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By combining polarized pump-probe spectroscopic and Laue x-ray diffraction measurements, we have observed
nonequivalent transient optical responses with the probe beam polarized along the x and y axes in overdoped
NaFe,_,Co, As superconductors. Such transient anisotropic behavior has been uncovered in the tetragonal phase
with the doping level and temperature range far from the borders of static nematic phases. The measured transient
anisotropy can be well explained as a result of nematic fluctuation driven by an orbital order with energy splitting
of the d,.- and d,,-dominant bands. In addition, the doping level dependence and the pressure effect of the
crossover temperature show significant differences between the transient nematic fluctuation and static nematic
phase, implying spin and orbital orders may play different roles in static and transient nematic behaviors.
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Understanding the origin of electronic nematicity has been
a central challenge in the study of iron-based superconduc-
tors (FeSCs). It is suggested that the electronic interaction
underlying the nematic phase may intrinsically give rise to
the formation of Cooper pairs [1-4]. Electronic nematicity at
the normal state is manifested as the rotation symmetry break-
ing with strong anisotropy in an electronic response [4-26].
In electron-doped pnictides, evidence of nematic phases has
been captured by characterizing various properties with dif-
ferent experimental approaches [3,4,13,14,17,25-30]. In the-
ory, models have been proposed to explain the electronic
nematicity by considering magnetic [23,26,31-34] or orbital
orders [15,20,25,28,35-37]. Nevertheless, the transitions of
nematic phases observed in underdoped FeSCs largely occur
at the borders of magnetic and structural phase transitions
[7,13,25,26,38], making it highly controversial to assign an
exact origin to the observed nematic behaviors. Here, we
report the observation of anisotropic transient optical responses
with polarized pump-probe spectroscopy in the tetragonal
phase of overdoped NaFe,_,Co, As superconductors. Transient
anisotropic behavior has been found in the temperature and
doping range far from the borders of the static nematic phase.
The results can be explained by the nematic fluctuation of the
orbital order with energy splitting of the d, .- and d,.-dominant
bands [18,28], suggesting an important role played by the
orbital order in the electronic nematicity in FeSCs.

The most intuitive evidence of nematic phases is perhaps the
in-plane resistivity anisotropy measured in several families of
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FeSCs when a uniaxial pressure is applied to detwin the crystals
[3,7,11,38]. Such in-plane anisotropy has been characterized
by many other techniques including scanning tunneling spec-
troscopy (STM) [4,14,17], torque measurements [12], angle-
resolved photoemission spectroscopy (ARPES) [28,39—41],
neutron scattering [23,26,42], nuclear magnetic resonance
(NMR) [22,25], and optical spectroscopy [30]. Many ex-
periments suggest the proximity between the nematic phase
and the magnetic order [4,19,23,26,31,43], however, ARPES
measurements have observed clear features of ferro-orbital
ordering at the Fermi surface [28,39]. The involvement of
different degrees of freedom, which may be coupled to each
other, makes it highly controversial to pin down the underlying
mechanism. Ultrafast pump-probe spectroscopy is potentially
apowerful tool to study this issue. The time-resolved capability
enables us to study the dynamics of the fluctuation order
parameters. By monitoring the nonequilibrium dynamics of
photoexcited quasiparticles, different order parameters and
their interrelations can be disentangled in the temporal do-
main [44-55]. To first-order approximation, the variations in
spin/orbital order can be distinguished with circularly/linearly
polarized probe light [19,56,57]. For example, in the system of
Co-doped BaFe,As; superconductors, the nematic behaviors
due to spin order and orbital order have been characterized
by changes in probe ellipticity [19] and polarization [56],
respectively.

Here, we employ polarized pump-probe spectroscopy
to investigate the dynamics of nematic fluctuations in
NaFe;_,Co, As superconductors with an emphasis on the rarely
explored overdoped range. Samples of NaFe; ,Co,As (with
Co doping x from 0% to ~5%) single crystals were grown
by the flux method using NaAs as the flux, as previously
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reported [38,58]. The crystals were cleaved with fresh surfaces
and mounted on a cold finger within an optical cryostat (Mi-
croCryostatHe, Oxford) for temperature-dependent measure-
ments. A Ti:sapphire mode locking laser (80-MHz repetition
rate, Vitara, Coherent, Inc.) was used to perform collinear
pump-probe spectroscopy with a two-color configuration: the
probe wavelength at 800 nm and the pump wavelength (its
second harmonic) at 400 nm. The penetration depths of the
pump and probe beams were estimated to be ~25 and ~35 nm,
respectively [59]. The transient reflectivity change as a function
of pump-probe time delay (¢) [i.e., AR/R(t)] was detected by
an avalanche photodiode and analyzed with a lock-in amplifier
when the pump beam was modulated at 1 MHz by an electro-
optical modulator. The diameters of pump and probe were ~13
and ~4 um, respectively. The data presented in this Rapid
Communication were captured under a weak pump fluence
condition (<1 uJ/cm?) unless otherwise specified, which is
far below the saturation fluence in the linear regime (see the
Supplemental Material [60] for details). The temperature rise
of the illuminated spot has been accounted for in all the data.
We recorded the data in the temperature range of 8§—120 K.
Bandpass filters were employed to exclude the scattered pump
light. By using this configuration, the signal-to-noise ratio in
AR/R reaches ~107%. To connect probe light polarization
with the crystal axes, we performed Laue x-ray diffraction
experiments on the crystals with and without applying uniaxial
pressure.

The lattice structure of NaFe;_,Co,As superconductors is
dependent on the doping level x. For x < 0.025, the tran-
sition from an orthorhombic to tetragonal phase occurs at
temperature Ts [61]. Above T or at a higher doping level, the
samples of NaFe;_,Co, As superconductors have a tetragonal
lattice structure with equivalent x,y directions, as schemati-
cally shown in Fig. 1(a). We first perform measurements on
an overdoped sample with x =~ 0.05 having the transition
temperature (7.) of the superconducting phase at ~16K.
During static measurements, the static reflectivity of probe
light is independent of the probe polarization (see Supple-
mental Material, Fig. S1 [60]). We record the time-dependent
AR/R(t) by changing polarizations of the pump and probe
beams in the xy plane. The signal of AR/R is strongly
dependent on the probe polarization [Figs. 1(b) and 1(c)],
but is largely independent of the pump polarization (see
Supplemental Material, Fig. S1 [60]), indicating that the probe
polarization dependence is an intrinsic effect rather than a
consequence of polarized pumping. We connect the anisotropic
polarization dependence to the lattice structure with Laue x-ray
diffraction, as shown in Fig. S2 [60]. The maximum negative
signal of the long component (at a time delay of 10 ps) at 8§ K has
been found when the probe polarization is aligned obliquely
in the middle of two axes of the tetragonal lattice. Such a
correlation has been confirmed in all samples with different
doping levels. We have further checked the alignment in the
parent NaFeAs sample with and without applying a uniaxial
pressure. A maximum negative signal is observed when the
probe is polarized along the b, axis of the orthorhombic phase
(Fig. S2[60]). We then tentatively assign the probe polarization
with a maximum value of the negative long-lived component
aligned to the b, axis (i.e., 45° with respective to the ar axis
of the tetragonal lattice). Hereafter, the angle of the probe

polarization is labeled 6 with respect to the direction of the
maximum negative signal.

The 6 dependence of the transient differential signal is
quantitatively analyzed by a phenomenological model with two
exponential decay components defined by

AR/R(1) = Aje ™ + Are /™ 4 As. (1)

Here, A|(Ay) and 1/(7;) are the fitting parameters of the
amplitude and lifetime of the fast (slow) component, respec-
tively; A3 is a constant representing a decay component with
a lifetime much longer than the concerned time window.
Despite their strong dependences on the probe polarization,
the traces of transient reflectivity probed at different po-
larizations can be well reproduced with the same pair of
lifetime parameters for a given temperature (t; ~ 1.5 ps and
7, ~ 124ps at 8 K; 71y ~ 2.5ps and 1, ~ 105 ps at 26 K). It
was proposed that the two decay components with different
lifetime parameters may be relevant to the intraband and
interband processes [62], respectively. The amplitudes (A; and
A») show twofold symmetric (C;) dependences on 6, breaking
the fourfold symmetry (C4) of the tetragonal phase. The
pump-probe signal can be analyzed as a third-order nonlinear
optical response [63], which is equivalent to the Raman-liked
description in cuprates [64] (see Supplemental Material for
details [60]).

The anisotropic response is strongly dependent on temper-
ature (7). The pump-probe traces recorded with & = 0° and
90° at different temperatures are compared in Fig. 2(a). To
highlight the anisotropic part, we subtract the signal recorded
with & = 90° from that recorded with & = 0° [i.e., AR/ Ry =
AR/R(0°) — AR/R(90°)] to eliminate the isotropic electronic
and thermal responses of conventional metallic phases. The
rescaled data are plotted as a function of delay time and
temperature in Fig. 2(b). With increasing temperature, a peak in
AR /R,y s observed at T, and the anisotropy disappears above
T* [Fig. 2(c)]. In the superconducting phase (T < T.), the
anisotropic part consists of a long-lived negative component
following an ultrafast relaxation process from the positive part.
The signal at the superconducting phase persists to a much
longer time scale up to ~Ins (Fig. S3 [60]). An additional
slow component with a lifetime of ~830ps is necessary to
reproduce the full scale kinetics, which is likely to be a
result of the phonon bottleneck effect during pair reformation
in superconductors [45,46,51]. Apparently, the biexponential
decay function [Eq. (1)] is sufficient to reproduce the full
kinetics above T, as the superconducting gap is absent in this
temperature range (Fig. S3 [60]). Figures 2(d) and 2(e) plot
the fitted amplitudes and lifetime parameters of the two decay
components versus temperature at the normal state. Their
amplitudes decrease gradually with increasing temperature
from T, to T*. The lifetime of the slow decay component
remains largely in the range of 100-150 ps, while the lifetime
of the fast decay component decreases from ~3 to <1 ps
approximately following anear 1/ 7T dependence in the normal
state [Fig. 2(d)].

The anisotropic characteristics in pump-probe traces have
been observed in all the samples from the parent phase to
the overdoped range (see Fig. 3, and Figs. S4, S7, and S8
in the Supplemental Material [60]). The dependence of the
crossover temperature (7*) on the doping level is compared
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FIG. 1. Polarization-dependent differential reflectivity AR/R(t) recorded from NaFe,_,Co,As (x ~ 0.05, T, & 16K). (a) Schematic
diagram of the probe polarization with respect to the in-plane lattice axes. The square and rectangle represent the tetragonal and orthorhombic
lattice, respectively. Different colors indicate the Fe/Co atoms at different planes. (b), (c) Polar plot of polarization dependence of AR/R(t)

recorded at 8 and 26 K, respectively. (d), (e) Time-resolved traces of

AR/R(t) recorded with different probe polarizations at 8 and 26 K,

respectively. (), (g) Polarization-dependent amplitudes of fast and slow components of data (d), (e) fitted to a biexponential decay component,

respectively.

with the crossover temperature of nematic states measured by
transport (Tyem) as well as the transition temperatures of lattice
structures (Ts), spin-density-wave (SDW) orders (7)), and the
superconducting phase (7,) (Fig. 4). The anisotropic transient
optical responses reveal the nematic electronic behaviors in
the tetragonal phase, which appear in the temperature and
doping range far from the borders of the structural and mag-
netic transitions. Importantly, the nematic phase has not been
studied under those conditions by any static measurements.
The transient anisotropic response can be induced by a nematic
fluctuation. In theory, a nematic fluctuation in the tetragonal
phase can be modeled with the scenario of magnetic [32]
or orbital [65] orders. The transient anisotropic behavior
observed under weak perturbation is not directly relevant to the

fluctuated magnetic order, since a change in the ellipticity of
the probe light has not been observed. Alternatively, an orbital
scenario with energy splitting of 3d,, and 3d,. orbitals can
qualitatively explain the major findings [28,66,67]. The optical
response at 1.55 eV in ferropnictides is primarily contributed
by the transitions of Fe-3d electrons [68,69]. Near the Fermi
surface, the orbitals of d,., d,,, and d,, dominate the density
of states. The polarization-dependent electronic transitions are
orbital selective ones. When the light is polarized along x,
the nonzero transitions are dy, <> dy>_y2/d2, dy; <> d,,, and
dyy < d,;; when the light is polarized along y, the nonzero
transitions are d,; <> dyy, dy; <> dy2_y2/d2, and d;, < d;
(Fig. S6 [60]) [70]. With no nematic order, optical signals with
the probe beam polarized at the x and y axes are equivalent.
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FIG. 2. Temperature dependence of anisotropic response in NaFe;_,Co, As (x = 0.05). (a) Time-resolved kinetics of differential reflectivity
probed with polarization angles 8 = 0° and 8 = 90° at different temperatures, respectively. (b) The anisotropic part [AR/R, = AR/R(0°) —
AR/R(90°)] is plotted as a function of time delay and temperature. (c) The signal difference at a time delay of 5 ps is plotted vs temperature.
(d) Temperature-dependent amplitudes and (e) lifetime parameters of the fast and slow components of data (b) fitted to the biexponential decay

function, respectively.

When the nematic fluctuation is driven by orbital order, the
energy splitting of d,, and d,, near the Fermi surface causes a
different population in the two orbitals. In consequence, the
optical response is nonequivalent with the probe polarized
along the x or y axis [Fig. 3(g)], leading to the observed results
in this work. Nevertheless, the formation of twin domains
with different orthogonal possibilities may average out the
anisotropic response of a nematic phase. In static transport
measurements, an external pressure is applied to detwin the
structure for capturing the anisotropic response. For transient
optical measurements, the exact mechanism for structural
detwinning is yet to be illustrated. It has been proposed that
the surface strain due to a laser-induced crystal expansion may
help to detwin the dynamic nematicity [56], which may explain
why a nematic fluctuation can be observed here.

In the literature, the approximation of single-particle exci-
tation has been widely adopted to interpret pump-probe data
recorded from high-temperature superconductors [44]. In this
scheme, the recovery lifetime at the normal state is determined
by the gap energy of the order parameter [46,56,71]. In
overdoped NaFe;_,Co,As, STM measurements have captured
the feature of a temperature-independent gap above T, [72].
The decay lifetime should be independent of temperature in the
scheme of single-particle excitation, which, however, conflicts
with the strong temperature dependence of the decay lifetime
observed here [Fig. 2(d)]. Apparently, the impulsive excitation
of quasiparticles coupled to a collective degree of freedom
may be an alternative picture, which was proposed to explain
the normal state dynamics in electron-doped cuprates [50].

The dynamics of the transient nematic behavior observed in
this work can be better understood within such a scenario of
impulsive excitation. Two possible processes may be involved:
(1) The nematic fluctuation is triggered by a direct coupling
between the quasiparticles and the orbital order. In this case,
the orbital order fluctuation is triggered simultaneously with
photoexcited quasiparticles. (2) The nematic fluctuation is
related to an orbital order by the coupling between the quasi-
particles and the local strain through the Raman interaction
[50]. In this case, the local crystal expansion induced by
pulse excitation drives the instability of the tetragonal lattice
dynamically, which further causes a fluctuation of orbital order.
The doping-dependent behavior of 7* observed here shows
some similarity with a previous analysis on the retention
of the structural transition in the SmFeAs(O;_,F,) system
[73], which is also relevant to the orbital order. Another
possible cause of the anisotropic response is a nematicity
order hidden in the isotropic phase. The anisotropic signal
becomes detectable when the isotropic order is destroyed under
an optical pump. Nevertheless, such a scenario is unlikely to
be the major mechanism here. If the anisotropy is induced by
destroying an isotropic order, the anisotropic response may
become more distinct with increasing pump power, which is
conflicting with the results of fluence-dependent experiments.
The anisotropic response is also present under a very weak
pump (Fig. S5 [60]), and the amplitude ratio of the anisotropic
part is not sensitive to the pump power. Alternatively, it is
possible that a slight anisotropy exists in the ground state
which is too weak to be probed by static measurements. The
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FIG. 3. Polarization-dependent transient reflectivity of NaFe; ,Co, As samples with different dopings [(a), (b) x =~ 0.03, (¢), (d) 0.04, and
(e), (f) 0.05] recorded below and above the transition temperature from anisotropic to isotropic phases. (g) A diagram showing the possible
mechanism responsible for the transient anisotropic response. The electric dipole-allowed transitions involving specific orbitals are schematically
shown when the probe is polarized along the x and y axes, respectively (see text).

optical pump drives the system to a fully isotropic state so Previous static measurements have shown a monotonic
that the signal of differential reflectivity displays anisotropy. decrease of the transition temperature (7yen) of the static
A further in-depth study is necessary to confirm or exclude the =~ nematic phase with increasing doping level from zero to
possibility. optimal doping (Fig. 4) [17,25,38]. In contrast, the crossover
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FIG. 4. Doping-level-dependent crossover temperature (7*) of
the transient nematic response in NaFe;_,Co,As is shown in the
phase diagram obtained by static measurements (SDW: spin-density-
wave phase; SC: superconducting phase). T, Ty, Ts, and Ty, are
literature values of the transition temperatures for superconductivity
[38], SDW [61,79], structure transition [61], and nematic phases [38]
obtained by transport measurements. The superconducting transi-
tion temperatures of the samples obtained from this work are also
included.

temperature (7*) of the transient nematic fluctuation shows a
nonmonotonic dependence on the doping level, which implies
the possibility of different origins underlying the nematic
behavior identified by static and transient approaches. Such
a divergence is also revealed with different pressure effects on
the static and transient nematic behaviors in the parent sample
of NaFeAs. For static transport measurements, the resistivity
anisotropy is manifested only by applying a uniaxial pressure
to detwin the samples. However, the pressure suppresses the

transient anisotropic response with a significant drop in the
transition temperature (7*) (Fig. S4 [60]). It is possible that the
fluctuation in orbital order induces transient nematic behavior
but other degrees of freedom play a more important role
in the static nematic phase. In addition, anisotropy in the
transient electronic response has been found in the supercon-
ducting phase, suggesting the coexistence of superconductivity
and nematic order. The anticorrelation between them can
be established by analyzing the fluence dependences of the
characteristic signals (Fig. S5 [60]) [74].

To conclude, we have observed a transient nematic fluc-
tuation manifested by strong anisotropic responses of the
differential reflectivity in NaFe;_,Co,As superconductors.
Transient nematic behavior has been found in samples covering
a broad range of temperature and doping levels, far exceeding
the borders of the nematic phases characterized by static
measurements. Such anisotropic responses are explained as
a consequence of the fluctuation of orbital order with the
energy splitting of the dy.- and d,.-dominant bands. The
transient nematic behaviors show significant differences from
the static nematic phase in terms of doping level dependence
and pressure effect, implying an important role played by
the orbital order in the nematic behaviors in FeSCs. The
findings in FeSCs may also stimulate interests in investigating
the mechanisms of exotic manifestations of nematic order
in cuprates [6,8,9,75] and other strongly correlated materials
[5,76-78] by probing polarization-dependent charge dynamics
with ultrafast pump-probe spectroscopy.
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