm = Cpar f(R).
If Ry is the Fe-As distance corresponding to the equilib-
rium angle o, pdoy = Cpao f(Ro) and pdmy = Cpax f(Ro).
Expanding around this equilibrium value pdo = pdop[l +

f(;o) %SR], and equivalently for pdm. Therefore épdo =
1 3f(R) 3R _ 1 af(R) IR
pdoy FRe) 9K Sp0h and dpdm = pdnof(—RU) “5r_an 0h.Con-

sequently, Spdm = 2 ZZS

orbital basis,

dpdo. Using these relations, in the

oA, pdr
gﬁt‘f,nonlOC(k) — Z F;V(k)ﬁpda < 13 12 p 0) ,

dpdo  dpdm pdoy
(6)
ind ind
gpd’l°c=8pd0 aeﬂn 86/411 pdmy . %
e dpdo  dpdm pdoy

Here, we take f(R) = 1/R*. This dependence is valid assum-
ing the p and d orbitals are very localized and they only couple
through plane-wave corrections to the atomic state wave
functions.’! The pnictides have a strong covalent character
that may invalidate the localization assumption, hence this
particular functional dependence must be taken with caution.
Therefore a direct quantitative comparison between g% and g
would not be reliable, hence we present the results for the two
electron-phonon interactions separately.

c. Correlation part. Hy includes the local interactions
(intraorbital U, Hund’s coupling Jy and interorbital U’ =
U —2Jy) and is treated within Hartree-Fock mean-field
approximation with focus on the (,0) antiferromagnetic
state (see Refs. 45 and 46 for details). The Hartree-Fock
self-consistency includes the electronic degrees of freedom
and not the phonons. The model without phonons (Hy +
Hy) has been previously used to study the magnetic phase
diagram as a function of U and Jy /U within a Hartree-Fock
approximation.*>*®52 With increasing U, a metallic AF (r,0)
state arises. For a narrow range of values of U, the system can
be described as itinerant, but a strong orbital differentiation
develops for larger values of U.* In the orbital differentiated
region, the 3z> — r2, x> — y?, and zx orbitals are itinerant,
while xy and yz are gapped at half-filling at the Fermi
energy. These results are consistent with experimental®>>*
and theoretical®>~>® reports of different renormalization values
for the bands depending on their orbital character. In our
calculations,* for Jy /U = 0.25 the itinerant region occurs
for 1.45¢V < U < 1.7 eV and the orbital differentiation for
U>1.7¢eV.
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FIG. 2. (Color online) Aj,, By, and B,, Raman symmetries for
the Fe-As layer. We work in the one Fe unit cell with x and y directions
along the nearest-neighbor Fe-Fe bonds.

B. Phonon-mediated Raman scattering theory

Raman scattering measures the total cross section of the
inelastic scattering of electrons,

s . .
= h 2—S Q- Q O , 8
00wy Mo, S +i0) ®
with w; and wg the frequency of the incident and the scattered
light, respectively, and 7y the Thomson radius. The Raman
intensity can be related to the imaginary part of the Raman
response function

SHQ) = =77 (1 + n(Q,T)Imx*(Q) €))

with A = By, Byg, A, the symmetries of the squared lattice
point group depending on the incident and scattered photon
polarizations represented in Fig. 2. The symmetries are defined
with the x and y axes along the Fe-Fe nearest neighbors, as in
the Hamiltonian. This definition is different from the one used
in some experimental papers.®

Only nonresonant diagrams are included in the calculation
of the Raman response. To study the phonon contribution,
we use the charge-phonon theory originally proposed by M.J.
Rice*’ for the optical conductivity and recently used***° to
study the Raman response in graphene. The Raman response
includes the diagrams shown in Fig. 3: the electronic bubble
contribution xJ , (left) and the charge-phonon diagram A X;Lh
(right),

xM(Q) = Xia (@) + Axp() . (10)

The electronic Raman response xJ ., was studied in Ref. 59
and is not discussed in this work. Here, we concentrate
our attention on the phonon-mediated Raman response that
can be expressed as a sum on all electron-phonon channels

AR K O

FIG. 3. Electronic Raman (left) and phonon-mediated Raman
(right) diagrams. The wavy line is the photon propagator, the double
wavy line is the phonon propagator. The circle stands for the Raman
vertex and the square for the electron-phonon interaction, either g¢
or P, The electronic Raman diagram was studied in Ref. 59.
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MM’ Axgh(sz) =Y Ax;h,M’M,,

Axp () = X (Do) x37:(R) 1D
with Do(2) = Dy(q = 0,€2) the phonon propagator. To ad-

dress separately the contribution of a single electron-phonon
channel, we focus on the diagonal part of A Xéh, =

A
Mo :
In the vicinity of the resonance, we can approximate

1
Dy(§2) = m (12)

with € the phonon frequency and I'g the phonon scattering
rate.

X3, is a mixed response which includes both the electron-
phonon couplings §¥ defined in Egs. (4)—(7) and the Raman
vertex y*. The y* vertices encode information of the incident
and scattered light and the point group symmetry of the squared
lattice.® In the orbital basis, they are given by>’

2 2
Bi, 0 E;w(k) 0 e,u.v(k)
' (K — , 13
Yw' (K) = e T (13)
Ba 826;“)(]()
s o 14
vl = Ok, 0k, (1
2 2
A] 6;w(k) ad Euv(k)
“(k , 15
o = = e (15)

with €, =Y, Pty

imaginary parts, x;, =

[see Eq. (2)]. Separating real and

= X +ixg,

X(Q) = Z Vi MRS (Ea(K) — f(Ey(K))]

kann
[ Q + E,(k) — Ey(K)
(En(k) — Ey(K) + Q)% + 02
(En(k) — Ey(k) — Q) + 1
X () = —% > VR WL (Ex(K) — f(Ep(K))]
konn’
x [8(Q + En(k) — Ey(K))
—8(=2 + Ey(k) — Ey(K))]. (17)

with é functions broadened by 1. Here, V is the Volume, E,
and E, label the energies of the bands n and n’, f(E) is
the Fermi function, g% (k) = Zuv M(k)gw(k)av,, (k), and
VoK) =", @, (K)y) (K)a,, (k) with a,, the matrix that
rotates between the orbital and the band basis.”® The matrix
elements g (k) and y* (k) determine whether the phonon is
Raman active.

A X;h, 1(§2) can be rewritten as a function of the phonon

intensity /2, and the Fano factor ¢}, (see Ref. 49):

()" — 1+ 2(%2)q},
ImA x;, (Q) = =1} Do
’ (a3)°[1 + (Z2)]

(18)
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FIG. 4. Phonon self-energy. The square stands for the electron-
phonon interaction: either §* or gP4.

with the intensity prefactor I}, and the Fano factor g7, given
by

A 2
p L@l 9)
r‘o
)
qM - //A(QO) (20)

This formula will be used below to study the symmetry
dependence and intensity of the A;, As phonon. If g4, |is large,
the phonon signal acquires a symmetric shape. If in Eq. (18) we
replace Q = Qo, for g}, > 1, we find ImAXp*th(Qo) = -1},
The Raman signal turns out positive when replaced in Eq. (9).

C. Phonon self-energy

We study the q =0 phonon self-energy contribution
Iy () = IT),(2) + iIT},(2) arising from the coupling to the
electrons. The real part produces a hardening or softening
of the phonon and the imaginary part contributes to the
phonon broadening. In the second-order perturbation theory
approximation,®' (see Fig. 4) the phonon self-energy can be
expressed as a sum on all the electron-phonon channels M, M":
() = ZM‘M, Hi;h,M,M’(Q)' We consider only the diagonal
part of the self-energy I, (€2) for which the real and imaginary
parts read

1
M@ = 3 Y [gh 00 LA (Euk) — F(E, (k)]
konn'
[ Q+ E,(k) — Ey(k)
(En(K) — Ex(k) + )2 + 12
(Eq(K) — Ey(K) — Q) +n?
M) = =3 3 [em G0 L (£, ) = f(E, (0]
konn'
x [8(S2+ E,(k) — Ey(K))
—8(=Q + Ey(k) — Ex(K))]. (22)

A small broadening n, which also enters in the § functions, has
been introduced.

III. RESULTS

We have calculated the phonon contribution to the Raman
response and the correction to the phonon self-energy induced
by the electron-phonon coupling in the paramagnetic and
(7r,0) antiferromagnetic states at zero temperature. We study
the Aj, As phonon and consider the two electron-phonon
couplings introduced in Sec. ITA, §* and gP. We choose
generic interactions to describe the iron pnictides, Jy = 0.25U
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with U ranging from the paramagnetic phase U < 1.45 eV,
through the itinerant magnetic phase 1.45eV < U < 1.7 eV
to the orbital differentiated region*® U > 1.7 eV. ag = 35.3°
and n = 6, corresponding to a regular tetrahedra and undoped
pnictides, are considered unless otherwise stated. We take
8h =0.02 A, as previously used in the literature,”'® and
Qo =20 meV and ') = 1 meV for the phonon frequency
and scattering rate (values are similar to the experimental
ones' 4!y, Within the Hartree-Fock approximation used here
to include the local interactions, the renormalization of the
bands is not properly accounted for. Comparison of ab initio
electronic structure calculations and ARPES measurements
render a factor of 3 for the renormalization of the bands.
Therefore once the ground state has been obtained, the energy
bands are divided by 3 to account for the renormalization
observed in ARPES experiments®? and not reproduced at the
Hartree-Fock level.

A. Raman response

Figure 5 is the main result of this work. It shows the
Aj; and the B, phonon Raman intensities due to the
couplings g% (left) and gP¢ (right). For both couplings g,
the intensity Iﬁl'g in the A, polarization is finite in both the

. . R .
paramagnetic and magnetic states while 7,,° is finite only
in the antiferromagnetic state. The B,, phonon intensity, not
shown, vanishes in all the range of parameters.®> While H is
tetragonal, this symmetry is broken in the anisotropic (mr,0)
magnetic state. The x and y directions become inequivalent
due to the reorganization of the electronic degrees of freedom.
The Bi, signal is antisymmetric under the k, — k, rotation,
see Eq. (13), and it is sensitive to k, being nonequivalent to
ky in the magnetic state. This sensitivity results in a finite
1 f,'g. By, however, is antisymmetric under either k, — —k,
ork, — —ky,see Eq. (14).1 525’ is not sensitive to the breaking
of the tetragonal symmetry in the (sr,0) state and remains zero.

0.012 ‘ ‘

(a) 0.8

(b)

0.009
~

z z o |
5 =
g S
2 0.006 g

£ S 04 ,
= E
fel =
g =
3 =
=<7 0003 2

— = 02 §

FIG. 5. (Color online) A, and B, phonon Raman intensities vs
the on-site interaction U for the electron-phonon coupling §* (a) and
& (b). Note that in the magnetic state, §* for U > 1.8 eV shows
a bigger By, response than the A;, one, while g™ gives a strong
enhancement of the A;, polarization signal. Inset in (b) Magnetic
moment as a function of the interaction U. Jy /U = 0.25, Qy =
20 meV, 8h = 0.02 A, Ty = 1 meV, and n = 3 meV have been used.

PHYSICAL REVIEW B 88, 165106 (2013)

A strong change in the intensity is also observed in
the Aj, Raman polarization when entering in the magnetic

. . A .
state. The Raman intensity 7,,* is related to the real part

of the mixed bubble at the phonon frequency X,/;]g(Qo) via

Eq. (19). X;‘?IK(QO), Kramers-Kronig integral of XA;A'g(QQ), is

sensitive to the reorganization of the electronic structure in the
magnetic state, especially close to the Fermi level, at energies
comparable to 2.

The A, and the By, signals show a qualitatively different
behavior for the two different electron-phonon couplings
considered: g% [see Fig. 5(a)] and 2" [see Fig. 5(b)]. In the
magnetic state, I(f ' decreases with respect to the intensity in
the paramagnetic state, while Ip/zl'*” increases. If ' increases in

the magnetic state while Ilﬁl‘g shows a bump as a function of
U getting close to zero for U = 2 eV.

The nonlocal components of the electron-phonon interac-
tions, Egs. (4) and (6), appear to dominate the qualitative
behavior of the Raman intensity. This can be seen by
comparing the total intensities in Fig. 5 with the nonlocal
terms of the mixed bubble x};(2) in Fig. 6 (I;; and xj; are

~ 0.008 —
] 2
= ‘g
; 0.006 ;
g s
2 0.004 b=
= =
< <
SN SN
. 0.002 E
I g
o 3 ok S < B “ 2.
< AN <
x S~o X
" -0.002F ‘ ‘ et B
I 125 15 175
U (eV)
T — T
0 N ©] 0.008
- @«
z R
g £ 0.006
=) N 2
g -0.001 12 oo
< =
£ £
_g S 0.002
< -0.002 ~
8 st . N 2 0
3 —-1" neighbors
w o nd . :_a
= *— 2 neighbors = 7.0.002
= -0.003F o
o — Total -
3 X
‘ ‘ ‘ " -0.004 ‘ ‘
I 125 15 175 2 I 12 75

5 l‘.5 1.
U (eV)

U (eV)

FIG. 6. (Color online) Real part of the nonlocal terms of the mixed

1A 1A /B /B
bubble X77(R20): Xonotor (@ X rgpinie (B)s Xomoioe(©), and 12181 ().

These nonlocal terms appear to dominate the qualitative behavior
of the Raman intensity shown in Fig. 5. (a) First and second
nearest-neighbor contributions add up in the paramagnetic state but
subtract in the magnetic state while in (b) they almost cancel in the
paramagnetic state but add up in the magnetic state. As a result, since

. . A . .
I}, is proportional to ;i squared, I, ¢ decreases in the magnetic

Al . . .

state while Ipd]" increases (see Fig. 5). (d) In the magnetic state, the
/By,
I,ann]oc

contributions mostly add up but cancel at high values of U for x

which does not happen in (c), explaining the behavior of 1511” with
U. Same parameters as in Fig. 5.
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related by Eq. (19)). The relevant features shown in the solid
lines of Fig. 6 mimic the curves in Fig. 5.

The nonlocal components x 1’&“‘,“,(,6(&20) result to be a linear
combination of the same k-dependent form factors £, (K) in
both M = o and M = pd phonon channels. Therefore, for a
given photon polarization, the difference in the behavior of x
and I}, should be ascribed to the difference in the coefficients
of the form factors. In order to gain a deeper insight on this
issue, we have further decomposed XI’Q,,M,OC(QQ) into first and
second nearest-neighbor contributions. In Fig. 6, we see that
the different behaviors observed in the Raman intensity in
Fig. 5 for the two electron-phonon couplings as a function
of U are partly a consequence of the fact that in some cases
different contributions add up and in other cases subtract.

The Raman intensities are not just a simple function of
the magnetic moment [see inset in Fig. 5(b)]. Nonmonotonic
dependencies in momentum are frequently found, especially in
the itinerant region. This becomes also clear when comparing
the spectrum corresponding to different angles «g, electron
filling n and interactions (not shown). A change in the electron
filling and Fe-As-Fe angle induces changes in the band
structure and in the transitions at energies close to €2 and,
consequently, in the Raman spectrum.

The Fano factors ¢}, not shown, corresponding to g% and
&P are calculated using the expression in Eq. (20). For g¢
and for both polarizations B;, and Aj,, the Fano factor is
generally large and negative with values between —40 and —30
for U > 1.8 eV. For g the Fano factor is even larger and still
negative reaching around —40 just for 1.8eV < U < 1.9 eV
in the B, polarization. This Fano factor corresponds to an
almost symmetric Lorentzian form of the Raman phonon peak.
For smaller values of U, ¢}, is strongly dependent on the
parameters.

B. Phonon self-energy

Figure 7 shows the contributions of the electron-phonon
couplings to the renormalization of the phonon frequency
and to the phonon scattering rate as a function of U

2 ‘ 0.5
(a) — M=o,
— M=pd /| 0.4
0.3
-—<A _A
' ‘s 02
8 5
C}E . (701
< <
0
-0.1
IWE ) 7 2 02 WE ) 7 2

15 5
U (eV) U (eV)

FIG. 7. (Color online) Renormalization of the phonon frequency
AQy = IT),(0,U) — I1),(2,U = 0) (a) and phonon broaden-
ing ATy = —(I17,(R0,U) — IT},(0,U = 0)) (b), for the electron-
phonon couplings g% and §. Jy/U = 0.25, Qo = 20 meV, §h =
0.02 A>19% and a §-function broadening n = 3 meV have been
used.
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(see Sec. IIC). To better visualize the variations of the
phonon frequency and phonon broadening when enter-
ing in the magnetic state, we plot AQy = IT),(R0,U) —
IT),(R0,U = 0) in Fig. 7(a) and ATy =Ty (U) — Ty (U =
0) = —(IT},(R20,U) — IT},(20,U = 0)) in Fig. 7(b).

When entering into the magnetic state (U > 1.45 eV),
both AQ, (black) and AQpq (red) are negative, resulting
in phonon softening. This nonintuitive behavior is linked to
the multiband character of the iron pnictides. Since IT},(2)
is the Kramers-Kronig integral of IT},(2), the softening is
related to the spectral weight redistribution from high energies
(2 > Qo) to lower energies (2 < €p) when entering into
the magnetic state. In one-band models, when a gap opens,
there is a shift of the spectral weight to higher energies and
hardening is expected. Due to the multiorbital character of
the iron superconductors, the reorganization of the low-energy
spectral weight is nontrivial and part of the spectra shifts closer
to the Fermi energy, see, for example, Fig. 3 in Ref. 59. AQ,, is
negative in all the range of parameters studied. On the contrary,
the nonmonotonic behavior of AS2,q results in hardening for
U > 1.9eV. The different behavior due to g** and g couplings
at large values of U is associated with the different way in
which the parameters |g! | weight the energy excitations
around €2 in Egs. (21) and (22).

As shown in Fig. 7(b), ATy and AT'pq as a function
of U are nonmonotonic. They change considerably when
entering into the magnetic state. Narrowing (broadening) of
the phonon linewidth corresponds to negative (positive) AT y,.
The large peak at the onset of magnetism at U = 1.45 eV is
due to a particular band structure reorganization and is not
a robust feature for other parameters. For larger interactions,
the linewidth shows nonmonotonic behavior: with narrowing
followed by broadening.

IV. DISCUSSION AND COMPARISON TO EXPERIMENTS

Here, we discuss our results in comparison with experiment.
Note that we address the onset of the magnetic state as
a function of the interaction U at zero temperature, while
in an experiment the varying parameter is the temperature
and the interaction U remains constant. Experimentally, the
A1, As phonon appears in the A, polarization symmetry
in the paramagnetic state as a small or nonidentifiable
peak,'84243 depending on the compound. This peak is
strongly enhanced in 122 compounds when decreasing the
temperature through the magnetostructural transition.!'-842
No phonon peak is observed because of symmetry
in the Bj, polarization geometry in the paramagnetic state
whereas a phonon anomaly clearly emerges in the magnetic
phase.34243.95 In BaFe, As, the B, ¢ instensity is larger than the
one corresponding to the A, polarization symmetry.®*> No
peaks are observed in the B,, symmetry in either state. Our
calculations reproduce the appearance of a peak in the B,
Raman polarization and not in the By, one in the anisotropic
magnetic state without invoking the structural transition. As
discussed in the previous section, this is a consequence of
symmetry and not specific to any particular electron-phonon
coupling. For the same reason, no Raman signal is obtained
in any of these symmetries Bj, and B, in the paramagnetic
tetragonal state.
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Whereas the appearance or not of an A, As-phonon peak
in the different polarization geometries is quite simple, being
dictated by pure group theory arguments, the quantitative
discussion of the relative intensities is trickier. Each of the
couplings here considered, §% and §P, accounts for one of
the features observed experimentally but none of them alone
can explain both. The coupling via g* results, for interactions
U > 1.8 eV, inalarger intensity in the B;, Raman polarization
with respect to the A, one, as observed experimentally in
BaFe,As,.5*? However, this behavior is accompanied by a
reduction of the maximum intensity in the A, polarization
symmetry by an order of magnitude in the magnetic state.
This is at odds with the strong enhancement of the A, peak
intensity experimentally observed in 122 compounds.!3342
An increase of A}, is observed with the coupling 2P but with
[ > [Bie,

With the estimated couplings, g** would dominate the
Raman response and 4%« > I8 would be expected (see
Fig. 5). However, as discussed in Sec. I A, the exact depen-
dence of the energy integrals on the As position f(R) is not
known. The 1/R* function used is valid for localized orbitals
and could strongly overestimate the electron-phonon coupling
in a covalent system such as the iron pnictides. A more realistic
functional dependence f(R), with a slower dependence on
R, or a difference in the distance dependence of pdo and
pdm could result in a dominance of g% with I8 > [4is,
However, note that the relation between magnetization and the
system geometry resulting from LDA calculations,'® with an
increase of the magnetization for elongated tetrahedra, would
be consistent with a dominance of the pd dependence on
the hoppings, while if they are modified according to the
o dependence, the magnetization decreases (see Fig. 7 in
Ref. 46).

Experimentally,® the phonon line shape of undoped com-
pounds has been found to be strongly symmetric with a Fano
factor |g| bigger than 30. With electron doping, it acquires
an asymmetric shape, with g ~ —6.5. The experimental result
in undoped pnictides is in agreement with the values of g,
obtained above in the orbital differentiation region. With
electron doping we expect to enter into the itinerant region,
in which the Fano factor is extremely sensitive to parameters
and no robust prediction can be made.

Both hardening and softening of the A, As phonon have
been found in experiments when entering into the magnetic
state,!3**! with changes in the phonon frequency of the order
of 1-3 cm~! with respect to the zero temperature value. Both
electron-phonon coupling and phonon-phonon interaction are
expected to contribute to the frequency renormalization, but
it is not obvious how to separate the two contributions. Our
calculations report softening with frequency renormalizations
of the same order of magnitude® as experimentally found,
except in the case of gP¢ coupling at large on-site interactions
U, which shows hardening.

Raman experiments have also reported a narrowing of the
phonon linewidth which, depending on the material, ranges
from 1 to 3 cm~! when undergoing a magnetic transition.'-*#!
For different on-site interactions, our calculations show both
narrowing and broadening but with a change in linewidth
smaller than observed experimentally.®* The largest values
are associated with the electron-phonon coupling channel gP¢.
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The scattering rate is also very sensitive to the broadening
parameter 7, related to the electron scattering rate, which is
reduced in the magnetic state.

Our results show several features compatible with exper-
imental reports but do not offer a completely satisfactory
description of the experiments. It is not clear to us whether
the discrepancies arise from the approximations done in the
calculations (Hartree-Fock description of interactions and
magnetism, neglection of the resonant Raman diagrams, lack
of a self-consistent treatment of magnetization and phonons
on an equal footing, or the coupling constants estimates) or
whether electron-phonon couplings beyond those discussed
here should be considered. Some of these electron-phonon
couplings are (a) the dependence of the Coulombic crystal field
eg"“] on the As position, (b) the dependence of the electronic
interaction parameter U on the As position due to the change
in the screening®® or (c) the spin-phonon coupling.>?!

V. SUMMARY

In summary, in this paper, we have calculated the Raman
spectral properties of the optical out-of-plane As lattice
vibrations (the A;, As phonon) in the paramagnetic and in
the (7r,0) magnetic states of the iron pnictides. Using a tight-
binding Hamiltonian?* based on the Slater-Koster approach,
we have identified two qualitatively different sources of
electron-phonon coupling: one related to the Fe-As-Fe angle
o (g%), and one related to the Fe-As energy integrals pdo
and pdm (gP%). Both of them contain a local (k independent)
and a nonlocal (k dependent) term, associated with the
phonon modulation of the atomic Fe energy levels and with
the effective Fe-Fe hopping amplitudes, respectively. The
magnetic order has been taken into account by means of a
mean-field Hartree-Fock of the electronic Hamiltonian.*4¢
The Raman response of the A, As phonon has been calculated
using a suitable generalization of the charge-phonon theory*’
to the Raman scattering.*$4°

Our results indicate that a finite Raman intensity can be
observed in the magnetic state in the Bj, but not in the B,
polarization and it is a consequence of the coupling of the
phonons to an anisotropic electronic state with nonequivalent
x and y directions. Electron-phonon coupling via g* can result
in a Raman signal larger in the B;, symmetry than in the A,
symmetry, as observed experimentally in BaFe,As;. On the
other hand, with ¢% coupling the A;, Raman intensity strongly
decreases in the magnetic state, contrary to the experimental
results. Coupling via gP¢ produces the opposite behavior: a
very large enhancement of the A, intensity in the magnetic
state, which stays much larger than the Bj, intensity in all
the range of parameters studied. Due to uncertainties in the
absolute values of the couplings, it is neither possible to know
the intensity resulting from the sum of both g% and g nor to
address careful comparison with experiments.

For most values of the electronic interactions, the electron-
phonon coupling induces softening of the phonon frequency in
the magnetic state as compared to the paramagnetic state. This
behavior is ascribed to the multiorbital character of the iron
superconductors. Hardening is observed for large values of the
interaction U when coupling happens via gP. Narrowing or
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broadening of the phonon line can appear in the magnetic state
depending on the parameters.

With symmetry arguments similar to the ones used above,
a finite phonon intensity in the B, symmetry would be also
expected in a nematic state®”-% in the absence of magnetism.®
We also predict that in the double stripe magnetic state of FeTe,
with nonequivalent diagonals, the out-of-plane A, Te phonon
acquires a finite Raman intensity in the B, polarization
geometry, but not in the By, symmetry. It would be interesting
to explore these possibilities experimentally.
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APPENDIX

The local terms of the electron-phonon couplings §%!°

and gP41°¢ are calculated from the derivatives of the crystal

field terms €’ corresponding to virtual Fe-As forth and back
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transitions, see Eqgs. (5) and (7). The expressions for these
terms are calculated to second order in perturbation theory as
detailed in Ref. 24 and are given here:

. 1 1
e = 1 cos’a[4pdn®(cos2a) — 1)
P e, —€ql |2
—3pdo’(cosu) + 1)]}, (A1)
ind __ _ind __ 1 d 2( (2 )_ (4 )_2)
6yz,yz =€ = —|€p e pdm~(cos(La cos(4a
3
+ Zpda2(cos(4ot) — 1)] , (A2)
ind _ 1 3 A 4 1
3242322 = m ip mo(cos(4a) — 1)

+ pdo?(12 cos(Ra) — 9 cos(4a) — 1 1)/8:| ,
(A3)

: 1
E)lcgd_yzyxz_yz = m[—4pdnzcos2(a)].

(A4)
€, and ¢, are the onsite energies for the As p orbitals and for
the Fe d orbitals. « is the angle formed by the Fe-As bond and
the Fe plane, see Fig. 1. pdo and pdm are the energy integrals
with values pdo?/(e; — €,)~ 1eV and pdr/pdo = —0.5,
respectively.
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