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Abstract We revisit our recent investigations of the optical
properties in the underdoped regime of the title compounds
with respect to their anisotropic behavior as a function
of both temperature and uniaxial stress across the ferro-
elastic tetragonal-to-orthorhombic transition. By exploiting
a dedicated pressure device, we can tune and control uni-
axial stress in situ thus changing the degree of detwinning
of the samples in the orthorhombic SDW state as well as
pressure-inducing an orthorhombicity in the paramagnetic
tetragonal phase. We discover a hysteretic behavior of the
optical anisotropy; its stress versus temperature dependence
across the structural transition bears testimony to the anal-
ogy with the magnetic-field versus temperature dependence
of the magnetization in a ferromagnet when crossing the
Curie temperature. In this context, we find furthermore an
intriguing scaling of the stress and temperature dependence
of the optical anisotropy in Ba(Fe|_,Co,)>As;.
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A peculiarity of many Fe-arsenide and chalcogenide super-
conductor families in their underdoped regime is the
ferroelastic-like structural transition at T, from a tetrago-
nal to an orthorhombic phase, which breaks the fourfold
rotational symmetry of the high-temperature crystal lattice,
implying the onset of a nematic phase [1, 2]. In several
compounds, the structural transition is accompanied by a
spin-density-wave (SDW) phase transition at Ty < T,
which in BaFe;As; leads to ordered stripes with the spins
aligned antiferromagnetically (AFM) along the elongated a
axis and ferromagnetically (FM) along the shorter b axis.
Any phase transition that breaks a point group symme-
try naturally leads to domain formation. A classic example
is the case of an Ising ferromagnet, for which the sponta-
neous magnetization can point either up or down relative to
the quantization axis; cooling such a material in zero field
results in domain formation, which minimizes the magneto-
static energy. A related example is that of ferroelastic phase
transitions. In the case of a tetragonal-to-orthorhombic
transition, as exhibited by underdoped iron-arsenide super-
conductors, a spontaneous strain at low temperatures can
be oriented in one of two possible directions, and a twin
domain structure forms to minimize the elastic energy [1, 2].
The dense structural twins forming at temperatures below
T, mask the anticipated in-plane anisotropy of measur-
able physical quantities in the orthorhombic phase. Such an
anisotropy can be recovered by aligning the domains along
a preferential direction (i.e., by detwinning the specimens),
which may be achieved in large magnetic fields or by exert-
ing uniaxial stress [1-4]. Just as a magnetic field H couples
to the magnetization M of a ferromagnet, leading to the
familiar M(H) hysteresis behavior below and the associated
susceptibility above the Curie temperature, so does in-plane
anisotropic biaxial strain couple to ferroelastic order. The
motivation of this paper is to explore further the analogy
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between the ferroelastic and the ferromagnetic transition.
We revisit our experimental results on the optical anisotropy
of the title compounds and propose an intriguing scaling of
its stress and temperature dependence.

The Ba(Fe;_,Coy ), As; single crystals were grown using
a self-flux method [5]. They have a square-plate shape with
a thickness of 0.2 mm and a side of approximately 2 mm,
with the ¢ axis perpendicular to the plane of the plate and the
tetragonal a axis oriented at 45° with respect to the edges of
the sample, so that below T the orthorhombic a /b axes are
parallel to the sides of the square [1, 6].

The reflectivity R(w) was measured at nearly normal
incidence [7] with the electromagnetic radiation polar-
ized along the crystallographic axes. The specimens were
mounted into the pressure device, described in ref. [8] and
[9], which consists of a spring bellows connected through
a capillary to a pipeline outside the cryostat. The bellows
can be extended/retracted by flushing He gas into its vol-
ume or evacuating it through the pipeline, thus exerting and
releasing uniaxial stress on the lateral side of the speci-
men (see Fig. 1 of ref. [9]). The uniaxial stress, detwinning
the samples, is thus applied parallel to the b axis, which is
preferentially aligned along the direction of a compressive
stress and corresponds to the shorted orthorhombic ferro-
magnetic axis. We refer to the He-gas pressure inside the
volume of the bellows as a measure of the applied stress:
the effective pressure felt by the sample depends on its
size and thickness, so that a He-gas pressure of 0.1 bar on
our Ba(Fe;_,Co,)2As, crystals means an effective pressure
of about 1.5 MPa. Here, we report results obtained from
the so-called zero-pressure-cooled (ZPC) experiment. From
above Ty, we cool down the sample to the selected tem-
perature (7)), without applying any pressure (p). At that T,
kept fixed during the whole experiment, we progressively
increase p in step of 0.2 bar from 0 to a maximum pressure
of 0.8 bar and measure R(w) in the energy interval @ ~ 60
to 7000 cm~! at each step. Then, we complete the ‘pres-
sure loop’ by measuring R(w) when releasing p back to
0 bar. These data were complemented with measurements at
300 K up to 40,000 cm™! for unstressed crystals. The opti-
cal conductivity was finally extracted from the reflectivity
spectrum through Kramers-Kronig (KK) transformations,
making use of appropriate extrapolations [7]. Further details
about the experimental technique and setup can be found in
refs. [7-11].

Optical reflectivity measurements on the prototypical
underdoped iron arsenide Ba(Fej_,Co,),Asy at variable
uniaxial stress present a rather unique perspective on the
nematic order in these materials. In the low-frequency ()
regime, such measurements can distinguish anisotropy in
the spectral weight from anisotropic scattering [1, 11].
Meanwhile, in the high-frequency regime, of relevance to
this paper, the reflectivity probes electronic anisotropy at
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much larger energy scales. A comprehensive overview of
our experimental results is given in refs. [9] and [11], to
which we refer for more details.

In order to emphasize the anisotropy of the optical reflec-
tivity in the mid-infrared (MIR) range, we define the ratio
Rratio(®@) = Ry (w)/Rp(w), where R, j(w) are the reflectiv-
ity along the a- and b-axis, respectively. Representative data
for the parent compound (x = 0, Ty = Ty = 135 K) are
shown in Fig. 1 at 10, 120, and 140 K, for increasing uni-
axial stress from zero to 0.8 bar (i.e., at saturation, upper
panels, first row) and decreasing stress from 0.8 bar back to
zero released pressure (lower panels, second row). At 10 K
(i.e., T << T, panels (a) and (d)), Rraio(w) is progressively
enhanced when p is increased and appears to saturate for
p > 0.6 bar. At this temperature, the anisotropy is almost
completely retained when p is subsequently released back
to O bar. At the higher temperature of 120 K (panels (b)
and (e)), the enhancement of Rpaiio(w) upon applying p is
smaller than that at 10 K, and drops to a smaller value when
p is released. At 140 K (i.e., T > T, panels (c) and (f)),
the p dependence of Ryaio(@) is fully reversible so that the
p-induced optical anisotropy is completely suppressed upon
releasing p. These results are common to the underdoped
regime [9].

The deviation from isotropic behavior is best represented
by the quantity ARpio = Rrato-1. The p dependence
of ARpio at 1500 cm~! (dashed line in Fig. la—f) for
the ZPC p-loop measurements described above is shown
in the third row of Fig. 1 for the three representative tem-
peratures. For temperatures T < Ty, we encounter a clear
half-hysteresis (Fig. 1g), reminiscent of the M(H) behav-
ior observed for a ferromagnet at T < T¢ (T¢ being the
Curie temperature). The virgin curve, obtained after the ini-
tial ZPC, shows only a modest increase in A Ryago for small
p (.e., p < 0.4 bar), but the optical anisotropy rapidly
grows for larger p (Fig. 1g). The optical anisotropy A Rratio
saturates for p > 0.6 bar at T < T;. This saturation at
T << T presumably reflects complete detwinning of the
sample, and any subsequent p dependence arises from the
intrinsic response to p of the orthorhombic structure. By
releasing p back to O bar, the remanent optical anisotropy,
due to the imbalance of the two twin orientations that remain
frozen in place, can be probed. At 10 K, the material shows
essentially no change in optical anisotropy as p is reduced
below 0.6 bar, indicating that the sample remains in a sin-
gle domain state. In this case, A Ry at released p = 0 bar
directly yields the intrinsic optical anisotropy of a fully
detwinned but stress-free material. However, the remanent
optical anisotropy decreases with increasing 7', as thermally
assisted domain wall motion leads to re-twinning of the
sample as p is released (Fig. 1g-h). At temperatures above
Ty, the half-hysteresis loop has essentially collapsed to give
zero remanent optical anisotropy at p = 0 bar. For T > Tj,
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Fig. 1 Representative data of the anisotropy in the optical reflectivity
of BaFe,As; for the zero-pressure-cooled experiments: p dependence
of Rratio(w) (see text) at 10, 120, and 140 K for increasing (from 0
to 0.8 bar, panels (a—c)) and decreasing p (from 0.8 back to O bar,
panels (d-f)). Applied stress is given in bar and corresponds to p of
He gas inside the volume of the pressure device [8, 9]. (g—i) Optical
anisotropy A Ryaiio (see text) of BaFe,As; as a function of pressure at
the same representative temperatures as in panels (a—f): full and open

the material is tetragonal and no half-hysteresis is observed.
In this temperature regime, the p dependence of Ryyio(w)
can be described by a linear response (Fig. 1i).

We first turn our attention to the quantity A Rrabo/p
which is somewhat analogous to a susceptibility [8]; it
relates the induced optical anisotropy to the applied stress
and can be obtained from the linear p-dependent behavior
of A Rpaiio for T > T (Fig. 1i). This quantity may represent
an optical estimate of the susceptibility and could be some-
how related to the nematic phase. It is worth noting that it
displays an incipient divergence for T close to T [8], rather
similar to what has been inferred from dc transport data
[12]. Following the detailed discussion in refs. [12] and [13],
it should, however, be warned that strain (¢) acts as a field
on the nematic order parameter (). Hence, the nematic sus-
ceptibility is defined as dy/de. In a mean-field analysis,

symbols denote increasing and decreasing p respectively for p-loop
measurements following an initial ZPC protocol. Values of Ryatio (@)
are determined at 1500 cm™! (vertical dashed line in panels (a-f)).
Dashed and dotted lines are drawn to guide the eye. Arrows (blue in
panel (g) and red in panel (i)) sketch the p-increasing/decreasing and
p-sweeping loops at 10 K (T < T) and 140 K (T > Ty), respectively.
The data, which are common to the underdoped regime, are partially
reproduced from refs. [8] and [9]

this quantity diverges following a Curie-Weiss temperature
dependence, with a Weiss temperature below the actual
structural transition temperature 7. In contrast, the quantity
dyr/dp differs from the actual nematic susceptibility since
it involves the elastic compliance of the crystal lattice, and
in a mean field analysis diverges following a Curie-Weiss
temperature dependence with a Weiss temperature equal to
T;. Therefore, our optical estimation of the susceptibility
A R0/ p 1s more pertinent in relation to the ferroelastic
transition.

We wish now to further elaborate on the analogy between
the p-dependence of the optical anisotropy and the magnetic
field dependence of the magnetization in a ferromagnet with
respect to temperature. We stated that p has the same impact
on the optical response of the title compounds as an exter-
nal magnetic field in a ferromagnet. In this context, we
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discover an intriguing scaling between A Ryaio T /(T — Ty)
and pTSZ/(T — Ty)?, which is shown in Figs. 2 and 3 for
the x = 0 and x = 0.025 compounds, respectively. Even
though the scaling is found at all temperatures and seems
to be a generic feature of the underdoped regime, it is not
identical above and below T. Interestingly enough, a scal-
ing between Mt—# and H/t"*F with t = (T — T¢)/Tc
was also found in the prototype ferromagnet EuB¢ [14]. The
physical origin as well as the implication of this latter scal-
ing are obviously different and possibly not at all related to
the physics shaping the electronic, structural, and magnetic
properties in iron-pnictides. The fact that a scaling occurs
also in the title compounds is, however, of interest and rein-
force the analogy between ferromagnetic and ferroelastic
transition pointed out throughout this paper. While a scal-
ing behavior may be expected, it remains to be seen how
this can be reconciled within a robust theoretical framework.
Chasing a scenario explaining such a scaling may triggered
more thoughts in order to shed light on the mechanism for
the ferroelastic transition.

In conclusion, our measurements establish a large
anisotropy in the optical reflectivity of the orthorhom-
bic phase which is also observed in the tetragonal state
for applied uniaxial stress. This implies an important role
for the orbital degrees of freedom [15-21], affecting the
band structure far away from the Fermi energy. Although
these measurements alone cannot distinguish the driving
force behind the nematic order, scenarios for the structural
and magnetic transitions that are generally based on the
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Fig. 2 Scaling of the optical anisotropy of the x = 0 compound, rep-
resented by A RyaioTs /(T — Ty) as a function of stz/(T — Ty)%. The
dashed lines are guide to the eyes and were obtained by polynomial
function, which, however, are not the same above and below T
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Fig. 3 Scaling of the optical anisotropy of the x = 0.025 compound,
represented by A Ryaiio 75 /(T —Ty) as a function of stz /(T —T; )2. The
dashed lines are guide to the eyes and were obtained by polynomial
function, which however are not the same above and below T

involvement of spin-orbital coupling could set the stage for
the emergence of high-temperature superconductivity in the
iron-pnictides. Any future theory should account for the rel-
evant impact of the nematic phase and its fluctuations in
the charge dynamics and should also provide a scenario for
which a scaling of the optical anisotropy with respect to both
tunable variables (7" and p) may be predicted.
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