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Abstract. The ultrafast quasiparticle dynamics of Fe1+ySe1−xTex single
crystals were investigated by dual-color transient reflectivity measurements
(1R/R) from 4.3 to 290 K. The electron–phonon coupling strength λ (=

0.16–0.01) and the temperature-dependent energy of longitudinal-acoustic
phonons were, respectively, obtained from the relaxation time of a fast
component and the period of an oscillation component in 1R/R. Such a small λ

demonstrates the unconventional origin of superconductivity in FeSe. Moreover,
the temperature-dependent 1R/R exhibits anomalous changes at Tc, 90 K and
230 K, unambiguously revealing the phase transition as well as the phonon
softening via the magnetoelastic effect.
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1. Introduction

In 2008, the discovery of the superconductors LaFeAsO1−xFx with a Tc around 26 K at ambient
pressure [1] initiated investigations on the diversified family of Fe-based pnictides. Shortly
afterwards, the Tc was further increased to 56 K by substituting La with other rare earths [2].
Since then, other Fe-based superconductors (FeSCs) have been successively found, including
Ba1−xKxAs2Fe2 (122-type) with Tc 6 38 K [3], LiFeAs (111-type) with Tc 6 18 K [4] and FeSe
(11-type) with Tc 6 10 K [5]. In these new FeSCs, the interplay between electronic structure,
phonons, magnetism and superconductivity is very rich and would help us understand the origin
of high-Tc superconductivity. Among various FeSCs, however, the iron chalcogenide FeSe [5]
stands out because of its structural simplicity, which consists of iron-chalcogenide layers
stacking one another with the same Fe2+ charge state as the iron pnictides. Additionally, the
Tc of FeSe has been increased further to 37 K at 7 GPa [6]; meanwhile, the partial replacement
of Se with Te in FeSe also yields Tc ∼ 14 K [7], which stimulated much interest in the properties
of FeSe1−xTex .

Recently, the existence of precursor superconductivity above Tc that competes with
the spin-density wave order [8] and a pseudogap-like feature with onset around 200 K [9]
were, respectively, observed on underdoped (Ba, K)Fe2As2 and nearly optimally doped
SmFeAsO0.8F0.2 by optical pump–probe studies. Moreover, a coherent lattice oscillation was
also found in Co-doped BaFe2As2 using time-resolved pump–probe reflectivity with 40 fs
time resolution [10]. These results have unambiguously shown that femtosecond pump–probe
spectroscopy is a protocol to study the simultaneous presence of electrons, phonons, magnons
and the interactions between them. Therefore, further studies of the quasiparticle (QP) dynamics
in FeSCs and its evolution with time and temperature are indispensable for understanding the
mechanism of high-Tc superconductivity in FeSCs. In this paper, we report the time-resolved
femtosecond spectroscopy study of the Fe1+ySe1−xTex single crystals to elucidate the electronic
structure and the QP dynamics.

2. Experiments

In this study, Fe1.14Te and Fe1.05Se0.2Te0.8 single crystals were grown with an optical zone-
melting technique [11]. The FeSe single crystals were grown in evacuated quartz ampoules
using a KCl/AlCl3 flux [12]. The crystalline structure of the samples was examined by
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Figure 1. Temperature and delay time dependence of the two-dimensional (2D)
1R/R in (a) FeSe, (b) Fe1.05Se0.2Te0.8 and (c) Fe1.14Te single crystals. Insets
show the temperature dependence of the magnetic susceptibility for (a) FeSe
in H = 20 Oe, (b) Fe1.05Se0.2Te0.8 in H = 80 Oe and (c) Fe1.14Te in H = 80 Oe.
Panels (d)–(f) are the selected 1R/R at some typical temperatures in panels (a),
(b) and (c), respectively.

x-ray diffraction. The magnetic properties were obtained by temperature dependence of
the magnetic susceptibility χ(T ) as shown in the insets of figure 1. The superconducting
transition temperatures of FeSe and Fe1.05Se0.2Te0.8 are 8.8 and 10 K, respectively. For non-
superconductive Fe1.14Te, pronounced anomalies can be seen at 125 K in the inset of figure 1(c).
Below this temperature, χ(T ) exhibits clear irreversibility between zero-field cooling (ZFC)
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and field cooling (FC) magnetization data. This may be due to the magnetite (Fe3O4) impurities
and related to the Verwey transition, which is observed in magnetite at 120–125 K [13].
According to recent neutron-diffraction experiments in Fe1+yTe [14], the significant drop at
65 K (Tm) corresponds to an antiferromagnetic (AFM) ordering with a rather complex magnetic
structure and to a simultaneous structural transition from tetragonal P4/nmm symmetry to
either monoclinic P21/m or orthorhombic Pmmn symmetry.

The femtosecond spectroscopy measurement was carried out using a dual-color
pump–probe system (for the laser light source, the repetition rate is 5.2 MHz, the wavelength is
800 nm and the pulse duration is 100 fs) and an avalanche photodetector with the standard lock-
in technique. The fluences of the pump beam and the probe beam are 2.48 and 0.35 µJ cm−2,
respectively. The pump pulses have the corresponding photon energy (3.1 eV) where the
higher absorption occurred in the absorption spectrum of FeSe [15] and hence can generate
electronic excitations. The photo-induced QP dynamics is studied by measuring the photo-
induced transient reflectivity changes (1R/R) of a probe beam with a photon energy of 1.55 eV.

3. Temperature-dependent 1R/R

Figure 1 shows the 2D 1R/R taken in Fe1+ySe1−xTex single crystals. For the case of FeSe,
there appear four temperature regions. Above 230 K, T ∗ (region I), there is a fast negative
response with a relaxation time of about 1.5 ps together with a periodic oscillation in which
the minima occur at ∼21 and ∼125 ps, respectively. When the temperature decreases below
230 K (region II), a positive and slow response appears and 1R/R gradually becomes smaller
until T = 90 K (Ts). Below 90 K (region III), the slow positive response disappears and is
replaced by a complicated mixture of the positive and negative components as discussed
later. For T < Tc (region IV), a long-lived negative response appears like the one in region I.
Qualitatively similar features were also observed in a Fe1.05Se0.2Te0.8 single crystal as shown
in figure 1(b). However, the negative oscillations above T ∗ were smeared due to the doping
of Te and completely disappear on a fully Te-doped sample of Fe1.14Te as shown in figure 1(c).
Additionally, in an Fe1.05Se0.2Te0.8 single crystal (figure 1(b)) the positive 1R/R becomes larger
in amplitude with decreasing temperature. This temperature-dependent positive 1R/R also
markedly shows anomalies at 125 and 65 K in figure 1(c) of an Fe1.14Te single crystal, which
are associated with the appearance of Fe3O4 impurities [13] and the magnetic phase transition
[14, 16] as shown in the inset of figure 1(c), respectively.

In the pump–probe measurements, the electronic excitations generated by the pump pulses
result in a swift rise of 1R/R at zero time delay as shown in figure 2. The observed excitation
was triggered by transferring the electrons from d valence band of Fe to d conduction band
of Fe [17]. At zero time delay, the number of excited electrons generated by this non-thermal
process is related to the amplitude of 1R/R. These high-energy electrons accumulated in the
d conduction band of Fe release their energy through the emission of longitudinal-optical (LO)
phonons within several picoseconds [18]. The LO phonons further decay into longitudinal-
acoustic (LA) phonons via anharmonic interactions, i.e. transferring energy to the lattice. These
relaxation processes can be detected using a probe beam as shown in figures 1 and 2. In the
two-temperature model, the electrons and phonons (or lattice) are in thermal quasiequilibrium
with two different time-dependent temperatures Te and Tl. After the excitation of pump pulses,
the increase of electron temperature is dramatically larger than that of phonons (Te can reach
several thousands of Kelvin above Tl) because of the much smaller heat capacity in the electron
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Figure 2. Selected 1R/R curves for (a) FeSe, (b) Fe1.05Se0.2Te0.8 and (c) Fe1.14Te
single crystals. Dashed lines are the fitting curves using equation (1). Solid lines
are the fitting curves without the oscillation component in equation (1). Insets
show the oscillation component (subtract the solid line from the open circles)
and their Fourier transformation.
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subsystem. Then, both subsystem temperatures of electrons and phonons will become equal
through electron–phonon coupling. Namely, the Te decreases with a timescale of sub-ps to
ps by transferring energy to phonons [19]. Following that, the Tl will decrease with a time
scale of several ps to several hundreds of ps by phonon population decay (inelastic scattering)
or dephasing (elastic scattering) [19]. According to the two-temperature model, relaxation
processes (t > 0) of 1R/R in Fe1+ySe1−xTex single crystals can be phenomenologically
described by

1R

R
= Ae e−t/τe + ALO e−t/τLO + A0 + ALA e−t/τLA sin

(
2π t

T (t)
+ φ

)
. (1)

The first term in the right-hand side of equation (1) is the decay of Ae with a relaxation time
τe, which is proportional to the initial excited electron (photoexcited QP) population number
per unit cell [20]. In the second term, ALO is proportional to the high-energy phonon population
number per unit cell and decay with the relaxation time τLO. The third term describes energy
loss from the hot spot to the ambient environment within the time scale of a microsecond, which
is far longer than the period of the measurement (∼150 ps) and hence is taken as a constant. The
last term is the chirped oscillation component associated with strain pulse propagation8: ALA is
the amplitude of the oscillation; τLA is the damping time; T (t) is the time-dependent period; and
φ is the initial phase of the oscillation.

Like the dashed lines in figures 2(a) and (b), equation (1) can fit the 1R/R data very
well in FeSe and Fe1.05Se0.2Te0.8 single crystals. However, the fitting for 1R/R in Fe1.14Te
has almost no need for the oscillation component in equation (1), as shown in figure 2(c).
Consequently, each component in 1R/R described above can be extracted using equation (1).
The results of the extraction are shown in figure 3. For the negative and fast component (Ae)
of 1R/R only observed at T > 230 K and T < 90 K, it gradually increases as T decreases
from 90 K; meanwhile, it also suppresses the positive and fast component that appeared at
100–200 K in figure 1(d). This trend is closely related to the strong AFM spin fluctuations
below T = Ts as revealed by 77Se NMR measurements [23]. The relaxation of QP associated
with the spin fluctuations between Tc and 90 K (in figure 3(b)) is ∼1.5–2 ps, which is almost
temperature-independent. Intriguingly, as T < Tc, Ae dramatically shrinks as shown in the inset
of figure 3(a); meanwhile, the QP relaxation time increases rapidly as shown in the inset of
figure 3(b). Correspondingly, the spin–lattice relaxation rate 1/T1 also decreases rapidly due to
the onset of superconductivity [23]. These certainly indicate that the growth of Ae associated
with spin fluctuations at low temperatures is suppressed by the appearance of superconductivity.
Thus, the spin fluctuations and superconductivity are competing factors in the FeSe system.
The above results provide strong experimental evidence of competing orders in FeSe, which
are consistent with the theoretical calculations [24]. It is noted that experimental evidence on

8 In the displacive excitation of coherent phonon (DECP for absorbing media) mechanism [21], photoexcitation
induces changes in the electronic energy distribution function, and consequently, the crystal lattice starts to oscillate
around the new equilibrium position A0(t), which is proportional to the photoexcited carrier density n(t). In the
first order, only the A1g totally symmetric modes are currently excited by the DECP mechanism. In 2002, Stevens
et al [22] further solved the equation of motion for an LO vibrational mode to obtain the coherent phonon amplitude
(or population), ALO ∝ Im(ε). Namely, the changes in phonon population ALO cause a variation of the imaginary
part of the dielectric constant ε. Then, changes in the imaginary part of ε vary the refractive index and cause
further changes in reflectivity (R) in materials. Therefore, the 1R/R in FeSe is proportional to the population of
LO phonons, 1R/R ∝ ALO.
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Figure 3. Temperature dependence of the amplitude (a) Ae, (c) ALO and the
relaxation time (b) τe, (d) τLO by fitting equation (1). Insets of (a) and (b) show a
part of the temperature-dependent Ae and τLO on an enlarged scale. Dashed lines
are a guide to the eyes.

the competing orders was also reported in the underdoped (Ba, K)Fe2As2 system [8]. The
presence of a gap in the QP density of states gives rise to a bottleneck in carrier relaxation,
which is clearly observed in the relaxation time τe close to Tc (see the inset of figure 3(b)).
For the slower component (solid circles in figure 3(c)), the amplitude ALO monotonically
decreases as T decreases except for a small kink at Ts and then completely disappears in
the superconducting state. In contrast, the relaxation time τLO (solid circles in figure 3(d))
exhibits two marked anomalies at both T ∗

∼ 230 K and Ts ∼ 90 K. According to the scenario of
relaxation processes described in [19] (see footnote 8), τLO is the relaxation time of LO phonon
population via anharmonic decay into LA phonons. The divergences of temperature-dependent
τLO at Ts ∼ 90 K and T ∗

∼ 230 K imply a possibly efficient way or a bottleneck for the energy
relaxation from LO phonons to LA phonons. If we take a look at the temperature-dependent LA
phonon energy in figure 5, we only find one significant drop around 90 K, where the structural
transition from the tetragonal phase to the orthorhombic phase occurs [25]. The smaller LA
phonon energy causes the energy of LO phonons to more efficiently release to LA phonons
and results in a significantly shorter relaxation time τLO around 90 K. Moreover, the structural
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transition also leads to the more fluctuant τLO around 90 K. For an abnormally long relaxation
time τLO of around 230 K, however, we cannot find any significant corresponding changes in the
temperature-dependent LA phonon energy of figure 5. Thus, this bottleneck in the LO phonon
energy transfer is possibly due to the photo-induced QPs rather than the LA phonons. As shown
in figure 3(a), the sudden disappearance of Ae below 230 K may undermine the energy release
efficiency of LO phonons. The sign change of the Seebeck coefficient of FeSe possibly due to
an elusive higher-temperature phase transition was found to be also at T ∗ [26].

All the above anomalies of ALO and τLO in FeSe were also found in superconductive
Fe1.05Se0.2Te0.8, but almost disappear in non-superconductive Fe1.14Te. For the case of Fe1.14Te,
we only observed the abnormal changes of ALO at Tm ∼ 65 K and near 125 K, which were caused
by the magnetic phase transition and the Verwey transition as shown in the inset of figure 1(c),
respectively. This implies that the anomalies of ALO and τLO at Ts ∼ 90 K and T ∗

∼ 230 K may
be associated with the superconductivity in FeSCs. Namely, both phase transition at T ∗

∼ 230 K
and Ts ∼ 90 K would be the key effect to cause superconductivity at low temperature [27].

4. Electron–optical phonon coupling strength

By fitting the 1R/R curves with equation (1), dynamic information on QPs and phonons is
available, which includes the number of QPs, the relaxation time of QPs and the energy of
phonons. In a metal, the photo-induced QPs relaxation time is governed by transfer of energy
from electrons to phonons with electron–phonon coupling strength λ [28]:

1

τe
=

3h̄λ〈ω2
〉

πkBTe
, (2)

where λ〈ω2
〉 is the second moment of the Eliashberg function and Te can be further described

by [29]

Te =

〈√
T 2

i +
2(1 − R)F

lsγ
e−z/ ls

〉
, (3)

where Ti is the initial temperature of electrons, R is the unperturbed reflectivity at 400 nm, F
is the pumping fluence and γ is the linear coefficient of heat capacity due to the electronic
subsystem. The mean value is taken for the depth z going from the crystal surface down to
the skin depth ls ∼ 24 nm (it was estimated from the skin depth of an electromagnetic wave in
a metal, λ/4πk). All the parameters for the calculation of electron–phonon coupling strength
are listed in table 1. For the estimation of 〈ω2

〉, some vibrational modes are more efficiently
coupled to QPs than others. In the case of Co-doped BaFe2As2, the symmetric A1g mode is
coherently excited by photoexcitation and efficiently coupled [10]. Consequently, we take the
A1g mode into account in the present case of Fe1+ySe1−xTex , which is the strongest phonon
mode in the electron–phonon spectral function, α2 F(ω) [17]. By equation (2), the consequent
electron–phonon (A1g mode) coupling strength, λ = 0.16, in FeSe. This value is consistent with
the theoretical results of λ = 0.17 [17] obtained by using a linear response within the generalized
gradient approximation. For the case of Fe1.05Se0.2Te0.8, we obtained λ = 0.01, which is smaller
than the value of λ = 0.16 in FeSe even if it possesses a higher Tc ∼ 10 K. Furthermore, we
can use the McMillan formula [34], Tc = (〈ω〉/1.2) exp{−[1.40(1 + λ)]/[λ − µ∗(1 + 0.62λ)]},
to evaluate the critical temperature Tc. Taking 〈h̄ω〉 = 19.9 meV and µ∗

= 0 [35], we obtain
Tc ∼ 0.08 K for FeSe and ∼0 K for Fe1.05Se0.2Te0.8, which are far below the actual Tc of about
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Table 1. The parameters for λ estimating at T = 20 K of the Fe1+ySe1−xTex single
crystals.

Tc R F γ a τe A1g
b λ〈ω2

〉
c λ

(K) (400 nm) (µJ cm−2) (mJ mol−1 K−2) (ps) (meV) (meV2)

FeSe 8.8 0.25 9.92 5.73 1.75 19.9 61.3 0.16
Fe1.05Se0.2Te0.8 10 0.20 15.76 57.5 4.32 20.0 4.5 0.01
Fe1.14Te – 0.11 17.36 32.0 2.86 19.7 4.0 0.01

aFrom [12, 30].
bFrom [31–33].
cObtained from equation (2).

8.8 and 10 K, respectively. Therefore, the electron pairing mechanism in Fe1+ySe1−xTex cannot
be explained only by the electron–phonon interactions. Recently, the electron–phonon coupling
strength of λ ∼ 0.12 was measured in the Ba(Fe0.92Co0.08)2As2 system, which is also too small to
sustain its Tc of 24 K [36]. These results strongly imply that a phonon-mediated process cannot
be the only mechanism leading to the formation of superconducting pairs in FeSCs.

5. Acoustic phonon softening

Further insight into the phase transition observed at ∼90 and ∼230 K in Fe1+ySe1−xTex is
provided by the study of the oscillation component of 1R/R. The temperature dependence
of a strain pulse (LA phonons) propagation was clearly observed in the oscillation feature
of 1R/R after subtracting the decay background (i.e. the first, second and third terms in
equation (1) and the solid lines in figure 2), as shown in figures 2(a) and (b) and 4. This
oscillation is caused by the propagation of strain pulses inside Fe1+ySe1−xTex single crystals,
namely the interference between the probe beams reflected from the crystal surface and the
wave front of the propagating strain pulse [37]. At high temperatures, the damping time is very
short and the oscillation is sustained only for one period. However, the number of oscillation
periods markedly increases around 100 K in FeSe (see figure 4(a)); hence, the damping time
becomes much longer. Besides, the oscillation period significantly increases below 90 K. This
means that the LA phonons can propagate further into the interior of FeSe crystals with
orthorhombic structure. Similar features were also observed in Fe1.05Se0.2Te0.8. Nevertheless,
the characteristics of the temperature-dependent oscillation component in superconductive FeSe
and Fe1.05Se0.2Te0.8 are almost obscured in the non-superconductive Fe1.14Te.

By Fourier transformation of the oscillation component at T = 100 K in the right inset
of figure 2(a) of FeSe, the phonon frequency is found to be 16 GHz. The phonon energy
is estimated to be ∼0.07 meV. The coherent acoustic phonon detected by a pump–probe
reflectivity measurement can be described as a Brillouin scattering [38] phenomenon occurring
in the materials after excitation of pump pulses. The scattering condition is qphonon =

2nkprobe cos(θi), where qphonon is the phonon wave vector, n is the real part of the refractive index,
and the probe photon has a wave vector kprobe arriving at an incident angle θi (inside crystals)
with respect to the surface normal. Following this scattering condition, the probe beam acts as
a filter to select the acoustic wave propagating along the scattering plane symmetry axis, i.e.
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Figure 4. Temperature-dependent oscillation component of 1R/R in (a)
FeSe, (b) Fe1.05Se0.2Te0.8 and (c) Fe1.14Te single crystals, which were obtained
by subtracting the decay background (the first, second and third terms in
equation (1)) from 1R/R of figure 1. Dashed lines are a guide to the eyes.

the normal to the crystal surface, and traveling with the wave vector qphonon. The energy of the
acoustic wave is

Ephonon = h̄ωphonon = h̄qphononvs = h̄2nvskprobe cos(θi), (4)

where vs is the sound velocity along the normal direction of the crystal surface. Using λprobe =

800 nm, nprobe = 2 [15], θi = 2.5◦ (estimated from the incident angle (5◦) of the probe beam
by Snell’s law) and vs = 3.58 km s−1 [39], the phonon energy, Ephonon, is calculated to be
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Figure 5. Temperature dependence of the phonon energy derived from the
oscillation component in figure 4. The inset shows a part of the temperature-
dependent phonon energy on an enlarged scale. Dashed lines are a guide to the
eyes.

0.077 meV, which is very close to the result, 0.07 meV, directly obtained from the above 1R/R
measurements.

Moreover, we further investigate the temperature dependence of the LA phonon energy as
shown in figure 5. For the case of FeSe, the phonon energy dramatically drops by 60%9 around
90 K where a structural phase transition occurs, and then remains constant at low temperatures.
Additionally, we found that the LA phonons also soften by 6% in the superconducting state
as shown in the inset of figure 5, which is consistent with the larger distance between the
first depth and the first peak in figure 4(a). Very recently, the phonon softening near the
structure transition in BaFe2As2 and Co-doped BaFe2As2 was observed by inelastic x-ray
scattering [40] and resonant ultrasound spectroscopy [27, 41], respectively. Fernandes et al
[27] found 16% softening of shear modulus in BaFe1.84Co0.16As2 at Tc = 22 K. For the non-
superconducting case of BaFe2As2, however, a rather large softening of 90% was observed
around 130 K, where the structural and AFM phase transition temperature occurs. Similarly, a
large phonon softening due to structural phase transition and a rather small phonon softening due
to the superconducting phase transition were also unambiguously observed in superconductive
FeSe and Fe1.05Se0.2Te0.8. These results suggest that the reduction of phonon energy at both
the structural and the superconducting phase transition is a general feature of FeSCs. The
above phonon softening may participate in superconductive pairing, albeit not the mechanism
responsible for high Tc in FeSCs. Additionally, in the non-superconductive Fe1.14Te a marked
anomaly was clearly observed at around 65 K, which is just the temperature of magnetic phase
transition as shown in the inset of figure 1(c). Namely, the LA phonons in Fe1.14Te softened with
the appearance of AFM ordering through the magnetoelastic effect. In Kulić and Haghighirad’s
theoretical calculations [42], they also predicted the existence of giant magnetoelastic effects at

9 Assume that the refractive index n of FeSe is temperature-independent.
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the transition from the magnetic state to the non-magnetic state in Fe-pnictides. Consequently,
the phonon softening in FeSe and Fe1.05Se0.2Te0.8 accompanying the simultaneous appearance
of spin fluctuations shown in figure 3(a) may also be caused by the magnetoelastic effect.

6. Summary

We have studied the ultrafast QP dynamics and phonon softening in Fe1+ySe1−xTex single
crystals by dual-color femtosecond spectroscopy. From the relaxation time τe of 1R/R, the
electron–phonon coupling strength was obtained to be λ = 0.16 for FeSe and λ = 0.01 for
Fe1.05Se0.2Te0.8. The anomalous changes of amplitude (Ae, ALO) and relaxation time (τe, τLO)
in the temperature-dependent 1R/R are clearly observed at 90 K (Ts) and 230 K (T ∗) and
show the existence of phase transition in FeSe and Fe1.05Se0.2Te0.8. Moreover, the energy of
LA phonons as a function of temperature estimated from the oscillation component of 1R/R
markedly softens at Tc and the temperatures of the structural and magnetic phase transitions
through the magnetoelastic effects. Our results provide a vital understanding of the competing
picture between the spin fluctuations and the superconductivity, and the role of phonons in Fe-
based superconductors.
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