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We use polarized Raman scattering to study the structural phase transition in EuFezAss, the
parent compound of the 122-ferropnictide superconductors. The in-plane lattice anisotropy is char-
acterized by measurements of the side surface with different strains induced by different preparation
methods. We show that while a fine surface polishing leaves the samples free of residual internal
strain, in which case the onset of the C4y symmetry breaking is observed at the nominal structural
phase transition temperature T's, cutting the side surface induces a permanent four-fold rotational
symmetry breaking spanning tens of degrees above T’s.

The 122-ferropnictide superconductors go through a
structural phase transition at a temperature Ts that co-
incides with or preceeds a magnetic phase transition
at a temperature T [1]. In most of the parent and
under-doped ferropnictides, measurements of electronic
anisotropy are reported below T [2-5]. Above T, un-
expected anisotropy is found to be persistent in experi-
ments performed under uniaxial strain [2, 6-8] or mag-
netic field [9], which implies a nematic phase transition
at a temperature T > Tg. However, other spectro-
scopic methods claim the absence of such nematic tran-
sition. Instead, dynamic nematic fluctuations are al-
ready present at room temperature and accumulate grad-
ually upon cooling [10-19]. By removing twin domains,
uniaxial strain breaks the four-fold rotational symmetry
C4 [20], transforming the structural phase transition into
a crossover spanning a measurable temperature range
above Ts [21, 22]. Consequently, the nematic phase tran-
sition above Ts is not universally accepted.

In this paper we study the temperature evolution of
stress-induced nematicity above and below the structural
phase transition in FEuFezAsy, the parent compound of
the 122-ferropnictide superconductors. We observe the
splitting of the doubly degenerate Fe-As in-plane dis-
placement phonon mode when the lattice Cy symmetry
is broken. We measure this splitting below the struc-
tural transition temperature and demonstrate that the
splitting is directly proportional to the lattice nematic
order parameter. We show that stress occurring during
the sample preparation induces permanent Cy-symmetry
breaking strain fields that are distinct from dynamic ne-
matic fluctuations above the tetragonal to orthorhombic
structural transition.

The EuFesAs, single crystals (with Ts =175 K) used
in this Raman study were synthesized by a Fe-As flux
method [23]. We performed Raman scattering from the
ac surface prepared by a razor blade cut or fine sand-
paper polishing at room temperature. The mechanical
polishing has been performed with aluminum oxide sand
papers of several sizes down to 0.1 um. We used high

purity methanol as lubricant. For each sandpaper, the
polished thickness on the sample was precisely controlled
to be more than 3 times of the grit size. To minimize
strain, we used wax to glue the sample and the adhering
point was far away from the measured surface.

We performed the Raman measurements in a quasi-
back-scattering optical setup. The 647 and 752 nm wave-
length Kr* laser beams were focused to a 50x100 um
spot on the ac surface of the EuFeyAss samples. The
incident laser power was kept smaller than 10 mW with
an estimated 5 K for the laser heating. The laser heating
was further verified by the appearance of bright stripes
on the ab surface at Tg [16, 24] using the same inci-
dent power. Temperature-dependent measurements from
30 K to 300 K were preformed in a He gas cooled cryo-
stat. The Raman signal was collected and analyzed
by a triple spectrometer and a liquid Ny cooled CCD.
The Raman susceptibility x”(w) was calculated using
I(w)=(14n(T))x" (w), where I (w) is the scattering inten-
sity corrected for the system background and the system
optical response, and n(T') is the Bose factor.

The crystal structure of the 122-ferropnictides in
the high-temperature tetragonal phase belongs to space
group I4/mmm (point group Dy4p). The corresponding
energy and atomic displacements of the Raman active
phonons (14;,+1B14+2E,) at room temperature have
been reported previously [25]. Below T’s the crystal struc-
ture belongs to space group Fmmm (point group Do)
and the breakdown of the Cy symmetry splits the degen-
erate /g mode into Bogand Bs,. In the 4-Fe unit cell
basis (X-Y coordinates shown in Fig. 1, which is rotated
for 45 degrees from the 2-Fe unit cell basis), the Ra-
man tensor of the F; symmetry in the high-temperature
phase and that of the By, and B3, symmetries in the low-
temperature phase are [26]:
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FIG. 1. (Color online) (a) The orientation of the measured
surface (blue rectangle) and the definition of the axis. The
light polarization ¢ is defined along the longest axis of the
crystal and the polarizations a and b are the longer and
shorter nearest Fe-Fe directions, respectively. The X and Y
axes are at 45 degrees from a and b. (b) Raman suscepti-
bility x” from the side surface and the ab surface. (c) and
(d) Atomic displacements of the two Eymodes in the high-
temperature tetragonal phase. (e) and (f) Atomic displace-
ments of the Bay and B3y phonons in the low-temperature
phase derived from the lower energy branch of the two de-
generate Yy, phonons in the high-temperature phase shown
in (c).
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For the 122 family of iron-pnictides, with the body
centered lattice, in the high temperature phase, the long-
wavelength lattice displacement at the Brillouin zone cen-
ter I' point are defined by the translational basis vectors
of the primitive cell, which require the Fe ion labeled
with 1 (Fe-1) to be in-phase with Fe-4, Fe-6 and Fe-7
(Fig. 1(c)). Similarly, Fe-2, Fe-3, Fe-5 and Fe-8 are in-
phase. For E,(Byy/Bsg) symmetry, Fe-1 and Fe-5 are
anti-phase as required by the horizontal mirror operation
(on). Hence, Fe-1 and Fe-2 vibrate in anti-phase. The

same applies for the As sites. In Figs. 1(c-d) we illustrate
the atomic displacements of the two E, phonons in the
high-temperature phase (Figs. 1(c) and (d)), and Ba, and
Bs, phonons derived from the lower energy branch in the
low-temperature phase (Figs. 1(e) and (f)). Our analysis
is consistent with Refs. [22, 27]. Here we only consider
the symmetry operations, whereas the relative length of
the arrows on the Fe and As do not contain information
on the vibration amplitude.

The B, mode is active for ac polarization, whereas
the Bs, mode is active for bc polarization. Unlike many
other symmetry-sensitive probes that require external
uniaxial field to eliminate the average effect from twin
domains, the By, and Bs; modes can both be detected
when there are naturally-formed twin domains, which al-
lows the measurement of the lattice anisotropy in a free
standing sample.

The orientation of the side surface we obtain is shown
by the blue rectangle in Fig. 1(a). We further justify it
by selection rules of the B, phonon for different polar-
ization configurations. According to the selection rules,
IXX = Alg + Blg; Iaa = Alg + ng and Icc = Alg- In
Fig. 1(b) we show the spectra: aa polarization configura-
tions measured from the ab surface, XX measured from
the ab surface, cc measured from the side surface, and
parallel polarizations in the ab plane measured from the
side surface from top to bottom. In the last spectrum,
the By, phonon is absent, which indicates that the polar-
ization configuration is aa, instead of XX. This confirms
that the measured surface is the ac surface.

Fig. 2(a) shows Raman spectra measured with cross
polarizations (ac) at room temperature. From a sur-
face obtained by razor blade cut (blue curve), the spec-
tra shows six peaks between 18 to 220 cm~'. The
peak around 120 cm~!is the lower energy branch of the
E,mode [28]. The three sharp peaks at 19.4, 29.2 and
95.4 cm ™! marked with stars, are the laser plasma lines.
By comparison with previous phonon measurements on
the 122 ferropnictide materials [25], we assign the two
modes at 183 and 214 cm ™! marked with pound signs to
the A1, and B4 phonons, respectively. These two modes
should only be Raman active for the in-plane and ZZ po-
larization configurations. The observation of A;, and
Bi4 phonons in the ac polarization configuration sug-
gests the measured surface is bended or contains frag-
ment pieces induced by the cut with the razor blade.

In order to improve the surface quality, we polished the
cutting surface to optical flatness (Fig. 2(e)). From the
polished surface (red curve), the scattering background
and the laser plasma lines are greatly suppressed. The
Raman scattering signal from other symmetry channels
are also removed.

In Figs. 2(b) and (c) we show Raman spectra measured
with ac polarization from the two surfaces at different
temperatures above and below Tg. A clear splitting of
the E; mode is observed below 175 K.

In order to extract further information about the struc-
tural transition, we fit the £; mode for T' > T using a
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FIG. 2. (Color online) (a) Raman susceptibility measured
with the ac polarization configuration at different tempera-
tures on a surface made by a razor blade cut (blue curve)
and a surface made by sand paper polishing (red curve). The
three peaks at 19.4, 29.2 and 95.4 cm™' marked with stars
are laser plasma lines. The two peaks at 181 and 208 cm™*
marked with pound signs are the A4 and By, phonon modes.
(b) and (c) Temperature dependent phonon spectra measured
with the ac polarization. The blue and red curves are the fits
to Lorentz functions. (d) and (e) Microscopic images of the
cut surface and the polished surface, respectively. The refer-
ence for the space scaling of the images is given in (e).

single Lorentz function and a linear background:

o (w, T) = Lor(w,wo, Y0, Ag) + aw + b, (1)

while for T' < Ts we add another Lorentz term to account
for the splitting of E; into Bay + Bsy:
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FIG. 3. (Color online) (a) Phonon energy from the cut sur-
face (blue) and polished surface (red) by fitting to the Lorentz
function using Eqgs. (1) and (2) above and below T, respec-
tively. The dashed vertical line indicates T's. (b) Phonon
energy anisotropy and lattice anisotropy order parameter as
a function of temperature. The temperature is scaled by Ts.
(¢) Phonon line width from the two different surfaces. The
solid curves are guide lines to the eye. (d) Comparison of the
E,; mode extra broadening and Bay/Bs, mode splitting for
the two surfaces. The vertical error bars are from the fitting
error. The temperature error is + 5 K.

ch(wa T) = LOT(W,(Ul, 71, Al)
+ Lor(w,ws,v2, A2) + aw + b, (2)

In these expressions Lor (w,w;, Vi, 4;) = Aif(w — w;)? +
72]~! is the phonon response, w; is the central energy, 7;
is the phonon damping, and aw + b is a linear approxima-
tion of the background. The fitting curves are displayed
in Fig. 2 and the parameters obtained from the fits are
plotted in Fig. 3. The energy of the £, phonon, as well
as its By, and Bz, components in the low-temperature
phase, are almost identical for the two differently treated
surfaces (Fig. 3(a)). As shown in Fig. 3(b), the phonon

energy anisotropy z;zz can be linearly scaled with the
a—b

lattice orthorhombic order parameter £ in the low-
temperature phase [29].

Unlike the phonon energies, the phonon line widths
are strongly dependent on the surface measured. The
line width of the cut surface v.,; has an overall broaden-
ing of about 1.1 cm ™' compared to the line width of the




polished surface Yporishea (Fig. 3(c)). We attribute the
overall broadening to the inhomogeneity of the cut sur-
face. Surprisingly, while the decrease of Ypoished can be
fitted with the expression of the anharmonic decay [30],

2
Yon(T) = Lo+ T (1 + ), (3)

with wg = 129.2 + 0.6 cm ™! obtained from Wpolished 1N
the high temperature phase, I'y = 0.1 = 0.3 cm ™!, and
't =0.4+0.1 cm™', 7.4 shows an unusual extra broad-
ening near Ts. The lowest line width from the cut surface
in the high-temperature phase is at 235 K, 60 K above
Ts. Interestingly, a similar line width broadening is also
reported in the E, mode and the (0,2,0) or (2,0,0) Bragg
peaks in BaFeyAss under uniaxial strain [22, 31]. Here
we stress that the absence of extra broadening for the
E, mode in the polished sample indicates that the ne-
matic fluctuations are frozen or negligible above Tg, in
contrast to previous reports [2, 6-9]. As a corollary, the
extra broadening in the cut sample thus suggests that
the Cy symmetry is broken above Ts by internal strain
rather than by intrinsic dynamic nematic fluctuations.
In addition, the difference in the behaviors observed for
the two samples reveals the sensitivity of the Fe-based
superconductors to sample preparation.

Since the By, and Bs, phonons cannot be distin-
guished individually, we conjecture that: 1) The strain-
induced anisotropy is small compared to the line width
and the energy resolution; 2) The distribution of the
strain is inhomogeneous and it results in a continuous
energy splitting. Above Ts the B, and Bs, phonon
splitting energy can be approximated by the extra line
width broadening. In Fig. 3(d) we compare the E, mode
broadening (above Ts) and the Bs,/Bs, splitting (below

Ts) from the two different surfaces. Our results from the
cut sample indicate that the structural phase transition
changes into a crossover spanning tens of K above the
nominal T, which is consistent with other measurements
that report nematicity onsets above T’s [2, 5-7|. However,
the temperature evolution of the order parameter for the
second order phase transition in the polished sample, for
which the introduction of strain or stress has been mini-
mized, shows absence of nematic distortion above T's.

In summary, we reported a Raman scattering study
of the in-plane lattice dynamics of EuFeyAsy with two
different treatments of the sample side surface (ac): the
razor blade cut surface that induces residual stress and
the fine polished surface for which the internal strain field
is minimized. We observed the energy splitting of the Fe-
As in-plane phonon and the phonon energies from both
surfaces are consistent for the whole temperature range.
The splitting energy scales linearly with the in-plane lat-
tice order parameter of the structural phase transition.
However, while our measurements of the strain-free sam-
ple indicate that the Cy symmetry breaking occurs only
at Ts upon cooling, our results show that the strain field
induced by cutting samples with a razor blade breaks
the C4 symmetry above Ts, which may provide an expla-
nation for the observed anisotropy above Ts in various
measurements of samples under uniaxial strain.
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