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Coupling of fully symmetric As phonon to magnetism in Ba(Fe;_,Au,),;As;
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We study the coupling of the fully symmetric vibration mode of arsenic atoms to magnetism in a
Ba(Fe,_,Au,),As, system by polarization-resolved Raman spectroscopy and neutron diffraction. In this system,
there are two phase transitions: a tetragonal-to-orthorhombic structural phase transition at temperature Tg
and a magnetic phase transition into collinear spin-density wave (SDW) state at temperature Ty (< Ts). Ty
and Ty almost coincide in the pristine compound, whereas they differ by as much as 8 K for compounds
with dilute gold substitution for iron. Raman coupling to the A,(As) phonon is forbidden for the XY
scattering geometry in the tetragonal phase above Ty, whereas it becomes allowed in the orthorhombic phase
below T: The emerging mode’s intensity indicates the lattice orthorhombicity. We find that upon cooling below
Ts, first, weak A,(As) phonon mode intensity appears in the XY scattering geometry spectra; however, the
mode’s intensity is significantly enhanced in the magnetic phase below 7y. The A (As) phonon also shows
an asymmetric line shape below 7y and an anomalous linewidth broadening upon Au doping. We describe
the anomalous behavior of the A,(As) mode in the XY scattering geometry using a Fano model involving
the A,(As) phonon interacting with the B,,(D.;)-symmetry-like electron-hole continuum. We conclude that the
temperature dependence of light coupling amplitude to the A,(As) phonon follows the evolution of the magnetic
order parameter M (T'). We propose that the intensity enhancement of the A,(As) phonon in the XY scattering

geometry below Ty is due to electronic anisotropy induced by the collinear SDW order parameter.

DOLI: 10.1103/PhysRevB.102.014501

I. INTRODUCTION

Our understanding of the superconducting and normal
states in iron-based superconductors (FeSCs) remains insuf-
ficient due to their multiband and multiorbital nature, as well
as complicated interplay among the spin, orbital, charge, and
lattice degrees of freedom [1-7]. In particular, it has been
noticed that the magnetic and electronic properties of FeSCs
are sensitive to the buckling of the FeAs structure, namely,
the As height with respect to the Fe-Fe plane, and to the
related Fe-As-Fe bond angle of the Fe-As tetrahedra [8—19].
These parameters are modulated by the c-axis vibration of
an As atom, corresponding to a fully symmetric phonon
As mode (Fig. 1) [20-22]. Time-resolved x-ray diffraction
experiments underline the importance of electron coupling to
the As phonon with a fully symmetric deformation potential
for the magnetic properties of the iron pnictides [23].

*sw666 @physics.rutgers.edu

TCurrent address: Department of Engineering and Applied Sci-
ences, Sophia University, 7-1 Kioi-cho, Chiyoda-ku, Tokyo 102-
8554, Japan.

tgirsh@physics.rutgers.edu

2469-9950/2020/102(1)/014501(15)

014501-1

Raman spectroscopy is a suitable tool to directly probe the
fully symmetric As phonon across the structural and magnetic
phase transitions in iron pnictides. Various phonon anomalies
for the fully symmetric As mode in the magnetic phase
have been reported through Raman scattering measurements
[24-29], signifying the coupling between the fully symmetric
As phonon and magnetism in iron pnictides [30]. Among
the phonon anomalies, a significant enhancement of the As
phonon intensity measured in an unfavorable XY scattering
geometry with cross-polarized light along the Fe-As direc-
tions [Fig. 1(a)] has been reported by a Raman study of a
variety of parent compounds in FeSCs [29]. This intensity
enhancement was found only for compounds with a mag-
netically ordered phase, such as BaFe,As,, LaFeAsO, and
NaFeAs [25-27,29], in contrast to FeSe or LiFeAs com-
pounds for which the phase of magnetic order is absent
[28,29]. This enhancement was interpreted as originating
from either electron-phonon coupling [30] or the resonance
effect, owing to the high energy anisotropies [28]. In ad-
dition to the intensity enhancement, this fully symmetric
As mode could show an asymmetric line shape in the XY
scattering geometry below the magnetic phase transition tem-
perature (7y), as was reported for Ba(Fe;_,Co,),As; [25,26].
The asymmetric line shape signifies a Fano interference
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FIG. 1. Crystal structure of one As-Fe-As layer in Ba(Fe,_,Au,),As,. (a) Definition of the X, Y, X', and Y’ directions in tetragonal 2-Fe
unit cell above T (red shaded area) and orthorhombic 4-Fe magnetic unit cell below 7y (black solid lines). (b) Schematic diagram of the
magnetic ordering and of the fully symmetric As phonon mode. The red arrows mark Fe magnetic moments in the collinear antiferromagnetic
phase. The blue arrows indicate the As c-axes displacement. (c) Illustration of local disorder by a nonmagnetic Au in the Fe plane of

Ba(Fe|_,Au,),As,.

pattern [31], whereas the line shape is affected by parameters
such as the coupling strength, the density of the electronic
continuum states, and the light coupling amplitude to the
phonon and to the electronic continuum [32]. Unfortunately,
the microscopic role of these parameters on the fully sym-
metric As mode coupling to magnetism below Ty and the
relationship between these parameters and the magnetic order
parameter still remain unclear.

In this paper, we close this knowledge gap by studying the
coupling of the fully symmetric As mode to the magnetism in
a Ba(Fe;_,Au,),As; system as a function of light Au doping
and temperature through Raman scattering. In this system, Ty
and Ty are determined by neutron diffraction and are found
to differ by as much as 8 K. The fully symmetric As phonon
shows an enhanced intensity and asymmetric line shape in the
XY scattering geometry only at temperatures below 7Ty. The
data can be consistently described by a Fano model involving
the As phonon interacting with the XY symmetrylike electron-
hole continuum. The fitting of the As phonon to the Fano
model reveals that the light coupling amplitude to the As
phonon in the XY scattering geometry (f,;,) is proportional to
the magnetic order parameter M (T ) below Ty, indicating the
collinear spin-density wave (SDW) order-induced electronic
anisotropy is essential for the As phonon intensity enhance-
ment. Interestingly, we also find an anomalous broadening of
the As mode linewidth upon Au doping, which is limited only
to the magnetic phase.

The rest of this paper is organized as follows. In Sec. II,
we describe the sample preparations, neutron diffraction mea-
surements, Raman scattering setup, and group theoretical
analysis of the selection rules for the D4, and D, point
groups. In Sec. III, we present and discuss the experimental
results. Specifically, in Sec. III A, we show the polarization
dependence of the fully symmetric As phonon at 180cm™!
in the XX, XY, X'X’ scattering geometries; In Sec. III B,
we show the temperature dependence of the frequency and
linewidth for Fe phonon at approximately 210cm~! in the
X'Y’ scattering geometry; In Sec. IIIC, we present a Fano
model fitting of the fully symmetric As phonon in the XY scat-
tering geometry below Ty and discuss the fitting parameters.
In Sec. III D, we present a phenomenological interpretation of
the enhanced light coupling amplitude to the fully symmetric
As mode in the XY scattering geometry (z,;,) in the magnetic
phase. Finally, in Sec. IV, we provide a summary of our
observations and conclusions.

II. EXPERIMENT AND METHODS

A. Crystal preparation

Single crystals of electron-doped Ba(Fe;_,Au,),As; (x =
0, 0.012, 0.014, and 0.031) were grown out of self-flux using
a high-temperature solution-growth technique described in
Refs. [33,34] and the chemical compositions were determined
by inductive coupled plasma analysis [34].

B. Neutron diffraction measurements

Neutron diffraction measurements on Au-doped samples
were performed using the four-circle diffractometer HB-
3A at the High Flux Isotope Reactor (HFIR) at the Oak
Ridge National Laboratory to distinguish the structural and
magnetic transitions. A neutron wavelength of 1.542 A was
used from a bent perfect Si-220 monochromator [35]. The
corresponding structural phase transition temperatures (7y)
for Ba(Fe,_,Au,),As, are determined by the temperature
evolution of the integrated intensity of lattice Bragg peak
(220) in the tetragonal phase to (400) in the orthorhombic
phase (Fig. 2). The corresponding magnetic phase transition
temperatures (7y) are determined for each sample composi-
tion from the temperature evolution of the magnetic Bragg
peak intensities (1/2 1/2 5) in the tetragonal phase to (105)
in the orthorhombic phase (Fig. 2). The Ty and Ty for the
parent compound BaFe,As, are determined by resistivity and
magnetic susceptibility measurements [34,36]. All the Ty and
Ty values for Ba(Fe;_,Au,),As, are summarized in Table 1.

TABLE I. Summary of the structural and magnetic phase tran-
sition temperatures (Kelvin) for samples studied in this paper. The
last column is the ordered moment (up) per Fe at 4 K determined by
neutron scattering measurements [36,37].

Sample Ts Ty M
BaFe,As; 135 135 0.87 [5]
Ba(Feo_gggAuO_ou)zASz 108 100 0.50 +0.02
Ba(Fegos6Aug014)2A8; 96 92 0.42 +0.04
Ba(FE()‘g@gAuU'O}] )2AS2 63 54 0.36 £ 0.02
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FIG. 2. Neutron diffraction results for Ba(Fe;_,Au,),As,. (a)
x =0.012, (b) x = 0.014, and (c) x = 0.031. The blue solid squares
represent temperature evolution of the integrated intensity of the
lattice Bragg peak (220) in the tetragonal phase, which develops
into a (400) Bragg peak in the orthorhombic phase. The red open
circles represent temperature evolution of (105) magnetic Bragg
peak intensity in the orthorhombic phase. The blue and red dashed
lines mark 7 and Ty, respectively. The black solid curves are the fits
of the temperature evolution of the intensity of magnetic Bragg peak
(105) with the formula I(T) = a[l — (T /Ty)*1?.

C. Raman scattering measurements

The crystals used for Raman scattering study were cleaved
and positioned in a continuous helium flow optical cryostat.
The Raman measurements were performed using the Krt
laser line at 647.1 nm (1.92 eV) in a quasibackscattering
geometry along the crystallographic ¢ axis. The excitation
laser beam was focused into a 50 x 100 um? spot on the ab
surface, with the incident power around 10 mW. The scattered
light was collected and analyzed by a triple-stage Raman spec-
trometer and recorded using a liquid nitrogen-cooled charge-
coupled detector. The instrumental resolution was maintained
better than 1.5 cm ™. All linewidth data presented in this paper
have been corrected for the instrumental resolution.

The laser heating in the Raman experiments was deter-
mined by imaging the appearance of stripe patterns due to
twin domain formation at the structural phase transition tem-
perature Ty [26]. When stripes appear under laser illumination,
the spot temperature is just slightly below T, thus Ts = kP +
Tiryo, Where Tipy, is the temperature of cold helium gas in the
cryostat, P is the laser power, and k is the heating coefficient.
By recording 7.y, when the stripes appear at different laser
powers, we have deduced the heating coefficient using a linear
fitt k =1+£0.1 K/mW.

TABLE II. Summary of symmetry analysis in the Dy, and Dy,
point groups [39].

Geometry Dy, D,
XX Aig+ By, A, + By,

not a proper geometry
XY Asg + Bag Ag+ By,

not a proper geometry
X'x’ Ay, + B, A,
X'y’ A, + By, By,
7z A, A,

In this paper, we define the X and Y directions along the
two-Fe unit cell basis vectors (at 45° from the Fe-Fe direc-
tions) in the tetragonal phase, whereas X’ and Y’ are along the
Fe-Fe directions, see Fig. 1 [38]. The Z direction corresponds
to the ¢ axis perpendicular to the Fe-As plane. The Raman
spectra have been recorded from the ab surface for (¢;é;) =
(XX), (XY), (X'X’), and (X'Y’) polarization configurations,
where é; and é; represent the incident and scattered light
polarizations.

D. Group theoretical analysis

The body-centered crystal structure of BaFe,As; above T
belongs to the space group 14/mmm (point group Dgy,). Below
T, the space group symmetry lowers to Fmma (point group
D»y), and the magnetic phase transition does not change the
lattice group symmetry.

For the Dy, point group, the Raman selection rules indicate
that the XX, XY, X'X’, and X'Y’ polarization geometries
probe the Alg + Blga A2g + BZg, Alg + BZg, and A2g + B]g
symmetry excitations, respectively. In the orthorhombic phase
with D5, point-group symmetry, the unit cell rotates by 45°.
The A;, and B,, representations of the Dy, point group merge
into the A, representation of the D, point group, and A, and
Big (Dsy) merge into Big (Dyp). Notably, in the orthorhombic
phase, the XX and XY polarization geometries are no longer
proper, whereas the X'X’ and XY’ polarizations correspond-
ingly probe the A, and B, representations of the D, point
group. Symmetry analysis for the point groups Dy, and Dy,
are summarized in Table II.

In this paper, we focus on the nondegenerate Raman ac-
tive phonon modes, namely, A,/A,(As) phonon and B;,(Fe)
phonon, both of which are lattice vibrations along the c-axis
direction. These two modes are accessible in a pseu-
dobackscattering geometry from the ab surface. For XY scat-
tering geometry, the Aj, mode is forbidden above Ty, but is
allowed below T5.

III. RESULTS AND DISCUSSIONS
A. Ay, /A,(As) phonon at 180 cm~!

In Figs. 3(a)-3(d), we show detailed temperature evolution
of Raman response for Ba(Fe;_,Au,)As, (x =0, 0.012,
0.014, and 0.031) in the XY scattering geometry. The 75 and
Ty values, as determined by neutron diffraction data (Fig. 2),
are indicated for each panel.
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FIG. 3. T dependence of Raman spectra in the XY scattering geometry for Ba(Fe,_,Au,),As;. (a) x = 0, (b) x = 0.012, (c) x = 0.014, (d)
x = 0.031. The solid red line are fits for the A,(As) phonon mode using Eq. (3). The spectral resolution is 0.85 cm™".

For the parent compound BaFe;As;, see Fig. 3(a), the
Ag(As) phonon mode appears instantly below 134 K, which
is close to Ts(= Ty), with an asymmetric line shape. The
phonon mode rapidly sharpens upon cooling and becomes
more symmetric.

For Ba(FegoggAugo12)2As,, Ts and Ty are 108 K and
100 K, respectively. The temperature evolution of the
Ag(As) phonon spectra is displayed in Fig. 3(b). The very
weak mode is difficult to detect between Tg and Ty (see
Appendix E). The mode gains its strength only upon cooling
below Ty, indicating that the magnetic phase is essential for
the enhancement of the Ag(As) phonon intensity. Although the
asymmetry of the phonon line shape decreases upon cooling,
it remains more asymmetric than for the pristine BaFe,As;
crystal. The behavior is similar to the Co-doped BaFe,As;
system [26].

We also report a similar observation for Ba(Fegogs
Aug014)2As; and Ba(Feg o0 Aug 031 )2As, crystals [Figs. 3(c)
and 3(d)], although the line shape of the A,(As) mode broad-
ens owing to disorder introduced by Au doping [40].

In Figs. 4(a) and 4(b), we compare the doping evolution
of the A,/A4(As) phonon in the X'X’ scattering geometry at
300 K and 20 K. At 300 K, in the nonmagnetic phase, the
Aj,(As) phonon is symmetric and shows a nearly doping-
independent mode frequency, linewidth and intensity. The
symmetric Lorentzian line shapes are also clearly seen in
the temperature dependence of the Aj4(As) phonon above T
(Fig. 5). In Fig. 4(b), we illustrate the contrasting behavior at
20 K for the A,(As) phonon in the magnetic phase: Here, upon

gold substitution for iron, we observe a significant linewidth
broadening, intensity weakening, frequency softening, and a
pronounced line-shape asymmetry. Similar behavior in the
magnetic phase is also observed in the XY scattering geometry
at 20 K [Fig. 4(c)]. In contrast, in the X X scattering geometry,
the A,(As) phonon shows a symmetric line shape, see Fig. 6,
although its intensity is much weaker than for the XY and

(a) Ba(Fe,,Auy),As,[ (b) X'X'20 K (c) XY 20K
647 nm X'X'300 K
2, L
= x=0
<
= x=0.012
:‘5)’
c
£ 1} i x = 0.014}
mwm
0 1 1 1 1 1 1 1 1 1
150 180 210 150 180 210 150 180 210

Raman shift (cm™)

FIG. 4. The doping dependence of the A;,(As) phonon Raman
intensity for Ba(Fe;_,Au,),As, (a) in the X'X’ scattering geometry
at 300 K and (b) at 20 K. (c) Raman intensity in the XY scattering
geometry at 20 K.
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FIG. 5. T dependence of the A;,(As) phonon in the X'X" scat-
tering geometry above T for Ba(Fe,_,Au,),As;. (a) x =0, (b) x =
0.012, (c) x=0.014. The black solid lines are Lorentzian fits.

X'X’ scattering geometries. Similarly, in the ZZ scattering ge-
ometry [41], the A1,/A,(As) phonon mode remains symmetric
across both the structural and magnetic phase transitions.

The asymmetric line shape of the A,(As) phonon mode in
the XY and X'X’ scattering geometries below Ty indicates
a Fano interference pattern [31,32]. The appearance of such
a Fano-shaped phonon requires both (1) an electronic con-
tinuum at the phonon energy in the same symmetry channel
and (2) an interaction between the phonon and the electronic
continuum.

To understand the symmetry-channel-dependent asymmet-
ric line shape of the A (As) phonon, we utilize the polariza-
tion selection rules indicated in Table II. We see that both
XY and X'X’ scattering geometries contain the By,[Da;]-like

——300 K
2 — 15K
c
=}
g
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>
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[
(0]
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150 180 210 240
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FIG. 6. Raman spectra in the XX scattering geometry at 300 K
and 15 K for BaFe,As,.

excitation signals, whereas the XX, ZZ, and X'Y’ scattering
geometries do not. As Aj, and Bj, representations merge
into the A, irreducible representation below the Dy, — Do,
transition, the Bjg[Dyy]-like electronic continuum is allowed
to couple to the A,(As) phonon in the XY and XX’ scattering
geometries below Ty, where asymmetric line shapes in these
two scattering geometries occurs. Moreover, in the XY scatter-
ing geometry the Ag(As) phonon intensity is very weak within
the temperature range between Tg and Ty where the magnetic
ordering is absent, but the intensity becomes enhanced when
magnetic ordering develops below Ty, see Fig. 3.

The polarization and temperature-dependent Raman spec-
tra (Figs. 3-6) suggest that both the magnetic order and the
electron-phonon coupling involving the Ag(As) mode and the
Byg[Dyy]-like electronic continuum are required for the two
observations below Ty: the A,(As) phonon intensity enhance-
ment and the asymmetry line shapes in the XY and X'X’
scattering geometries.

B. By,(Fe) phonon at 210 cm™!

Before moving forward with quantitative analysis of the
asymmetric A,(As) phonon line shape, it is instructive to take
a closer look at the By, phonon, associated with the vibration
of the Fe atom along the ¢ axis. While below the tetragonal-
to-orthorhombic transition, the A,(As) phonon is symmetry
allowed to couple to the By,[Dyy]-like electronic continuum,
such coupling is not possible for the Bi,(Fe) phonon, and
accordingly, the line shape of this mode in the X'Y’ geometry
remains symmetric for all temperatures. However, a priori
the Bj,(Fe) phonon could couple to the Bj,-like electronic
continuum. To investigate this possibility, we display in Fig. 7
the temperature evolution of the Bi,(Fe) phonon at different
Au-doping levels.

For the parent compound BaFe;As,, the Bj4(Fe) phonon
frequency smoothly hardens upon cooling without detected
anomalies around T5/7y. By contrast, the linewidth of the
B ,(Fe) mode decreases upon cooling and displays a disconti-
nuity around 75 /Ty, see Figs. 7(a) and 8(a) [42].

For Au-doped Ba(Fe|_,Au,),As,, the By,(Fe) phonon fre-
quency shows similar behavior as for the parent compound,
see Figs. 8(b)-8(d). The linewidth decreases upon cooling,
however, the discontinuity around 7s/7Tjy is not apparent for
the Au-doped alloys. This is likely due to disorder effects
which smear out the structure and magnetic phase transitions.

The symmetric line shape of Bj,(Fe) phonon implies lack
of coupling between the phonon and B,-symmetry electronic
continuum.

We fit the temperature dependence of the phonon fre-
quency and linewidth by an anharmonic phonon decay model
[43,44]:

2
wBl‘g(T) = a)O,Blg - C(l + T)s (1)
e¥sl — |
, 2
8, (T) = vo, + v \ 1+ —— ) 2
e2pT — ]

The resulting fitting parameters are summarized in
Table III. The Bi,(Fe) phonon frequency shows a very
small softening upon Au doping. The elastic scattering ¥ p,,

014501-5



PHYSICAL REVIEW B 102, 014501 (2020)

S.-F. WU et al.
gl@x=0 Ba(Fe1-xAux)2As-2 [ (b) x=0.012 : gggﬁ
g4
'c
S
g2
s
> ¥
20
S 6l (© x=0.014 * 300K (d) x=0.031 + 300K
i B 260 K B 260 K
£ 1g 210K 1g 210K
160 K 160 K
4r \\ 130K [ 110K
\ 80K
\ - 80K
2r p - 40K[
N\ - 18K
QOO 210 220 200 210 220

Raman shift (cm'1)

FIG. 7. T dependence of the B (Fe) phonon in the XY’ geom-
etry for Ba(Fe|_,Au,),As,. (a) x =0, (b) x = 0.012, (¢) x = 0.014,
(d) x = 0.031. The solid lines are the Lorentzian fits.

increases from nondetectably small for pristine crystal to only
0.7 cm™! for the x = 0.031 alloy. The latter is in contrast to a
significant linewidth broadening for the Ag(As) Fano-shaped
feature, see Fig. 4.

C. Fano model and A;;/A,(As) phonon data analysis

In the following, we study interaction between the A (As)
phonon and magnetism by investigating the A,(As) phonon
intensity and line shape in the XY scattering geometry below
Ty. For this purpose, we introduce a Fano model in which
the A,(As) phonon couples to the By,[D4;]-like electronic
continuum (Fig. 9). The resulting line shape, which describes

HWHM (cm™)

3000 ‘ 100 200 300
Temperature (K)

0 100 200

FIG. 8. Temperature dependence of the B,(Fe) phonon fre-
quency wp, (T) (red dots) and the line shape half width at half
maximum (HWHM) 8, (T) (blue squares) for Ba(Fe|_,Au,),As,.
Data has been corrected for instrumental resolution. (a) x = 0, (b)
x =0.012, (¢) x =0.014, and (d) x = 0.031. The solid red lines
are fits for the 7' dependence of the mode frequency using Eq. (1),
whereas the solid blue lines are fits for the 7" dependence of the
HWHM using Eq. (2). The vertical dashed lines represent 7y. The
vertical solid black lines correspond to Ty, when it is different
from Ty.

TABLE III. Summary of fitting parameters for B;,(Fe) phonon

mode in Ba(Fe;_,Au,),As,. All values are given in cm™'.

Sample wo By, c V0.8, Vi,
BaFe,As, 217.3 2.0 small 0.3
Ba(FeolgggAuO'()lz)zASZ 216.5 2.0 0.5 0.4
Ba(Feo_986Au0_014)2Asz 216.3 2.0 0.5 0.4
Ba(FeoA969AuOA031)2ASQ 215.1 1.9 0.7 0.4

the interference between a discrete phonon mode and an
electronic continuum, has the following form [31,32,46], see
also Appendix A:

5 Tp(wy —w — v%")2

x'(w) =t 3)

“(wo — @) + (V2 p)?

where v is the coupling constant between the phonon and
the electronic continuum; #,;, and f, are the light coupling
amplitudes to the phonon and to the electronic continuum in
the XY scattering geometry, respectively, (Fig. 9); wp is the
bare phonon frequency; and p(w) is the density states of the
electronic excitations. In the vicinity of the phonon frequency
wp, for example, between 140 and 220 cm~ !, p(w) can be
considered frequency independent.

In Fig. 3, we employ the Fano model [see Eq. (3)] to fit the
asymmetric mode line-shape data. For the best minimization
result, we choose four independent parameter combinations
{5 tons prt?, and @y} (see justification in Appendix B).
Equations (B5) relate these combinations to the canonical
Fano model parameters, see Eqs. (B2). The temperature de-
pendence of the resulting parameter combinations {%, tohs

electronic
continuum

P

ground state

FIG. 9. Schematic diagram of the energy levels involved in the
electron-phonon coupling process [32]. #,;, and t, are the light cou-
pling amplitudes to the phonon and to the electronic continuum in
the XY scattering geometry, respectively; wy is the bare phonon
frequency; p(w) is the density states of the electronic excitations;
v is the coupling constant between the phonon and the continuum.
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FIG. 10. Derived fitting parameters. (a)—(c) T dependence of electron-phonon coupling constant v/z,, (d)—(f) the light coupling amplitude
to the phonon ¢, and (g)—(i) the intensity of the electronic continuum pntf. The dashed vertical lines are Ty for Ba(Fe;_,Au,),As,. The solid
black lines in (d)—~(f) are the T dependence of the ordered magnetic moment M(T'). For BaFe,As,, M(T) = a(1 — T /135)*!% is obtained
by fitting the temperature evolution of the (1 03) magnetic Bragg peak intensity [45]. For Au-doped Ba(Fe,_,Au,),As, samples, M(T) =
b[1 — (T /Ty)*]? is obtained by fitting the (1 05) Bragg peak intensity below Ty using I(T) = c[1 — (T /Ty)*1*# (Fig. 2). In (d)—(f), M(T) has
been scaled to match the derived fitting parameters.

,orrtf} and the corresponding canonical parameters {A, g, ', eters, assuming that the light coupling vertex to electronic
wo, and the background intensity d } are shown in Figs. 10 and continuum ¢, is independent on the doping and temperature.
12, respectively. Below we quantitatively discuss the doping The light coupling amplitude to phonon 7,,(T) in-
and temperature dependence of the canonical Fano param-  creases upon cooling below Ty, resembling the temperature

El 8 2 322 2! [ i
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FIG. 11. T dependence of integrated area of the Fano-shaped phonon with respect to the electronic continuum for Ba(Fe;_,Au,),As;: (a)
x =0, (b) x =0.012, (c) x = 0.014. The dashed vertical lines represent the 7y values for each doping. The blue filled squares represent the
integrated area calculated using the formula ntﬁh — 13 p?v%? [see Eq. (D4)]. The green filled triangles are calculated by integrating the spectra
intensity between 140 and 220 cm™~! with respect to the fitted height of the electronic continuum (d + A) [Fig. 14(f)]. The black dashed lines

represent the scaled magnetic order parameter square M (T )?.
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FIG. 12. Temperature dependence of fitting parameters A (a)—(c), I' (d)—(f), wo (g)—(), g (G)-(1), and d (m)—(0), using Eq. (B1) for
Ba(Fe;_,Au,),As; (x =0, 0.012, 0.014). The dashed vertical lines represent the 7y values for each doping concentration.

dependence of an order parameter, see Figs. 10(d)-10(f).
In particular, we observe that f,,(T) is proportional to the
magnetic order parameter M(7T) derived from the magnetic
Bragg peak intensity (Fig. 2). To verify, we also integrate
the spectral intensity above the continuum between 140 and
220cm™! that includes the Ag(As) phonon. As shown in

Fig. 11, the integrated area increases upon cooling below
Ty. Interestingly, we find that it follows the square of the
magnetic order parameter M (T )’ (Fig. 11). Furthermore, the
integrated area of the A,(As) phonon with respect to the
continuum can also be calculated from the fitting parameters
iy, — mp*v’t; [Appendix D, see Eq. (D4)]. As we display
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in Fig. 11, the two methods produce consistent results. In
particular, when the A,(As) phonon acquires a substantial
intensity below Ty, the first term mgh dominates the total

integral, whereas the second term — 3 p?v%¢? contributes only
a small correction (Appendix D). Thus, mpzh can be approx-

imately scaled to M(T)?, consistent with the fitting result
ton ~ M(T) [Figs. 10(d)-10(f)]. Therefore both the analysis
of the integrated area of the Ag(As) phonon intensity [Fig. 11]
and the direct fitting result of #,;, ~ M (T') [Figs. 10(d)-10(f)]
consistently demonstrate that the anomalous intensity increase
of the A,(As) phonon in SDW state is mainly due to the
increase of the light coupling vertex.

The intensity of the electronic continuum represented by
the parameter prt? decreases upon cooling [47], which is
consistent with the opening of a SDW gap [25,48-50]. This
observation provides a natural explanation for asymmetry
reduction of the Fano line shape upon cooling deep into SDW
state [25].

The electron-phonon interaction strength parameter v/,
appears below Ty and remains finite upon cooling [51].
The interaction weakly increases with Au doping, see
Figs. 10(a)-10(c).

The Fano feature linewidth parameter I' = 7 pv? increases
threefold from 1.5cm™! for pristine crystal to 4.5cm~! for
x = 0.014 alloy in the 20 K data, see Figs. 12(d)-12(f). This
effect is consistent with independently derived 1.3 £ 0.7 times
increase in the density of states p and 1.5 &+ 0.4 times increase
in the electron-phonon coupling v, see Fig. 10.

D. Enhancement of ,, below Ty

After establishing that the Agz(As) phonon intensity en-
hancement in the XY scattering geometry below 7y is mainly
due to t,, ~ M(T'), we now focus on the physical meaning of
parameter f,;,, as well as how the magnetic order affects the
parameter ?,;, below Ty.

On the phenomenological level, ,;, can be described as the
Raman tensor element of the corresponding point group [52].
The A? g‘”’ and A?% Raman tensors have the following forms:

a 0 0
Dy -
Algf’ =0 a 0},
0 0 ¢
@+b)  @-b)
AP @25 @i °
— a' — a
8 2 2 0]
0 0 c

where A?Z’* (orthorhombic phase) has been rotated by 45°
to maintain the same XY Z axis notation as in the tetragonal
phase, and @ and &' are the diagonal elements of the Agz’? Ra-
man tensor in the natural coordinate system of the orthorhom-
bic phase [29]. For the A14(As) phonon in the XY scattering
geometry, in the tetragonal phase, #,; is zero. Below T, a’ and
b are inequivalent, thus #,, obtains a nonzero value of 7, ~
|a’ — b'|/2. In particular, in the nonmagnetic orthorhombic
phase, because the A,(As) phonon intensity is very weak
(Fig. 3), t,;, is negligibly small. In the magnetic phase, because
the Ag(As) phonon intensity is enhanced (Fig. 3), ¢, is large
[53].

The enhancement of 7,, below Ty can be qualitatively
understood as originating from the electronic anisotropy ow-
ing to the magnetic ordering in the magnetic phase. To be-
gin, the electronic bands around E are sensitive to the As
height relative to Fe-Fe plane as revealed by ultrafast photoe-
mission measurements [20-22] and theoretical calculations
[8,11,12,54,55], thus the bands around Ep are dynamically
modulated by the A,(As) phonon. Moreover, owing to the
band folding along the X’ direction as a result of the magnetic
ordering below 7y, the band dispersions along the ky and
ky: become strongly anisotropic (ky- direction is the folding
direction and kys direction is orthogonal to ky: direction in
k space) [56-62]. Consequently, the electronic bands along
the kx and ky: directions have different effective mass, thus
different rigidity to be modulated by the A,(As) phonon. Thus,
the enhancement of the A (As) mode in the XY geometry
takes place only below Ty, instead of below Ts, because the
anisotropy of electronic bands becomes prominent only below
Ty [63].

We note that Garcia-Martinez et al. [30] proposed that
enhancement of the electron-phonon coupling v and of the
Raman vertex 7, both contribute to the intensity increase for
the Ag(As) phonon in XY scattering geometry in the magnetic
phase. The latter is related to the electronic anisotropy induced
by collinear SDW phase.

IV. CONCLUSIONS

In summary, we employed polarization-resolved Raman
spectroscopy to study a Ba(Fe;_,Au,),;As, system in which
the temperatures of structural (75) and magnetic (7y) tran-
sitions split. We analyze evolution of the coupling between
a fully symmetric phonon mode associated with the As ion
c-axis vibration and magnetism as function of temperature and
Au doping concentration x.

We demonstrate that intensity of the Ag(As) mode in XY
scattering geometry just below Ty is very weak but it rapidly
increases upon cooling below Ty. We also show that the
A,(As) mode’s line shape in the magnetic phase is asymmetric
and that asymmetry diminishes upon cooling deep into SDW
state. To explain the evolution of intensity and line shapes be-
low Ty, we adopt the Fano model, considering interaction be-
tween A,(As) phonon and By, (Dyy)-like electronic continuum.
The Fano model fits to the Raman data reveal that coupling
between phonon and continuum is only weakly enhanced
in the magnetic phase. Instead, the light coupling amplitude
to the phonon 7, is strongly enhanced below 7y, following
the temperature dependence of the magnetic order parameter
M (T). We propose that the electronic anisotropy induced by
collinear-SDW-order is responsible for enhancement of z,,
below Ty. The effect of the mode’s asymmetry reduction
upon cooling is explained by monotonic suppression of the
Bog(Dyy)-like continuum as the SDW gap opens when the
magnetic order develops.

When nonmagnetic Au atom is substituted for magnetic
Fe at a few percentage levels, the Bg(Fe) phonon associated
with the Fe c-axis vibration shows only a slight broadening,
owing to enhanced elastic scattering. In contrast, the width of
the Fano feature below Ty in XY scattering geometry shows
threefold broadening with 1.4% Au doping which, besides the
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impurity effects, we relate to a mild increase in the electron-
phonon interaction strength with doping.

Finally, the phonon model analysis developed in this paper
can be applied to a variety of systems to determine the
underlying mechanism for phonon intensity and line-shape
anomalies across different phases as a function of the external
tuning parameters, such as the temperature, strain, pressure,
and magnetic field.
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APPENDIX A: DERIVATION OF EQ. (3)

In this Appendix, we derive the Fano model Eq. (3). We
consider the interference between a discrete phonon mode
and an interacting continuum [31,32,46]. The bare Raman
response of discrete phonon mode is described by Lorentzian
with frequency wyp and HWHM y. The electronic continuum
has the form of —R(w) + ip(w), where its real and imaginary
parts, R(w) and p(w), are connected by the Kramers-Kronig
relations. Following Klein’s approach [32,46], the Raman
response of the perturbed system can be obtained as follows:

X (@) = 2w p(w)(@o — @ — Vi /t)* + y (VR(w)
—tpn /1) + 7 p(@)y (VP p(w) + ¥)1/

(@) — 0 + V' R(@))* + (W p(@) + ¥)*] (Al)

To estimate the bare (noninteracting) mode’s linewidth y,
we use the phononic response of the Ayz(As) mode in the
XX scattering geometry. We fit the A,(As) phonon in the
XX scattering geometry at 15 K with a Voigt function where
the instrumental broadening has been measured independently
and fixed in the fitting procedures as 0.85cm™'. The derived
HWHM is approximately 0.4 +0.3 cm™!, smaller than the
instrumental broadening parameter 0.85cm ™! (Fig. 6). Thus,
the resolution limited y at 15 K suggests that in the parent
compound the As bare mode linewidth is very narrow.

For the Au-doped compounds, the substitution disorder
in the Fe-Fe plane introduces an inhomogeneous linewidth
broadening. One way to estimate the As mode’s broadening
resulting from Au doping is to investigate the A;,(As) phonon
in the X'X’ scattering above Ty where the electron-phonon
coupling is absent [Figs. 4(a) and 5]. From Lorentzian fits

to Ajg(As) phonon at room temperature, we learn that the
HWHM increases only by 0.2cm ™!, from 3.9 & 0.4cm ™! to
4.14+0.4cm™!, when the Au doping varies from x = 0 to
x = 0.031 (Fig. 5). Thus, the impurity scattering and disorder-
induced inhomogeneous linewidth broadening are nonessen-
tial relative to the Fano broadening effect I' = wpv? (see
Fig. 12). Hence, we will neglect y in the further analyses.
In the limit of y — 0, Eq. (A1) can be simplified to

127 p(w) (@ — @ — Vipy/1e)?
(wo — w + V2R(®))* + (V7 p(w))*

Then, for the Raman spectra, the mode is located at Q =
wo + vV2R(w), where v2R(w) represents the phonon energy
shift owing to the renormalization by the electron-phonon
coupling. We can estimate v>R(w) in BaFe,As, based on the
Raman spectra [Fig. 3(a) and 3(b)] in Ref. [29]. We find that
the phonon energy shift between the bare mode (XX scatter-
ing geometry) and coupled mode (XY scattering geometry) is
about 1 cm~!. Thus, we estimate that v>R(w) for BaFe,As, at
15 K is about 1 cm™~!, which is about 0.5% compared to the
bare-mode frequency at 180 cm™! . Because we mainly focus
on the Fano line shape originating from the imaginary part of
the interacting continuum, rather than the phonon energy shift
originating from the real part of the interacting continuum,
we treat the renormalized mode’s frequency as an effective wy
[64,65]. Thus, Eq. (A2) can be simplified to Eq. (3):

(A2)

x"(w) =

_ tezn,o(a)o —w— vt,,h/te)2

P ey (A9

APPENDIX B: FITTING MODEL

The fitting model in Eq. (3) can be rewritten into a form
equivalent to the form originally given by Fano [31]:

(€ +q)*
"(w) = A , (B1)
x (@) T e
where
— ton/ts
&= @ FwO,A:n,otZ, F:rrpv2, q:ﬂ. (B2)
PV

As shown in Fig. 13, parameter A represents the intensity
of the interacting continuum. When o is far away from
wy, x"(w) asymptotically approaches to A. Parameter I" is
the HWHM of the coupled Fano-shaped mode. As we have
assumed that the linewidth of the bare phonon is negligi-
ble (Appendix A), I' mainly originates from the electron-
phonon interaction. Dimensionless parameter ¢ is inversely
proportional to the electron-phonon interaction strength v.
The evolution of the Fano line shape as a function of ¢ is
discussed below in Appendix C.

In the following, we demonstrate that parameters (A, I,
g, wp) in Eq. (B1) can be uniquely determined by the Fano
interference pattern. By solving the equation dx"(w)/dw =
0, we obtain the maximum and minimum peak positions.
If ¢ <0, the peak minimum is located at wy — gI" and the
minimum intensity is zero. This point is called Fano antires-
onance (Fig. 13), and occurs when @ = —gq, because there
is an exact cancellation between the phonon and continuum
amplitudes at this energy. The peak maximum is located
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FIG. 13. An illustration of Fano-shaped mode. The blue dashed
horizontal line represents the intensity of the interacting continuum
A. The green vertical dashed line represents the bare mode ntﬁhB(O).
The maximum peak intensity with respect to the minimum intensity
is illustrated as C;. The distance in the frequency axis between the
maximum and minimum peaks is illustrated as C,. The FWHM is
illustrated as Cs.

at wy —i—% and the maximum intensity is A(1 + ¢*). The
frequency difference between the maximum and minimum
peaksis [I'(g + é)l. To obtain the full width at half maximum
(FWHM) of the Fano line shape, we solve the equation

2
Aiizg) = A(1 + ¢*)/2 and obtain two solutions: w; = wy —
% and @y = wp + rg"fll), thus the FWHM of the Fano-
2
shaped mode is |wr — w;| = %.

Given a Fano-shaped mode spectrum (g < —1), as an
example illustrated in Fig. 13, we choose three measurable
physical quantities, namely, the maximum peak intensity Cj,
the energy difference between the maximum and minimum
peaks C, and the FWHM Cj;. By solving the following
equations:

Al +¢*) =C,
1
—F(Q+5)=Cz7 (B3)
2T (¢ + 1
—(;] + )=C3,
g —1
we obtain (A, T, q)
C1C22 - C11/C22 + C§C2 + C1C32
A = )
2(6G3+ )
G +,/C3 +C32
g=-———""":,
G
C,C
=22 (B4)

2 Jc

Using Egs. (B4), the parameters (A, I', g¢) can be uniquely
determined from three measurable quantities (C;, G, G3).
Taking the bare-mode frequency wy into consideration, we
conclude that four independent parameters (A, I', g, @) in

Eq. (B1) can be uniquely determined by a Fano interference
pattern, and vice versa.

We now turn to the relation between the fitting models
given by Egs. (3) and (B1). There are five parameters (¢, .,
0, v, wp) in Eq. (3), whereas there are four parameters (A, I, g,
wp) in Eq. (B1). Because wy has the same definition in both fit-
ting equations, four parameters (., f., 0, v) remain in Eq. (3).
Since parameters (A, ', g) in Eq. (B1) are independent, not all
of the four parameters (,, t., p, v) are independent. Because
t, is the light-electronic continuum vertex, its temperature and
doping dependence are assumed to be weak. Therefore, we
choose (2, %, pmf) as the three independent parameters in

A
t.’

Eq. (3). Here, parameters (f,, pntgz) can be obtained via

(A, T, g) using Egs. (B2):

tph = |61| vVIA,

pmt? = A. (BS)

After the fitting parameters (A, I', ¢, wp) in Eq. (B1) are ob-
tained by fitting to the Raman spectra in Fig. 3, the parameters
(tphs £, p7t;, wo) in Eq. (3) can be derived via Eqgs. (BS).
The error bar of the parameters (¢, lﬂ, ,omf) can be also
estimated from Eqs. (BS5). For example, ifF=F (A, T, g), the

error-bar 6 is

s _ |(F 2+ OF ¢ 2+ oF ¢ 2 .
Fmy\laa™ ar " ag 1)

where (84, r, §,) are the standard errors for the parameters
A, T, q).

Finally, we discuss the nonzero Fano antiresonance point
for Ba(Fe;_,Au,),As, spectra. At the Fano antiresonance
frequency, the Raman intensity is always zero according to
Eq. (B1). However, such zero intensity at the Fano antires-
onance frequency is not always observed in the data, e.g.,
Fig. 14(f). The nonzero minimum intensity might be partially
owing to an imperfect background subtraction. To obtain
the B, Raman response, the B;, Raman background was
subtracted from the raw intensity data of the B,, response.
The estimation of the Bj, background and the subtraction
process might partially create this issue. Another possibility
is that the A,(As) phonon is superimposed on a noninteracting
background [65-68], because there exists signals from the
quasielastic scattering (Fig. 3), as well as the SDW scattering
[25,48,50] at around the A (As) phonon energy below Ty. To
account for the nonzero Fano antiresonance, we fit the Raman
spectra using Eq. (B1) with a constant background parameter
d. Therefore, the intensity of the electronic continuum param-
eter A (or pmj) we derived from the fitting is an effective
one. An example of the relative values of parameters A and d
is shown in Fig. 14(f). All fitting results, shown in Fig. 3, are
in good agreement with the data.
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FIG. 14. Evolution of Fano line shape as a function of interaction
strength 1/g. (a) Noninteracting case where 1/g — 0. (b) Weakly
interacting case where —1 < 1/g < 0, the integrated area of the
Fano-shaped phonon with respect to the continuum is positive. (c)
Strongly asymmetric case where 1/g = —1, the integrated area of
Fano-shaped phonon with respect to the continuum is zero because
of the cancellation of positive and negative spectral regions. (d)
Interacting case where 1/q < —1, the integrated area of Fano-shaped
phonon with respect to the continuum is negative. (e) Strongly
interacting case where 1/q — oo, the bare mode becomes a negative
phonon peak with respect to the continuum. (f) Example of the Fano-
shaped A,(As) phonon for BaFe,As, at 132 K in the XY scattering
geometry. The solid red line is the fit by Eq. (B1) with a constant
background d. The fitted 1/q is about —0.35. The green and blue
solid lines are the Fano component [Eq. (B1)] and the background
component (d), respectively. The dashed black line represents the
intensity of the continuum (A) with respect to the intensity of the
background d.

APPENDIX C: EVOLUTION OF THE FANO LINE SHAPE
AS A FUNCTION OF ¢

In the following, we discuss the evolution of the Fano
line shape [Eq. (B1)] as a function of g (¢ < 0) for various
characteristic regimes.

(1) The noninteracting case is in the limit of ¢ — —o0
(1/g — 0). In this case, the bare phonon mode is infinitely
sharp. From Eq. (A1), the limit of v — 0 (equivalent of ¢ —
—00), 1s trivial,

T
£2 v/

PR S 1
(0 — o) + y? v

,omez + 7
where % is the normalized Lorentzian function. In the
limit of y — 0, Eq. (C1) is

P + T y8(w — wo). (C2)

As shown in Fig. 14(a), the bare phonon mode with spectra
weight m;h is superimposed over the electronic continuum
prt2.

(2) In the regime where ¢ < —1 (—1 < 1/g < 0), as shown
in Fig. 14(b), interaction between the phonon and the contin-
uum is weak. The destructive and constructive interferences
affect the line shape of the phonon. The spectra weight
is suppressed on the high-frequency side of the phonon
and enhanced on the low-frequency side. Therefore, the

Dirac-§-function-like discrete phonon starts to broaden and
develops an asymmetric line shape. Although a negative in-
tensity appears with respect to the continuum, the positive
intensity with respect to the continuum dominates the entire
integrated intensity of the phonon with respect to the contin-
uum.

(3) When g = —1 (1/g = —1), as shown in Fig. 14(c),
a highly asymmetric case occurs in which the positive and
negative integrated intensities of the coupled mode with re-
spect to the continuum exactly cancel, thus the total integrated
intensity of phonon with respect to the continuum vanish.

(4) Within the regime of —1 <g <0 (1/g < —1), as
shown in Fig. 14(d), the positive intensity with respect to the
continuum becomes weaker and the negative intensity with
respect to the continuum becomes dominant. Thus, the entire
integrated phonon intensity with respect to the continuum is
negative.

(5) The limit of ¢ - 0 (1/g — —o0) corresponds to
strongly interacting case. If an electron-phonon interaction
occurs, with a finite #,, p, and v, from Eq. (B2) we obtain
ton = qt.prv — 0. As shown in Fig. 14(e), the coupled mode
appears as a dip with respect to the continuum [69]. Such an
interference-induced dip is an inverse Lorentzian underneath
the electronic continuum with vanishing intensity at w = wy.

Note that when g > 0, the evolution of the Fano line shape
as a function of ¢ is similar as discussed above, except that the
maximum and minimum peak positions of the coupled mode
interchange.

APPENDIX D: INTEGRATED AREA OF THE
FANO-SHAPED PHONON

In this Appendix, we discuss the integrated area of the
Fano-shaped phonon with respect to continuum intensity. This
can be obtained by integrating the Fano function x”(w) =
A(e + ¢)*/(1 + €%) [Eq. (B1)] shifted down by A within a lim-
ited spectra range 2B centered at w,, namely, f:;”f; (x"(w) —
A)dw. The integration results in

) B
2A( g — 1 )T" arctan ) (D1)
If B — oo, we obtain the limit:
ATm (4> — 1). (D2)

We further simplify Eq. (D2) into Eq. (D3) using t;h =q’TA
[Egs. (BS)]:

wiy, — ATz (D3)
Using A = ,o:-n‘e2 and I = pmv? [Eqg. (B2)], we obtain equiv-
alent forms of Egs. (D2) and (D3):

3.2.2.2

rrtjh — T v, (D4)

In particular, from Eq. (D2), when |g| > 1, the first
term Al'mg? (m‘gh) dominates the integrated area of the
Fano-shaped mode with respect to the continuum, be-
cause the second term AT'mw (7°p*v?t?) contributes only
to a small correction. For example, when |g| = 10,5, 3,
or 2, the correction is approximately 1%, 4%, 11%, or
25%, respectively. Note that when |g| is close to 1, the
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FIG. 15. Enlargement of the data from Fig. 3(b): Evolution of
Raman response including the A,(As) phonon as a function of
temperature between Ts and 7y for the x = 0.012 sample.

integrated area with respect to the continuum tends to be
zero.

For Ba(Fe;_,Au,),As;, the temperature dependencies
of fitting parameter g are shown in Figs. 12(j)-12(D).
In general, |g| varies from 1 to 9. For BaFe;As, and
Ba(Feo 033 Aug 012)2As2, when the Ag(As) phonon acquires a
substantial intensity in the XY scattering geometry below Ty,
most of the |g| values are larger than 3, thus AT'm¢q? (nt]%h)
contributes more than 90% of the entire integrated area of the
A4(As) phonon below Ty. For Ba(Feq 936 Aug 014)2As,, half of
the |g| values are larger than 3, and most of the |g| values
are larger than 2, when T < Ty — 10 K. Therefore, Al":'cq2
(mzh) contributes more than 75% of the entire integrated
area of the Ay (As) phonon within the temperature range of
T <Ty—10K.

Therefore, based on the fitting results in Figs. 12(j)—
12(1), when the A,(As) phonon acquires a substan-
tial intensity in the XY scattering geometry below Ty,
the first term rrtl%h dominates the entire integrated area
of the Ag(As) phonon with respect to the continuum
intensity.

APPENDIX E: A,(As) PHONON BETWEEN Ts AND Ty

In Fig. 15, we focus on the spectra between 7s = 108 K and
Ty = 100 K of the x = 0.012 alloy in Fig. 3(b). The Ag(As)
phonon intensity is rather weak between Ty and Ty, whereas
it is evident below T .
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