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Nematicity, which refers to a phase of broken rotational but preserved translational
symmetry, is underlined by the appearance of anisotropic properties and leaves
remarkable fingerprints in all measurable physical quantities upon crossing the
structural tetragonal-orthorhombic transition at 75 in several iron-based materials. Here,
we review part of our own broadband optical investigations, addressing the impact of
nematicity on the charge dynamics, as a function of temperature and of tunable applied
stress, the latter acting as an external symmetry breaking field. We shall first focus our
attention on FeSe, which undergoes a nematic (structural) transition without any
subsequent onset of magnetic ordering below Ts. FeSe thus provides an opportunity
to study nematicity without the limitations due to the reconstruction of the Fermi surface
because of the spin-density-wave collective state in the orthorhombic phase, typical for
several other iron-based superconductors. Our data reveal an astonishing anisotropy of
the optical response in the mid-infrared-to-visible spectral range, which bears testimony of
an important polarization of the underlying electronic structure in agreement with angle-
resolved-photoemission-spectroscopy results. Our findings at high energy scales support
models for the nematic phase resting on an orbital-ordering mechanism, supplemented by
orbital selective band renormalization. The optical results at energies close to the Fermi
level furthermore emphasize scenarios relying on scattering by anisotropic spin-
fluctuations and shed new light on the origin of nematicity in FeSe. Moreover, the
composition at which the associated Weiss temperature of the nematic susceptibility
extrapolates to zero is found to be close to optimal doping (i.e., in coincidence with the
largest superconducting transition temperature), boosting the debate to what extent
nematic fluctuations contribute to the pairing-mechanism and generally affect the
electronic structure of iron-based superconductors. The present review then offers a
discussion of our optical data on the optimally hole-doped Bag gKg 4Fe>ASs. We show that
the stress-induced optical anisotropy in the infrared spectral range is reversible upon
sweeping the applied stress and occurs only below the superconducting transition
temperature. These findings demonstrate that there is a large electronic nematicity at
optimal doping which extends right under the superconducting dome.
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INTRODUCTION

Nematicity lately arose to a key concept in solid state physics,
because of its intimate relationship to the onset of
superconductivity at high temperature [1-3]. It was soon
recognised that this is a hallmark of iron-based
superconductors, which are deemed to be unconventional and
set new paradigms for superconductivity [4]. Nematicity, for
which the electronic system breaks a discrete rotational
symmetry of the crystal lattice without altering the existing
translational symmetry, was originally brought into action in
order to justify the anisotropy in the dc transport properties of the
122-materials  Ba(Fe;_,Co,),As, below their structural
tetragonal-to-orthorhombic phase transition at T [5, 6]. Since
the anisotropy of any measurable physical quantity is considerably
larger than any reasonable expectations by solely pondering the
lattice distortion, it has been conjectured that nematicity is
electronic in nature. A central quantity is the nematic
susceptibility in the tetragonal phase, for instance as evinced by
elastoresistance measurements (i.e., measurements of the induced
resistivity anisotropy due to anisotropic strain) [7, 8], which
incidentally turns out to diverge in a Curie-like fashion. Such an
astonishing divergence of the nematic susceptibility was also
inferred by Raman [9-11] and elastic moduli [12] investigations.

In a broader perspective, electronic nematicity is not only a
topic of relevance for the iron-based superconductors but its far-
reaching consequences affect several cuprates and some heavy-
fermion compounds, just to quote a few examples of other
unconventional superconductors, which in fact provide
signatures for strongly anisotropic electronic phases [13], as well.

Another basic ingredient of unconventional superconductors
is the interplay of structural, magnetic and orbital order, which
cannot be considered apart and disconnected from the onset of
the nematic phase [4, 14-16]. Being here the focus on iron-based
superconductors, it is well established that in almost all of them a
structural transition at T coincides with or precedes a magnetic
transition at Ty and the related stripe-type magnetic order is
coupled to the orthorhombic lattice distortion. The anticipated
anisotropy of all physical quantities implicit in the nematic phase
will be also experienced, because of symmetry, by all structural,
magnetic as well as orbital properties. This thus hampers the
determination of the driving mechanism and microscopic origin of
nematicity [16]. In this context, FeSe lately acquired a prominent
role within the panorama of iron-based materials, since it harbors a
tetragonal-to-orthorhombic structural phase transition at T, = 90 K,
where the lattice breaks the C4 rotational symmetry, in the absence
of any subsequent, ambient pressure long-range magnetic order,
prior the onset of superconductivity at T, = 8 K [17, 18]. Therefore,
FeSe is an ideal playground for the study of nematicity, since the
absence of the Fermi surface folding due to the spin-density-wave-
like antiferromagnetic order allows circumventing its concomitant
coupling to the lattice structural transition.

Furthermore, the divergent nematic susceptibility, as observed
in the strained-dependent dc transport properties, is empirically
established in several iron-based superconductors even up to
optimally doped compositions [19]. It is then a generic property
spanning the great part of the phase diagram and led to speculate
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about scenarios for which nematic quantum criticality could
perhaps enhance the pairing interaction [16, 20, 21]. Such an
opportunity is intriguing and could open novel perspectives
towards the onset of superconductivity in iron-based
superconductors, as it has been already envisaged for the
cuprates [22, 23]. There is an ongoing theoretical debate about
the relationship between superconductivity and nematicity [13].
Equally, there is still the quest to better experimentally scrutinise
the influence of nematic fluctuations on the electronic properties
over a large energy range and at temperatures (7) extending
under the superconducting dome, which are not accessible by
elastoresistive technique. This motivated us to address the hole-
doped Ba,_,K,Fe,As,, which displays a nematic state up to x ~
0.3, when the antiferromagnetic phase boundary is reached [24].
We specifically choose the optimally-doped x = 0.4 compound (T,
= 38.5 K), which is an ideal composition in order to address the
impact of the nematic fluctuations and their alleged relationship
to superconductivity. Indeed, the nematic order fully disappears
(i.e,, Ts = 0) at this doping.

Here, we review data of our thorough broadband optical
investigations of FeSe and Bag¢Ko4Fe,As,, consisting in the
measurement of the optical reflectivity as a function of T for
samples experiencing a tunable symmetry breaking field, given by
uniaxial stress. We ultimately extract the optical conductivity
from the far-infrared up to the ultraviolet. This review, based on
our publications in Refs. [25-27], is organised as follows: first an
ample presentation of the experiment and then a thorough
display of the data on both selected materials, together with
their own dedicated discussion. An overall summary and a future
outlook will conclude this paper.

EXPERIMENT

Any phase transition that breaks a point group symmetry
naturally leads to domain formation. In the case of a
ferroelastic-like tetragonal-to-orthorhombic transition, as
exhibited by underdoped iron-arsenide superconductors as
well as by FeSe, a spontaneous strain at low T can be
oriented in one of two possible directions, and a twin
domain structure forms to minimize the elastic energy [5,
6]. Therefore, a tunable applied stress acts as a conjugate field
to the orthorhombic distortion and enforces an adjustable
population of domains oriented along a preferential
direction, effectively bypassing sample twinning below T..
Our mechanical device for applying stress, and thus
detwinning the samples, is shown in Figure 1 [28, 29] and
consists of a spring bellows, which is made of stainless steel and
it is mounted at the oxygen-free Cu cold finger of the cryostat.
The bellows can be extended/retracted in order to exert and
release in — situ uniaxial stress (generally abbreviated by p) on
the lateral side of the sample. This is undoubtedly a major
technical progress, since the capability to control the
symmetry breaking field grants more experimental
opportunities than in the original, yet pioneering optical
work based on a mechanical clamp enabling a fixed and
mostly unknown amount of compressive stress [5, 30, 31].
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FIGURE 1 | (color online) (left) Three-dimensional schematic view of the stress device with a cross-section along the plane of the incident/reflected optical path.
(right) Front view along the light path. By flushing He-gas into the spring bellows and evacuating its volume, one can exert and release stress, respectively, along the
direction corresponding to the (shorter) orthorhombic b-axis, as indicated by the black arrow. The optical mask, placed on top of the stress device, defines equal spots of
the sample and reference Au-mirror surface, which are exposed to the electromagnetic radiation polarized along the a- and b-axis (blue and red arrow,

| Au-mirror |
optical mask  stage optical mask
(front view) (side view)

The stress device (Figure 1), with the specimens mounted into
it, is then placed inside an Oxford SM 4000 cryostat coupled to a
Fourier-transform infrared interferometer (Bruker Vertex 80v).
This permits measurements of the frequency (w) dependence of
the reflectivity (R(w)) at nearly normal incidence [32] at different
T and as a function of p in the spectral range from the far-infrared
(FIR) up to the near-infrared (NIR), i.e. between 30 and
6,000 cm™'. Room-temperature and stress-free data were
complementary collected from NIR up to the ultra-violet (UV)
range, i.e. 3200-48000 cm . The electromagnetic radiation in all
spectrometers was polarized along the a and b axes (Figure 1); in
the following the measured reflectivity will be defined as R, and
Ry, respectively [28].

In displaying the data, we refer to the pressure of the He-gas
flushed inside the volume of the bellows (ppeows) in order to
extend it: the effective stress felt by the sample (psampre) depends
on its size and thickness, so that pyejns = 0.1 bar corresponds to
an effective uniaxial stress of about pyspe ~ 1.5-2 MPa on our
crystals. It has been widely established that an effective p of at
least 10 MPa is enough to fully detwin the specimen and thus
reveal the underlying symmetry-breaking [5]. The released p data
are achieved upon retracting the bellows, thus by evacuating its
volume (Figure 1). We report results obtained from zero-
pressure-cooled (ZPC) ‘pressure-loop’ experiments: we reach
the selected T without applying stress and at that fixed T we
measure R(w) at progressively increasing ppeows (i-€., tunable
degree of detwinning) from 0 up to a material-dependent
maximum pressure ranging between 0.8 and 1.2bar. We
subsequently collect R(w) when stepwise releasing stress back
to 0 bar, thus completing the p-loop.

Finally, the real part o,(w) of the optical conductivity was
obtained via the Kramers—Kronig (KK) transformation of R(w)
by applying suitable extrapolations at low and high frequencies.
For the w — 0 extrapolation, we made use of the Hagen-Rubens
formula (R(w) =1-2 o ), inserting the dc conductivity values
(04.) consistent with the relative T dependence of the samples
transport data, while above the upper frequency limit R(w) ~ w™*
(2<s<4) [32].

Our original publications and their Supplemental Material
[25-29] cited along this work should be consulted for more details
on the experimental technique and set-up as well as samples growth.

RESULTS AND DISCUSSION
FeSe

We commence our data survey by the measured stress
dependence of R(w) in FeSe [25, 26], of which
representative data in the FIR and mid-infrared (MIR)
spectral range (i.e., for w < 7,000 cm™") are shown in the
main panel of Figure 2A at 10 K. The stress applied by the
spring bellows of pji0,s = 1.2 bar corresponds to the situation
for a fully detwinned specimen (i.e., at saturation). We can
immediately recognise the overall (optical) metallicity of FeSe
(inset of Figure 2A), identified by the increase of R(w) below 2 x
10*cm™ (i, plasma edge). The raw data explicitly convey the
anisotropy of R(w) between the two polarization directions at FIR-
MIR frequencies. Such an anisotropy indeed develops from R(w) at
zero stress (see below), which shares the same trend over the whole
investigated spectral range as in a previous work [33].
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FIGURE 2 | (color online) Experimental setup as well as T and p dependence of the optical anisotropy in FeSe: The upper-left panel schematically shows a sample
inside the mechanical device and emphasizes the orientation of its a- and b-axis with respect to the direction of the applied stress p. Polarized light parallel to the
orthorhombic (elongated) a- and (short) b-axis (in our experimental set-up Pol 90 and Pol 0, respectively) illuminates the sample (see details in Figure 1). (A)
Representative data of the optical reflectivity (R(w)) of FeSe at 10 Kand 1.2 bar (i.e., at saturation) after a ZPC experiment; it emphasizes the optical anisotropy at

MIR frequencies (1 eV = 8.06548 x 10° cm™") [25]. The inset shows R.(w) and Ry(w) from the FIR up to the UV range with a logarithmic frequency scale. (B) Real part o1(w)
of the optical conductivity and its blow up pertinent to the FIR range (inset) at 10 Kand 1.2 bar. (C-E) T dependence of the dichroism defined as Aot (@) = 0 (0) - 0% (w)
at 0, 1.2 and released O bar after the ZPC p-loop experiment. The thick horizontal dashed line marks Ts. The thin vertical dotted lines in panels (A) and (D) mark the
frequencies 1,000 and 3,000 cm™". (F-I) Aoy(w) at selected T below and above Ty within each ZPC p-loop experiment. The thin horizontal dashed line marks p at
saturation. A first-neighbor interpolation procedure is used in order to generate the color maps. Released p is denoted by “(r)”. Reproduced from Ref. [26].
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The polarisation dependence of R(w) is also reflected in the
excitation spectrum, represented by 0;(w), as shown at saturation
in Figure 2B. An alternative illuminating quantity, in order to
emphasise the optical anisotropy, is the so-called dichroism
Aoy (w) = 0f (w) - 011’ (w), which is shown at three selected p of
0, 1.2 and released 0 bar after the p-loop experiment within the
ZPC protocol in Figures 2C-E. The optical anisotropy is evident
below T and is particularly well identified by the change of sign of
Aoy (w) around 1,000, 3,000 and 5,000 cm™* at saturation. The
evolution of the optical anisotropy at T < T upon sweeping p can
be equally recognised in Aoy(w) at selected T within each p-loop
experiment (Figures 2F-I). Furthermore, the anisotropy at dc
(i.e, w — 0) and for T < T; (inset of Figure 2B) is such that
olf (w) > 0% (w) for fully detwinned specimens (i.e., Aoy(w) < 0,
Figure 2D). This is consistent with the measured dc transport
anisotropy and is reminiscent of the situation encountered in the
hole-doped iron-pnictides [34].

Before going any further, we focus our attention on the
hysteretic behavior of the optical anisotropy. To this goal, we
shed light on the p dependence of AR, 4,(w) = (R,(w)/Rp(w)) - 1 at

1,000 and 3,000 cm ™" (dashed vertical lines in Figure 2A) for
the ZPC p-loop measurements, shown in Figure 3 for several
representative T [25]. A clear half-hysteresis in the p
dependence of AR, is encountered for T < T, and at both
frequencies, though with opposite sign. We claim that this
startling hysteretic occurrence is likely due to twin boundary
motion. A quite rapid enhancement in |AR,,;,| at low T shapes
the so-called virgin curve of the hysteretic behaviour.
Afterwards, the optical anisotropy starts to saturate for
larger p (Figures 3A,B,F,G). Therefore, a relatively modest
uniaxial stress of pygpie ~ 6 MPa is able to detwin the sample in
the orthorhombic phase. The saturation of AR, ., 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. The optical
anisotropy is achieved more gradually for T < T, (Figures
3C,H), at which indeed the initial curve increases smoothly. At
T (Figures 3D,I), the half-hysteresis loop has essentially
collapsed and for T > T, (Figures 3E,J) the material is
tetragonal and no half-hysteresis is observed so that the
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FIGURE 3 | (color online) Optical anisotropy given by AR (see text) read at (A-E) 1,000 and (F-J) 3,000 cm~" (dashed vertical lines in Figure 2A) of FeSe as a
function of applied stress p at representative T: full and open symbols denote increasing and decreasing p, respectively, for p-loop measurements following an initial ZPC
protocol. Lower x-axis denotes He-gas p in the spring bellows (opeiows) @and upper x-axis the effective stress felt by the sample (psampie). Dashed (increasing p) and dotted
(releasing p) lines are drawn to guide the eye. Reproduced from Ref. [25].

optical anisotropy totally vanishes at 3,000 cm™" and is weakly
negative at 1,000 cm ™.

We expect that the imbalance of the two twin orientations
remains frozen in place at low T. This can be probed by the
remanent optical anisotropy upon releasing p back to 0 [28]. At
10 K, the material barely shows changes in the optical anisotropy
when p is released, indicating in fact that the sample remains in a
near-single domain state. The intrinsic optical anisotropy of a
fully detwinned but stress-free material is therefore given by
AR, 4, at released p = 0. For increasing T, the thermally assisted
domain-wall motion suppresses the anisotropy at released p = 0
[28]. Such a hysteretic behavior of AR,u(w) is equivalently
mapped onto Acj(w), since its saturation value tends to persist
at low T, while it vanishes for T'— T, upon releasing p (Figures
2D,E as well as Figures 2F-I).

Figure 4 summarizes the T dependence of AR,,;;, for FeSe at
1,000 and 3,000 cm™' read at fixed Drellows = 1.2bar (ie., at
saturation (sat), AR ) from the p-loop experiments within
the ZPC procedure (Figure 3), normalized by this quantity at 5 K.
AR, at both energy scales undergoes a quite sharp onset at T
and tends to flatten out below Ty/2. We reiterate that at
1,000 cm™ AR < 0 slightly above T, anticipating an
incipient optical anisotropy at infrared frequencies, consistent
in the w — 0 limit with the measured dc one for detwinned
samples [34]. The T dependence of AR, is at variance with
other experimental findings in FeSe, which attest local nematicity
up to 300K in x-ray atomic pair distribution function
measurements [37] and dc transport anisotropy exhibiting a
significant stress-induced tail above T, [34]. Moreover, as
shown in Figure 4, ARS% . remains constant at T < T,, which
is compatible with our previous results on Co-doped 122-
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(i.e., Psampie = 18.5 MPa), read from Figure 3. A
at To = 5 K. The same quantity at 1,500 cm™'

normalized at To = 10 K, is shown with dashed-double dot line as guide to the
eyes. With respect to the normalized view of AR
reminding that as shown in Figures 2A, 3 AR 4o > 0 and AR < O at
1,000 cm™" and at 3,000 cm™", respectively. AR at FeSe is compared to
the T dependence of the mean-field order parameter (dashed line). The

stressed-induced orthorhombicity (8) at typical

specimens (i.e., at saturation) is reproduced from Ref. [35] for BaFe,As, and
estimated for FeSe [36], respectively. The T axis has been normalized by T ~

90 and 135 K for FeSe and BaFeoAs; (vertical
Reproduced from Ref. [25].
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materials [29]. Even though the impact of superconductivity on
the excitation spectrum generally occurs at much lower energy
scales, the high energy optical anisotropy, addressed here at T <
T,, indicates that the superconducting state develops within a
polarized electronic structure. Similarly, the orthorhombic lattice
distortion is barely affected by superconductivity in FeSe [34].
However, the most astonishing outcome from the T dependence
of AR, s, (Figure 4) is that the optical anisotropy at MIR energies
seems to act as a proxy for a mean-field-like order parameter of
nematicity [25].

When comparing FeSe (Figure 3) and Ba(Fe;_,Co,),As;
[28, 29], we identify some distinct features of the hysteretic p
dependence of their optical anisotropy at equivalent effectively
felt uniaxial stress. First of all, the hysteretic behavior of the
optical anisotropy in Co-doped BaFe,As,, while qualitatively
reminiscent of FeSe, is clearly established only at frequencies
below 2000 cm™! with R,(w) > Ry(w) and without any sign
change over the whole spectral range. Moreover the anisotropy
at saturation was found to display a broad crossover through T
(Figure 4), similar to the T dependence of the dc transport
anisotropy for fully detwinned specimens [5] as well as of the
magneto-torque signal [38] and directly comparable to the
stress-induced orthorhombicity (6 = +b, being a and b the
lattice constant of the corresponding axes) [35], replicated
in Figure 4. This is rather different to the above-mentioned
sudden onset of ARS%. "at T < T, in FeSe, despite its anticipated
stress-induced § above T, (Figure 4) [36]. Such a distinct T
dependence of the optical anisotropy across T, between FeSe
and 122-materials was also encountered in quantities from
other experimental probes. For instance, the recent
investigation of the linear dichroism with laser-
photoemission electron microscope maps out the nematic
parameter, which disappears at T, in FeSe while it persists
with a tail extending above T, in BaFe,(Asyg7P¢.13), [39]. To
which extent the magnetic transition at Ty in the underdoped
regime of 122-materials may be the dominant aspect governing
these differences still remains to be figured out. It is certainly
safe to conclude that, at least at the energy scales addressed
here, § in FeSe may be less strongly or not obviously bound to
the electronic structure as in other iron-based
superconductors.

The key role of the anisotropic electronic structure with
respect to the nematic phase transition in FeSe (see Ref. [40]
for the most recent, comprehensive review) is underscored by our
optical data, which also highlight the central significance of the
orbital degrees of freedom, affecting the band structure in an
extended energy interval [41-47]. The optical anisotropy indeed
occurs within the frequency range 0-6,000 cm™' (Figure 2A),
which is fairly consistent with the extent from the Fermi level of
the correlated and weakly dispersing 3d iron bands [45, 48, 49].
However, there is an ongoing debate about the detailed nature of
the nematic state in FeSe. Nuclear-magnetic-resonance (NMR)
studies [50-52] initially promote a so-called on-site ferro-orbital
ordering. Investigations of the electronic band structure in the
reciprocal space force to revise the conclusions unbent from
NMR, so that the purely on-site ferro-orbital order needs to
be reconsidered within momentum-dependent scenarios. In fact,
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angle-resolved-photoemission-spectroscopy (ARPES) results [40,
45, 49, 53-61] indicate that the electronic band structure in FeSe
undergoes a rather intricate momentum-dependent behavior,
possibly consistent with either the bond-type ordering of the
iron d,,, d,. and d, orbitals when crossing T [40, 56, 60, 62], the
non-trivial energy splitting between the I' and M point of the
Brillouin zone [53, 59], leading to a band shift reversion [59], or
finally the orbital-dependent Fermi-surface shrinking [45]. These
scenarios demonstrate a nematicity-driven band reconstruction
[33, 63], which is likely reflected in the optical anisotropy in FeSe
and could account for its extension in energy and the change of
sign in AR, as observed between 1,000 and 3,000 cm™
(Figures 2A, 3). The optical anisotropy further implies an
important reshuffling of spectral weight, occurring at larger
energy scales than the characteristic ones set by the critical
(structural) transition temperatures. This latter observation is
another manifestation of the strong orbital-selective electronic
correlations in FeSe [48, 49, 64-66]. In this context, recent ARPES
results [67] imply that the d,, orbital has a larger quasi-particle
spectral weight and a smaller spectral weight in the Hubbard band
compared to the d,, orbital. This may be interpreted in terms of a
more coherent d,, orbital than the d,, orbital inside the nematic
phase; a result which further highlights the importance of
electronic correlations in the description of nematicity [67].

The optical conductivity allows accessing all parameters, which
determine the transport properties; the scattering rate and the
plasma frequency of the itinerant charge carriers. They can be
extracted phenomenologically within the  well-established
Drude-Lorentz fit procedure [32], which we did successfully
apply in the past for the 122-materials [68, 69]. By recalling that
the complex optical conductivity relates to the complex dielectric
function as € = €] + i€y = €. + 4mi (0, — i0,)/w, we can summarize
our Drude-Lorentz fit as follows [32]:

2
pr

w? + inN

SZ

8
r +Z 2
a)+1a)B Fw]—w - iwy;

(1)

€=€n—

Besides several Lorentz harmonic oscillators (h.o.) for the finite
frequency excitations we consider two Drude terms, a narrow (N) and
a broad (B) one, accounting for the multi-band nature of iron-based
superconductors [70]. Iy and w,np are respectively the width at
half-maximum (scattering rate) and the plasma frequency (w, =

4"62") of the itinerant charge carriers, with charge e, density n and
effective mass m* The parameters for each h. o. at finite frequency are
the strength (S), the center-peak frequency (w,) and the width (y). In
Eq. 1, €.. is the optical dielectric constant (close to one for all our fits
[26]). Within this phenomenological approach we simultaneously fit
both R(w) and 0y(w), achieving a good reproduction of the optical
functions [26].

Here, we will argue on the Drude parameters only (for
additional informations on the overall fit results, please
consult Ref. [26]), since the link to the (anisotropic) dc
transport properties [34] is at the center of our interest. We
consider the ratio of the fit parameters between the a- and b-axis,
in order to shed light on their own anisotropy. Figure 5 then
shows the anisotropy of I'%’, (Figures 5A,B) for both Drude

terms and of the total Drude weight (SW4%P = pr+wPB,
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FIGURE 5 | (color online) (A-C) T and p dependence of the anisotropy of both scattering rates (I3, B/F‘,Z/‘B) for the broad (B) and narrow (N) Drude components and
of the total Drude weight (SWE/SW’E)) from the phenomenological fit (Eq. 1) of the p-loop experiments after the ZPC protocol (see text) in FeSe. (D) T and p (left scale)
dependence of the dc anisotropy (p./py) calculated within the Drude model. A first-neighbor interpolation procedure is used in order to generate the color maps. Released
p is denoted by “(r)". The thick vertical dashed line marks T, while the thin horizontal dashed line indicates p = 1.2 bar (i.e., at saturation). The red curve in panel (D)
corresponds to the experimental p./p, (right scale) for fully detwinned specimen [34]. Reproduced from Ref. [26].

Figure 5C) as a function of T within the p-loop. The resulting
anisotropy in the relevant Drude parameters develops upon
progressively detwinning the specimen, particularly in the T
interval between 40 and 80K, and vanishes upon releasing p
back to zero. The cut of the color maps in Figures 5A-C at
saturation indicates that the anisotropy of all Drude quantities for
fully detwinned samples is weak just above T, reaches its
maximum value around 60-70 K and substantially drops upon
further lowering T to 10 K (i.e. just above T,). A recent approach
resting upon orbital-selective spin fluctuations [45, 71, 72] can
explain the emergence of the orbital ordering, as well as of the
anisotropy in the scattering rate and plasma frequency. Besides being
in broad qualitative agreement with our findings, those theoretical
thoughts reveal the importance of the spin-orbital interplay.

The dc resistivity can be directly reconstructed within the
Drude approach and by ex%lpitin%zthe corresponding parameters
(1/p(T) = 01 (w =0,T) = 3 nPrBB + %). The resulting anisotropy
Palpp> shown in Figure 5D, gets stronger upon applying p,
specifically in the T interval 40K<T<T,. From our
investigations, it turns out that both scattering rates and total
Drude weight consistently cooperate in order to recover the
measured dc anisotropy [34]. By the way, this is similar to the
findings in the 122-materials [68, 69] and also provides a

reliability check of our analysis (Figure 5D). Since the
anisotropy in the scattering rate (I, > I};}) does coincide with
the measured dc anisotropy (p, > p,) [34], as expected within the
Drude model (i.e., p(T) ~T [32]), the advanced interplay among
the Drude parameters with respect to the dc properties is even
more stringent. Conversely and interestingly enough, the
anisotropy of the total Drude weight (SW%>SWY) is
opposite and unexpected within the Drude model for
which p(T) ~ lwj, [32].

Figure 6 presents the results of our analysis from a slightly
different perspective, with the aim to elaborate on possible
ingredients for nematicity in FeSe. In fact, it displays the T
dependence of the anisotropic Drude parameters at
saturation, compared to the average dc resistivity [34]. It is
worth remembering that the anisotropy in all Drude
quantities is mostly evident around 60-70K, consistent
with the anisotropy of the dc transport properties for the
strained sample (Figure 5D). Being at odds with early
conclusions drawn from our optical results in 122-materials
[68, 69], Figure 6 suggests that the Drude weight has a less
strong impact on the T dependence of the dc resistivity
(Figure 6C) than the scattering rates for both narrow and
broad Drude terms. Stated more specifically, we can

Frontiers in Physics | www.frontiersin.org

April 2022 | Volume 10 | Article 866664


https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles

Degiorgi

Optical Fingerprints of Nematicity

1.2 ——

>

T T T T T | T

/Pay(100 K

0.8+

0.4

T

Ig?PrgaP(100 K)

w
i

T

0.8

T

0.4

I'N&P/rN®P(100 K)

(@

SWpab/swpP(100 K)

/1

0 L L L L
0O 20 40 60 80 100
Temperature (K)

FIGURE 6 | (color online) (A—C) T dependence of the anisotropic
scattering rates (I‘fﬁs) for the narrow (N) and broad (B) Drude term as well as
of the total Drude spectral weight SW%" (see text), at p = 1.2 bar (i.e., for fully
detwinned samples) along both orthorhombic a- and b-axis. The
measured, average dc resistivity between the two axes is replicated from Ref.
(Continued)

FIGURE 6 | [34] as comparison. Panel (C) also reproduces the average dc
resistivity (pg’v’“de), calculated within the Drude model from the fit parameters,
as alternative reliability check of our analysis. All quantities are normalized by
their respective values at 100 K. The thick vertical dashed line in all panels
marks Ts. Reproduced from Ref. [26].

convincingly affirm that the scattering rates closely follow the
dc resistivity as a function of T (Figures 6A,B). Previous
conjectures [73], that inelastic scattering of electrons (e.g., off
magnetic fluctuations) would mainly affect the dc transport
properties, find here a unique support, as given by the
dominant role of our phenomenological Drude
scattering rates.

Ideas for nematicity underpinned by magnetic interactions
even when nematic order precedes the magnetic one were
motivated by the frequently observed intimate coupling
between structure and magnetism in iron-based materials [14,
73, 74]. Magnetic fluctuations at T > Ty would then cause the
tetragonal-to-orthorhombic transition in iron-pnictides (e.g., the
122-materials). Likewise, FeSe with (and despite) Ty ~ 0 may
dissimulate the same mechanism. Interestingly, the dc resistivity
anisotropy Ap = p, — p;, in FeSe could arise from the convolution
of two functions: the order parameter of the nematic phase
transition (Figure 4), which breaks the same symmetry as Ap
and therefore it is proportional to it, and a proportionality factor
monotonically decreasing in T [34], so that an overall dome-like
T dependence peaked at ~ 70 K (Figure 5D) would arise. A
natural explanation for the T dependence of the proportionality
factor derives from inelastic scattering, for instance by anisotropic
magnetic excitations [34]. Indeed, the electronic scattering rates
in Figures 6A,B exhibit such a T dependence. In conjunction
with the nematic order parameter (Figure 4) the scattering rate
then conspires in order to reproduce the resistivity anisotropy
(Figure 5D). We thus speculate that the low-energy charge
dynamics of FeSe is a quite direct fingerprint of a scenario for
which the spin fluctuations together with the high-energy orbital
ordering apparently assume a rather dominant role in connection
with the onset of nematicity. Recent resonant inelastic x-ray
scattering data below T, underline a matchless strong spin-
excitations anisotropy, which suggests a primarily spin-driven
nematic phase transition [75]. Spin fluctuations are also an
important ingredient as driving force for superconductivity
[76], as advanced from recent NMR measurements [77],
ARPES data [40] as well as inelastic neutron scattering
investigations [78, 79].

Bag 6Ko.4Fe2As,

We start off this section with a comprehensive view of the
collected R(w) data within the p-loop experiment at 10K
(Figures 7A,B) [27]. The chosen T is well within the
superconducting state and the displayed data were collected
after a ZPC protocol. There is an obvious metallic behaviour
of the overall R(w) spectra along the a- and b-axis. The measured
quantity along both axes approaches total reflection at finite
frequencies below v, ~ 180 cm™}, as expected at T < T, [32].
We note the great agreement of our data at p = 0 (averaged
between the two axes) and for all T with those in Refs. [80-85],
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which comprehensively address the electrodynamic response
both above and below T. in un-stressed Ba;_,K,Fe,As,
samples. We encounter a reversible anisotropy of R(w) upon
sweeping p, which can be further emphasized by the calculation of
the reflectivity ratio Rpusio = R,/Ry, shown in Figure 7C. In the
FIR range around 600 cm™, Rrasio drops below 1 (ie., the
isotropic situation) upon reaching 1.2 bar (i.e., corresponding
to the saturation limit for this sample). Rp,s, reconverts then to
unity when p is released back to zero. From the measured R(w) we
achieve 07(w), as shown in Figures 7D,E, and consequently the
already introduced dichroism Ao (w) = of (w) —alf(w) (see
above our discussion for the FeSe material). Aoy(w) for the p-
loop experiment at 10 K is depicted in Figure 7F. The optical
anisotropy in the range between 300 and 1,000 cm™" for the
stressed specimen is clearly resolved and further implies an
anisotropy in the spectral weight distribution at FIR
frequencies [27]. It is historically well established that o;(w)
in the superconducting state allows in principle the
determination of the so-called superconducting gap. This is
the characteristic energy scale of the superconducting
collective state and is supposed to correspond to a sharp
onset of the absorption spectrum at least for s-wave like
superconducting materials [32]. The drop of o,(w) to
almost zero below 7,, as illustrated in Figures 7D,E as well
as Figure 8B, is the most clear signature of the
superconducting gap at 10K for every p. We conclude that
Bag Ko 4Fe,As, is a fully gapped superconducting material.
Moreover, the residual, unpaired charge carriers (i.e., activated

across the gap because of the thermal pair-breaking effect) at finite
T lead to the upturn of 07(w) at frequencies towards zero [32].
So far, we could provide a clear-cut evidence for an optical
anisotropy, which is p-induced in the tetragonal structure of
Bay ¢Ko 4FesAs, at T'= 10K < T.. The question then arises about
its T'dependence and its relationship to the overall phase diagram
of iron-based superconductors. The quantity ARguio (o) =
% x 100 is very instrumental to this goal. It
amplifies the relative change of the optical anisotropy during
the p-loop experiments at each T with respect to the p = 0 initial
situation (i.e., the isotropic limit since Rg,y, (p =0, T) ~ 1 atall T).
We made the argument that ARgg, (wo) truly helps pointing out
the variation of the optical anisotropy beyond the experimental
data noise [27]. Figure 8A therefore pictures ARp,;, (wo) at the
fixed frequency w, = 600 cm™', chosen because the largest
anisotropy occurs at that frequency (Figure 7C). The nematic
susceptibility in the normal state (ie, at T > T,) from
elastoresistive investigation [19] images a substantial Curie-like
behaviour, which is however not seen or reproduced by our own
optical data above T.. It seems that our experiment does not have
enough resolution in this respect and a possible optical evidence
for nematicity above T, must be vanishingly small, if any. From
our data, it follows that only upon entering the superconducting
state there is a p-induced anisotropy; large enough applied p can
cause a polarization dependence of the excitation spectrum. This
is mostly and better seen at saturation (thick horizontal dotted
line at p = 1.2 bar in the color map of Figure 8A), where an
indisputable pronounced increase of the optical anisotropy is
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discernible at T < T,. The established hardening occurring below
T, [12] and the mild reduction at low T of the Raman
susceptibilities [10] for dopings across the whole phase
diagram would presage an opposite behaviour, instead of the
growing of the p-induced nematicity in the superconducting state
as evidenced from optics. This latter aspect calls for additional
studies and it remains to be seen how this apparent controversy
may be solved. Nonetheless, we stress here the T evolution of the
optical anisotropy with Ao (w), shown in Figures 8C-E. We limit
our view to the energy interval between 200 and 1,000 cm ™" at
three selected p, which again highlight the p-induced as well as p-
reversible optical anisotropy below T. in the FIR range. This is the
most important aspect of these findings, signalling the presence of
electronic nematicity at T deep into the superconducting dome
yet in the purely tetragonal phase and that the band structure is
responding to nematic fluctuations, since here T; = 0. It is worth
recalling (see above, Figure 4) that the optical anisotropy of Co-
underdoped 122-materials and FeSe persists even at T < T, and
reiterating the idea that their superconductivity develops in an
electronically polarized state [25, 26, 68, 69].

Our present data of Bag¢Ky4Fe,As, bear testimony to a p-
induced anisotropy of the excitation spectrum, which mirrors

nematicity and seems to be a generic feature in 122 iron-based
superconductors [28, 29, 68, 69] even into the optimally-doped
regime, similar to the dc transport properties [19]. We discover
that the optical anisotropy in the optimally K-doped 122-
compound occurs at the low FIR energy scales, relevant to the
superconducting gap(s) (Figure 7F and Figure 8C-E). This is
peculiar with respect to the previously investigated underdoped
122-materials and FeSe [25, 26, 28, 29, 68, 69], for which the
optical anisotropy extends up to high energy scales. Our findings
in Bay K 4Fe,As, thus tend to exclude the involvement of bands
deep into the electronic structure and potentially imply a less
prominent impact of orbital ordering in the optimally doped than
in the underdoped regime. Ergo, the p-induced optical anisotropy
in Bag¢Ko4Fe,As, elucidates the response of the conduction
bands to an external symmetry breaking field. For instance,
the deployed optical response and its p dependence flag the
imprint of (anisotropic) scattering, uncovering some kind of
spin-orbital interplay, so that the p-induced nematicity is
caused by spin fluctuations and is vestigial to stripe
magnetism [16]. This would directly influence the energy
scales close to the Fermi level, ultimately of relevance for the
transport properties as well as superconductivity. Moreover and
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beyond nematicity, Raman results equally make a strong case for
a pairing mechanism for superconductivity mediated by spin
fluctuations [86]. In addition, a so-called differentiation of the
orbital effective masses and related anisotropy, which is further
enhanced by the presence of strong electronic correlations above
all in hole-doped materials [46], can be alike installed by uniaxial
stress, as applied here in our experiment. This impairs the optical
response of the conduction bands as well and could be also
reflected in an anisotropic reshuffling of spectral weight at T < T,
between the superconducting collective mode and the FIR
energies (Figures 8C-E) [87].

CONCLUSION AND OUTLOOK

We conclude this review by summarising the major outcomes of
our optical studies in selected iron-based superconductors and
projecting the treated topics into possible future directions.

First of all, within one single experiment we disclose all
relevant ingredients (order parameter and Drude quantities,
Figures 4, 5), which were shown to fully determine the
anisotropy in the charge dynamics as well as in the dc
transport properties of FeSe. It is worth warning the
readership that the interplay between the orbital order [25, 28,
29] and the intertwined anisotropy of the Drude parameters
(Figure 5) cannot be neglected when addressing the complete
excitation spectrum [45, 68, 69, 71]. Having said that, the inelastic
scattering by magnetic fluctuations rather than the Fermi surface
parameters seems to shape the nematic anisotropy in the dc limit
(Figure 6). Proposals advocating a close connection between spin
fluctuations, nematicity (i.e., orbital order) and superconductivity
[15, 16] would be reasonably promoted by our findings, since they
give ample support for the role played by magnetic interactions.
In a broader context and looking ahead, it could be of interest to
systematically compare our results with data collected across the
whole T versus doping phase diagram of representative iron-
based superconductors, and to exploit the broadband optical
anisotropy, addressed here, in order to precisely test the
impact of doping-induced disorder [88], thus expanding at
finite frequencies the debate already addressed by dc transport
investigations [89-91].
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