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Abstract
The nonlinear optical dynamics and structural transformation of Co-doped BaFe2As2 superconducting films demonstrate com-
plex behavior within a broad range of temperatures. The angle-resolved light scattering conoscopy reveals the temperature-
dependent structural transformation of the optimally doped BaFe2As2. Photoinduced excited states dynamics demonstrate the 
instantaneous formation of the nonequilibrium state of quasiparticles with its subsequent multi-step thermalization within 
several picoseconds. These transient processes show noticeable temperature dependence below superconducting transition 
point Tc, where photoinduced dynamics correlate with the surface morphology.

Introduction

Iron-based superconductors provide unique playgrounds 
for the exploration of their novel superconducting (SC) 
mechanisms [1–3] and exotic electronic and optical proper-
ties, such as nematicity [4, 5]. These intriguing properties 
emerge via the interplay of numerous degrees of freedom 
of charge, spin, and lattice. Thus, for example, quasiparticle 
relaxation dynamics in optimally doped high-temperature 
superconductor (Ba,K)Fe2As2 indicates the existence of pre-
cursor superconductivity above Tc that suppresses antiferro-
magnetism (Tc ~ 28 K, and spin-density wave (SDW) order 
emerges at ~ 85 K) [6].

Ba(Fe1−xCox)2As2 is one of most attractive iron-arse-
nide-based superconductors due to its relatively high Tc, 
above 15 K. This material exhibits numerous exotic prop-
erties, including a tetragonal-to-orthorhombic structural 
phase transition, SDW, superconductivity, and electronic 
nematicity [7]. One of the most powerful methods to study 

nonequilibrium processes in SC materials is ultrafast spec-
troscopy. Time-resolved optical pump-probe transient reflec-
tivity studies of Ba(Fe1−xCox)2As2 superconductors show a 
bottleneck formation in the relaxation of the photoexcited 
quasiparticles below the tetragonal-to-orthorhombic struc-
tural transition temperature [8]. This bottleneck is associated 
with a partial charge-gap opening. It was found that in the 
SC state, an additional relaxation component appears in the 
optical signal. Observed saturation in the signal can be asso-
ciated with complete nonthermal destruction of the SC state.

In this paper, we report the observation of nonequilib-
rium dynamics and optical and structural properties of Co-
doped BaFe2As2 superconducting films. Special attention is 
focused on quasiparticle thermalization, electron and pho-
non scattering, and structural characteristics of the material 
near and below Tc. This work reveals the correlation between 
photoinduced-state dynamics, structural morphology, and 
formation of a superconducting state in optimally-doped 
BaFe2As2.

Materials and methods

Optimally-doped 80-nm-thick Ba(Fe1−xCox)2As2 (x = 0.08) 
films were grown by pulsed laser deposition on both side 
polished (La,Sr)(Al,Ta)O3 [LSAT] and LaAlO3 [LAO] sin-
gle crystalline substrates with epitaxial SrTiO3 [STO] tem-
plate buffer layer. To achieve TiO2 terminated surface, STO 
template was etched by buffered hydrofluoric acid. Samples 
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were selected upon X-ray diffraction data and resistance 
measurements. The resistance was measured by four-point 
contact technique in a van der Pauw configuration. Ultra-
fast time-resolved pump-probe reflectivity measurements 
were performed with Spectra-Physics laser system operated 
at central wavelength of λ = 800 nm with pulse duration of 
35 fs. A pump pulse of 8 mJ/cm2 maximum fluence was used 
to trigger nonequilibrium processes in Co-doped BaFe2As2. 
A motorized rotary stage for λ/2 waveplate combined with 
linear Glan polarizer was used for the fine computer-con-
trolled tuning of laser intensity. The estimated time for the 
complete thermal back-relaxation of an epitaxial film to its 
initial temperature after photoexcitation is a fraction of a 
microsecond. Therefore, possible film heating effects were 
minimized by using laser pulses with a sufficiently low rep-
etition rate of 1 kHz.

Optical probe signal was detected by a fast photodiode 
and gated data processor. Temperature dependent optical 
measurements were conducted using a closed-cycle cryo-
gen-free Janis cryostat. The supercontinuum laser (Leukos) 
was used as a white light source for transmission measure-
ments. The spectra were acquired by Horiba ISA TRIAX320 
spectrometer.

The angle-resolved hemispherical light scattering meas-
urements were performed with a light scatterometer within 
a broad range of temperatures, from room temperature down 
to 6 K. The scatterometer uses aspherical reflective optics 
installed in a vacuum chamber with Janis cryostat in order to 
map the spatial distribution of the scattering indicatrix, pro-
viding the statistical information about multi-scale surface 

morphology as a function of temperature. Light scattering 
measurements were performed in cross-polarization geom-
etry with crossed polarizer and analyzer as described else-
where [9] to obtain conoscopy scattering indicatrices. These 
measurements allowed to detect material lattice transforma-
tion versus temperature.

Results and discussion

Figure 1a shows the transmittance spectra of Co-doped 
BaFe2As2 that were measured in the temperature range from 
290 K down to 10 K. A Drude-Lorentz model was applied to 
fit transmission data within the near-infra-red (NIR) spectral 
region. The infrared region is crucial to superconductivity, 
as it covers both the superconducting gap and the energies 
of the excitations that lead to superconducting condensa-
tion. As can be seen from Fig. 1a, the experimental spectra 
and fitting curves within NIR 1100–1600 nm range show 
good coincidence. A discrepancy between experimental data 
and fitting curves within the visible region is attributed to 
the fact that the two spectral regions, visible and NIR, were 
measured at slightly different areas of the sample. Neverthe-
less, the main trend of the fitting in the visible range shows 
agreement with the experiment.

The cross-sections of spectra measured at certain fixed 
wavelengths are shown in Fig. 1b and c for λ = 800 nm and 
λ = 1200 nm, respectively. For the Low-T region, below 
35 K, the transmittance was measured with higher resolu-
tion in temperature (circles). The main feature of the spectra 

Fig. 1   a Transmittance spectra 
of Ba(Fe1−xCox)2As2 (x = 0.08) 
in visible and NIR regions with 
fitting curves obtained from 
the Drude-Lorentz model. The 
inset shows the resistance of 
the sample versus temperature. 
b Temperature dependence of 
transmittance for λ = 800 nm 
and c for λ = 1200 nm
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within this region is the noticeable rise of the signal as soon 
as the temperature drops below 20 K. At this point, it should 
be noted that the optical transmittance shows a good agree-
ment with the temperature dependence of the resistance R(T) 
of the sample at Low-T (inset in Fig. 1a). The R(T) data 
shows that the SC transition starts at 20 K, and the material 
switches to a complete SC state below Tc = 15.5 K. Thus, as 
the temperature drops, optical transmittance after an abrupt 
rise at ~ 20 K experiences an additional change in the slope 
at 15 K for λ = 800 nm (Fig. 1b) and at 14 K for λ = 1200 nm 
(Fig. 1c) associated with complete formation of the SC sate.

In order to analyze the free-carrier components we use the 
Drude-Lorentz model to fit the optical transmittance spectra:

where ϵ∞ is a dielectric constant at high energy, ωp—plasma 
frequency, 1/τ—carrier scattering rate; the second and the 
third terms are the Drude and the Lorentz components, 
respectively. Drude-Lorentz model was applied to fit the 
optical transmittance spectra in order to demonstrate the 
contribution of a free-carriers component to the optical 
signal. The variations of 1/τ and ωp

2 with temperature for 
the Drude term are shown in Fig. 2a. The fraction of the 
Drude term (Fig. 2b) significantly prevails the Loretz’s one 
in the whole measured temperature range. This indicates that 
the optical constants are mostly defined by free carriers of 
metallic Co-doped BaFe2As2.

The scattering rate 1/τ was reduced by approximately 
55–60% as the temperature dropped below 150 K. As the 
sample temperature decreases below 30 K the scattering rate 
shows relatively small but well-defined kink. It is believed 
that in Fe-based superconductors the carrier scattering rate 
is linked to Tc [10]. In standard BCS superconductors, the 
electron scattering rate is linked to the strength of the pair-
ing interaction in the superconducting state. Therefore, it 
is likely that the carrier scattering changes near Tc and is 
directly related to the transition into the superconducting 
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state. It starts slightly above Tc, at 30 K, and is likely related 
to lattice distortion, as will be shown below.

Previously, for pure undoped BaFe2As2 was shown, that 
the noticeable change of both carrier scattering rate and 
plasma frequency near ~ 150 K is associated with the spin 
density wave (SDW) transition. In the present work, we 
found qualitatively similar behavior of 1/τ and ωp

2 for Co-
doped BaFe2As2 (Fig. 2b), where the SDW transition does 
not occur [11]. The sample shows typical thermal evolution 
of the resistance R(T) for optimally Co-doped BaFe2As2 
[12] without specific features at ~ 150 K associated with 
formation SDW. On the other hand, in angle-resolved scat-
tering measurements, we observed an increase of the scat-
tering signal within a relatively broad range of tempera-
tures around ~ 150 K accompanied by a significant change 
of conoscopy scattering indicatrix between 108 and 186 K 
(Fig. 3). It should be noted that the isophote pattern of con-
oscopy images directly corresponds to the lattice symmetry 
of epitaxial film [9], and its temperature-dependent evolution 
indicates a lattice distortion, change of the film crystallinity, 
optical constants, and reconstruction of the surface geome-
try. It was found that several competitive transition processes 
near ~ 150 K alter the correlation length of the surface and 
optical properties. This fact suggests that the SDW transi-
tion in undoped BaFe2As2 could be initially triggered by 
temperature-dependent lattice distortion, while Co-doping 
shifts the temperature of SDW transition upon the distortion, 
and, at higher concentration of Co, completely suppresses 
the formation of SDW.

The bidirectional scatter distribution function (BSDF) 
of scattered light obtained within the hemisphere without a 
polarizer was used for the calculation of the surface autocor-
relation function (ACF). The ACF was calculated by Fourier 
transform of BSDF data using the Gerchberg-Saxton error 
reduction algorithm that significantly reduces a numerical 
error, as described elsewhere [13]. Figure 3b and c show 
an example of the BSDF indicatrix and normalized ACF, 
respectively, measured in SC state at 6 K. The ACF defines 
a correlation of surface irregularities versus the translation 

Fig. 2   Temperature dependence 
of a Drude terms and b Drude 
term fraction in the Drude-
Lorentz model
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length in the surface plane and was used for the calculation 
of surface autocorrelation length (ACL) for each sample 
temperature (Fig. 3d). ACL is one of the basic integral sta-
tistical characteristics of the surface and is defined as a dis-
tance where ACF drops in e times. Here it should be noted 
that the noticeable change in the ACL trend below 20 K 
indicates abrupt changes in surface morphology. This result 
remarkably correlates with SC transition in BaFe2As2, and 
can be associated with the anomaly of Fe–Fe sublattice near 
Tc [14].

Time-resolved measurements of transient reflectivity 
reveal a strong dependence of the excited-states dynam-
ics on sample temperature, morphology, and laser excita-
tion energy. Figure 4a demonstrates transient reflectivity 

variation ΔR/R(t) measured at the temperature of 8  K. 
Femtosecond photoexcitation demonstrates complex reflec-
tance traces attributed to two distinct ultrafast processes: (i) 
instantaneous formation of the nonequilibrium state of qua-
siparticles with its subsequent thermalization within ~ 2 ps 
with characteristic time τ1, and (ii) slower few-picoseconds 
phonon–phonon scattering characterized by time τ2. Charac-
teristic decay times were determined from a single-exponent 
fits at two different temporal scales: from 0 to 2 ps, and from 
2 to 25 ps. In the NIR/visible frequency range, the ΔR/R(t) 
variation is generally considered to be dependent on the den-
sity of photoinjected quasiparticles [15, 16]. Temperature-
dependences of τ1 (Fig. 4b) and τ2 (Fig. 4c) show a notice-
able rise of these characteristic times as the temperature 

Fig. 3   a Diffraction conoscopy of Ba(Fe1−xCox)2As2 (x = 0.08) film: Evolution of the indicatrix shows gradual transformation of crystalline 
structure versus temperature. b BSDF indicatrix and c corresponded ACF at 6 K. d Surface autocorrelation length
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lowers down below some threshold value ~ 30 K, slightly 
above Tc. The measured increase in the decay time in the 
SC phase is attributed to the suppression of the quasiparticle 
recombination process near Tc [17, 18]. The femtosecond 
timescale of the fast recombination confirms its electronic 
nature. The appearance of the peak, characterized by τ1, 
represents the signature of the SC gap collapse [19]. The 
intensity of this peak increases with pump fluence, as shown 
in the inset of Fig. 4a.

The isophotes of diffraction conoscopy indicatrices 
(Fig. 3a) as well as the trend of the surface ACL (Fig. 3d), 
show noticeable qualitative change below 30 K. This behav-
ior reveals additional structural change (lattice distortion) 
of Co-doped BaFe2As2 near Tc. Surprisingly, this tempera-
ture of structural transformation exactly coincides with the 
threshold temperature for characteristic time τ1 (Fig. 4b) and 
τ2 (Fig. 4c). Below this temperature electron–phonon and 
phonon–phonon scattering rates noticeably suppress, as the 
sample temperature diminishes. This indicates that the for-
mation of a superconducting state in Co-doped BaFe2As2 is 
accompanied by additional lattice distortion.

Conclusions

In summary, femtosecond pump-probe optical spectros-
copy reveals complex temperature-dependent nonlinear 
dynamics of optimally-doped Ba(Fe1−xCox)2As2 (x = 0.08). 
These dynamics demonstrate a threshold behavior slightly 
above Tc. It is shown that the instantaneous photoexcitation 
of the nonequilibrium state of quasiparticles thermalizes 
within a few picoseconds, showing a threshold temperature 
behavior with a noticeable suppression of the electron–pho-
non and phonon–phonon scattering rates near and below Tc. 
The scattering polarization experiments herein demonstrate 

key features of BaFe2As2 at cryogenic temperatures in which 
nonlinear optical dynamics significantly depend upon film 
morphology. The angle-resolved light scattering conoscopy 
provides a unique opportunity to investigate the structural 
transformation of BaFe2As2 by optical means. The altera-
tion of optical properties, conoscopy patterns, and surface 
autocorrelation length in the Low-T region, below ~ 30 K, 
along with superconducting transition indicates a noticeable 
alteration of the electronic density of states that also could 
be related to lattice distortion. Observed nonlinear optical 
dynamics correlate with the temperature dependence of the 
surface morphology near Tc and provide a new understand-
ing of light-induced processes in the superconducting state 
of BaFe2As2.
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