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Abstract: We present an investigation on the intrinsic optical properties of superconducting
FeSe thin films deposited on CaF, substrates. It is found that the samples respond strongly
to the near-infrared (NIR) irradiation in different temperature regimes. Thus, we are able to
measure the optical reflectivity of the in-plane (ab-plane) thin films from room temperature
to 5 K. A critical behavior near the superconducting transition temperature (7.~10 K) can
be observed optically in the temperature-dependent reflectivity spectrum. We carry out the
Kramers—Kronig analysis of the experimental data and discuss the basic optical properties of
superconducting FeSe thin films in different structural phases above and below the transition
temperature Ts~100 K. By fitting experimental data with the Drude—Smith and Drude—
Lorentz formulas, we obtain the key sample parameters such as the electronic relaxation
time and dc conductivity. The interesting and important findings obtained from this study
not only shed new light on the pairing mechanism in FeSe but also demonstrate that the
NIR reflection experiment is a powerful and convenient optical technique for contactless
characterization and investigation of superconducting thin film materials.

Index Terms: Infrared, reflection, thin films, optical properties, spectrum analysis

1. Introduction

Since the discovery of high- T, superconductivity in iron-based superconductors (FeSCs) in 2008 [1],
considerable experimental and theoretical studies have been devoted to explore their characteristic
features such as electronic structure, transport properties, superconductivity, structural and elec-
tronic phase transitions, etc. [2], [3]. FeSe is a typical FeSC which can be applied for understanding
the microscopic mechanism of the superconductivity because of its simple crystal structure [4].
In recent years, the related research attention has been focused on the electronic structure and
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TABLE 1
The Detailed Parameters for Samples

FeSe Thickness T<(zero) T.(onset)
Sample A 1:1 160 nm 9.55K 11.25K
Sample B 1:1 160 nm 9.26 K 11.53 K

superconductivity in FeSe thin films with a single unit cell deposited on SrTiO3 and CaF, substrates
[5]-[11]. Very recently, we have fabricated high quality FeSe single crystal thin films via epitaxial
growth on the CaF, substrates and have conducted the investigation of the corresponding elec-
tronic structure, superconductivity, transport properties, and magnetism of these thin films [12],
[13]. In particular, because we have obtained the high quality and relatively large-size single crystal
FeSe thin film samples, it now becomes possible to examine the basic physical properties of FeSe
thin films via optical measurements. As a matter of fact, the optical properties of FeSe thin films
or bulk materials have been measured via conventional optical experiments [14]-[17]. Nakajima
et al. [16] reported the optical properties of FeSe film on CaF, substrate. They found an anomalous
behavior of the optical phonon mode below structural phase transition temperature Ts at 40.16 um
which implies the orbital origin of the structural transition [16]. They also observed two interband
transitions at about 2 um and 5 um [16], but did not report the superconducting transition below
2 um [14], [16]. It is known that the optical measurement is a powerful, effective and non-invasive
experimental approach in studying the electronic systems and in obtaining the key sample and ma-
terial parameters of an electronic system [18]—[21]. In contrast to electric transport measurement
on a field effect transistor (FET) or Hall bar device, the contact electrodes on the sample are often
not required in optical experiments. Moreover, through examining the temperature dependence of
the optical spectroscopy for superconducting thin films, one can investigate optically the features
of the coexistence of the superconducting and other electronic and structural phases [22], [23] and
examine the electronic and optical properties of FeSe in different temperature regimes.

In this work, we present an optical spectroscopic study on the in-plane properties of FeSe
thin films on CaF, substrates from 5 to 300 K through near-infrared (NIR) reflection experiments.
The present study is focused on the optical properties of FeSe thin films in both the normal
and superconducting states. We intend to examine the temperature-induced metal-superconductor
transition (MST) and the dependence of the real and imaginary parts of the optical conductivity
upon NIR radiation wavelength. We analyze the data using Drude-Lorentz and Drude-Smith model
at selected temperatures both below and above the structural phase transition temperature Ts.
Meanwhile, the corresponding optical parameters can be obtained.

2. Experimental Details

In this study, high-quality FeSe single crystal thin films are prepared on CaF, substrates by pulsed
laser deposition (PLD) technique. The details of the sample fabrication and characterization for the
FeSe thin films can be found in previous reports [13], [24]. In the present study, two FeSe films
(Samples A and B) with slightly different T are studied and their key material parameters are listed
in Table 1. The size of these CaF, substrates are 5 mm x 5 mm x 0.5 mm and the thickness of
FeSe epitaxial thin films is about 160 nm. The X-ray diffraction (XRD) results are shown in Fig. 1
(left panel), where only (00l) peaks can be observed, indicating that these FeSe films are in single
crystal phase. Hence, the FeSe thin film samples used in this study are with good lattice orientations
and high single crystal quality. The middle panel of Fig. 1 shows the surface morphologies of these
FeSe thin films by scanning electron microscope (SEM). Here, the precipitates observed are the
common characteristic of the samples prepared via PLD method. Moreover, the stoichiometric
Fe:Se ratio of 1:1 for these samples are confirmed by energy dispersive spectroscopy (EDS). The
results from elemental composition of the EDS spectra for these FeSe films are also shown in Fig. 1
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Fig. 1. X-ray diffraction pattern (left panel) of an FeSe thin film grown on <001> CaF, substrate.
SEM image (middle panel) and the corresponding EDS spectrum (right panel) for the top surface of
the FeSe sample. The inset (in the right panel) shows the temperature dependence of resistance for
superconducting FeSe thin film.

(right panel). The corresponding ¢-scan and w-scan [24] along with the STEM [25] results for these
FeSe thin films have been documented previously in the literature.

We then carry out the measurement of longitudinal resistivity (ox) and Hall coefficient (Ry)
from 2 to 300 K [25]. We find that the superconducting transition temperature for FeSe thin film is
T.~10 K from the temperature dependence of resistance shown in Fig. 1 (right panel inset). In the
temperature regime of 20 K < T < 90 K, the temperature dependence of electron mobility («e) and
hole mobility (u«n) for FeSe thin film samples with different T. temperatures can be obtained by the
two-carrier model [25]. When the temperature Tis below 20 K or larger than about 90 K, this model
cannot fit well to experimental data because of the superconducting fluctuations and the structural
transition, respectively [25], [26]. In the low temperatures from 10 to 20 K, the dominant contribution
carriers to affect the transport properties are holes [27]. In this temperature regime Ry is induced
by holes alone in the sample so that Ry = 1/(n,e), where ny, is the hole density which is about
2.45 x 10%° cm~2 at 20 K [25]. The hole mobility obtained from electrical transport measurement
is about un = 100 cm?/(V s) at 20 K [25]. Considering that the effective mass for holes in FeSe is
m*~1.3 my [27] with my being the rest electron mass, we find that the electronic relaxation time
t = um*/e for FeSe thin film in metallic phase is of the order of 50 fs at 20 K, which is in line with
the result obtained from corresponding THz transmission measurement [27].

It is known that the superconductivity and electric conductance depend strongly on carrier con-
centration [28], [29] and electronic relaxation time induced by scattering centers. When the condition
wt~1 is satisfied, with » being the radiation frequency, the response of electrons in an electronic
system to optical irradiation can be observed so that the optical coefficients such as optical trans-
mission and reflection along with corresponding optical conductivity are the functional form of the
radiation frequency. The electronic relaxation time ~50 fs, measured via transport experiment
for FeSe thin films, implies that the near-infrared (NIR) optical experiment can be applied for the
investigation of optical properties of FeSe single crystals. For our samples, the thickness of the
CaF, substrate is about 0.5 mm, which is much larger than NIR wavelength. As a result, the strong
absorption of the incident NIR light by the substrate can occur. Therefore, the NIR reflection exper-
iment is a good option for studying the optical property of the FeSe thin film on such a dielectric
substrate. Furthermore, because the thickness of the FeSe thin film is about 160 nm, which is far
less than the NIR light wavelength, the reflection pattern induced by thin-film interference effect can
be avoided in the measurements.

In our custom-built experimental setup, the optical reflection (OR) spectrum measurements are
carried out in the NIR bandwidths with the spectral range from 1.1 to 1.9 um in wavelength. The
schematic diagram of the NIR measurement is shown in Fig. 2. In the reflection experiments, the
standard deuterium lamp is employed as a broadband NIR incident light source. The incident and
emergent light beams are both with an angle 45° to the FeSe sample surface. In this configuration,
the incident light field can couple with the electrons in the ab-plane for FeSe thin films and, thus, the
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Fig. 2. Schematic diagram of the NIR reflection measurement for FeSe thin films. Here Ly and L3 are
collimating lens and L, and L4 are light focusing lens.

OR spectrum can carry the information about how electrons in the sample respond to the applied
radiation field. In Fig. 2, L1 and L3 are collimating lens and L, and L4 are focus lens. The OR spectrum
is recorded using an imaging spectrometer (iHR320 HORIBA Jobin Yvon, USA) and the InGaAs
photodetector is used for the detection of the NIR light beams in 1.1-1.9 xm wavelength regime.
In the experiments, the results of NIR reflection spectra from Cu mirror are applied as reference.
Because both samples and CaF, substrates are with relatively higher transmittance in the NIR
bandwidth, the results of the measurement on Cu mirror can reflect the main profile of the radiation
light source. The frequency and temperature dependence of reflectivity spectrum for CaF, below
16.7 um is negligible [16], [30], since CaF, has the stable and good transmittance performance
for a broad wavelength range of 0.125-10 um [31]. The depth of penetration of NIR radiance is
about several tens of nanometers for metal materials and, thus, the NIR reflectivity from CaF,
substrate can be negligible. As a result, the reflectance spectrum measured in the experiment
contains mainly the intrinsic behavior of the FeSe films. We measure the reflection spectra for
both FeSe thin films in (001)-orientation and the Cu mirror as a function of temperature, where
the variation of temperature is achieved in a liquid-helium closed cycle cooling system (Oxford,
UK). For Sample A (B), the measurements are undertaken in temperature range from 5 to 300 K
(40 K). It should be noted that because the intensity of NIR light reflection from Cu mirror depends
on temperature, we measure the temperature dependence of the NIR reflection from Cu mirror
upon temperature in order to obtain more accurate data for reflectivity of the FeSe thin film at a
given temperature.

3. Results

By definition, the optical reflectivity of a sample at a given temperature is the ratio of the measured
light reflection intensity of the sample (FeSe thin film plus substrate) and the reference (Cu mirror)
at the same temperature. The corresponding NIR reflectivity spectra for Sample A at different
temperatures at 5, 10, 20, 50, 100, 150, 200, 250, and 300 K are shown in Fig. 3 (left panel).
The dependence of optical reflection upon temperature is a consequence of the fact that the dc
conductivity and electronic relaxation time in an FeSe thin film depend on temperature. As we can
see from the left panel of Fig. 3 that within radiation wavelength regime 1.1-1.9 um, the reflectivity
for a FeSe thin film first increases (5—10 K) then decreases (10-300 K) monotonically with increasing
temperature, and the intensity of the reflectivity depends rather weakly on radiation wavelength at
a given temperature, especially at high temperatures. It should be noticed that the small peaks at
about 1347 and 1556 nm in Fig. 3 (left panel) are the characteristic lines of the deuterium lamp.
To study the characteristics of temperature dependence of the reflectivity, in right panel in Fig. 3
we plot the optical reflectivity for FeSe samples A and B (inset) as a function of temperature at
different radiation wavelengths. A notable change of the NIR reflectivity can be observed at about
10 K for radiation wavelength from 1.1 t01.9 um. The peak position at about 10 K corresponds
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Fig. 3. NIR reflectivity spectra for Sample A (left panel) at different temperatures as indicated. NIR
reflectivity for Sample A (right panel) as a function of temperature at different radiation wavelengths 1.3,
1.4,1.5,1.6, 1.7 and 1.8 um as indicated. A notable change of the NIR reflectivity can be observed at
about 10 K, and the same change can be observed in Sample B (right panel inset).

to superconducting transition temperature T, for Sample A and Sample B. We notice that in the
measurement, the accuracy of the temperature control is of the order of 1 K. Thus, a roughly the
same T, is measured for both Sample A and Sample B. We find that the same T,~10 K can
be measured at different radiation wavelengths from 1.1 to 1.9 um, which implies that the NIR
experiment using the standard deuterium lamp as a broadband light source does not affect the
electronic structure of the FeSe thin film material.

For optical study of an electronic system, optical conductivity is the key physical quantity from
which we can obtain other optical parameters such as transmission, absorption, and reflection
coefficients via basic physics laws. The complex optical conductivity can be written as o(w) =
o1(w)+io2(w) with o1(w) and o2(w) being the real part and imaginary part respectively. In optical
reflection experiment, the optical reflectivity: R(w) = (N — 1)/(N + 1) where N = n(w) + ik(w) with
n(w) and «(w) being respectively the refractive index and extinction coefficient. Thus, the real and
imaginary parts of the optical conductivity are given as

o1(w) = weo [2n(w)k(w)], (1)
and

02(e) = weo [1 — P2(@)E ()] . (2)

where ¢ is the permittivity of the free space. In the present experiment we are unable to measure
directly the imaginary part of the reflectivity. However, we can get this quantity via standard Kramers-
Kronig (K-K) transformation of the experimental data for R(w). The phase angle 6(w) of the optical
reflectivity can be evaluated via K-K transformation, 6(w) = —fP[fooo %ds]. In the present study,
we take the Hagen-Rubens relation: R(w) = 1-Aw'”? for the low frequency (below 2 ;zm) extrapolation
and R(w)~w~* for high frequency (above 1 um) extrapolation. It should be noted that for a FeSe
thin film the NIR irradiation can result in interband electron transition [17], [32] because the NIR
photon energy is larger than electronic band gap of the FeSe material. Using the reflectivity obtained
experimentally and the phase angle obtained via K-K transformation we can get respectively the
refractive indexn(w) = 1-R) 2yR)Snbe)
1 72%008 O(w)+R(w) 1 72\/%003 O(w)+R(w)

In Fig. 4(a) and (b) we show the NIR spectra for respectively the real o1(w) and imaginary o2(w)
parts of the optical conductivity measured at different temperatures. From o4(w) shown in Fig. 4(a),
we see that in NIR regime the real part of the optical conductivity for FeSe does not decrease
monotonously with increasing » at different temperatures. From o2(w) shown in Fig. 4(b), we find
that the imaginary part of the optical conductivity for FeSe can become negative in NIR bandwidth.
These results imply that the optical conductivity for FeSe cannot be described rightly by the standard
Durde formula which gives that o () should decrease with increasing w and o2 (w) should always be
positive. In superconducting phase (T < 10 K), the optical conductivity in NIR bandwidth is mainly
induced by the correlation effect of FeSe superconductor in the presence of the Hund’s coupling
of Fe 3d orbitals [33], [34]. From o2(w) shown in Fig. 4(b), we notice that when T>100 K the

and the extinction coefficient «(w) =
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Fig. 4. The spectra for real o1(w), in (a), and imaginary o2(w), in (b), parts of optical conductivity in an
FeSe thin film at different temperatures as indicated.

imaginary part of the optical conductivity depends very weakly on temperature, whereas a strong
dependence of oo(w) upon temperature can be observed when T < 100 K. Furthermore, when
T < 100 K, o2(w) can even change the sign with varying w. It is known that the upper Se-Fe-Se
angle or two Fe-Fe distances can be altered across Ts~90 K [35], which mainly affects the Fe 3d
orbital [16] and results in a tetragonal to orthorhombic structural phase transition [35]. Therefore,
in different structural phases the electronic mobility or dc conductivity should be different in FeSe
where the Hund’s coupling between itinerant electrons and localized electrons plays an important
role in determining the electronic and optical properties of FeSe [33].

FeSe is an electronic material which can have phase-transition induced by temperature [35],
radiation field [16] and other experimental conditions. It is interesting to note that in FeSe, a
tetragonal to orthorhombic structural phase transition occurs at about T;~90 K [35]. Different
electronic phases correspond to different mechanisms of the electronic transition accompanied by
the absorption of NIR photons. Thus optical conductivity in different phases of FeSe can be achieved
via different mechanisms. As a result, different theoretical models for optical conductivity have to be
applied for the examination of the optical properties in the sample. Usually, in conventional metals
and semiconductors, optical conductivity can often be described simply using, e.g., the Drude
formula: o(w) = oo/(1-iwt), Where oy = Ne€?t/m* is the dc conductivity with N, being the carrier
density, m* the effective electron mass and t the electronic momentum relaxation time. However,
it is known that in infrared charge dynamics, the iron-based superconductors have pronounced
bad-metal characteristics [36]. We find that when temperature is below about 100 K, the complex
conductivity obtained experimentally can be well described by the Drude-Lorentz formula [37],

ot
i(0f — ?)? + ot

@)

o(w) = o9

Here wy is a resonance frequency of a Lorentz oscillator. When the temperature is above 100 K,
the complex conductivity obtained experimentally can be fitted nicely to a modified Drude formula
or the Drude-Smith formula via [38],

o) = 77 [1 +Zﬁ} @)

n=1

Here a coefficient ¢, = [—1, 0] describes the fraction of original velocity for an electron after the
nth collision event, which reflects the effect of electronic localization. For a nonzero ¢, or in the
presence of electronic localization effect, the optical conductivity can increase with wt [38]. We find
that when taking n = 1, i.e., o(w) = oo/(1 — iwt)[14+c/(1 —iwt)] With ¢ = ¢4, good fitting between
experimental data and Drude-Smith formula can be achieved.

In Fig. 5, we show the results of fitting of the real and imaginary parts of the optical conductivity
obtained from K-K transformation of the experimental data with the theoretical formulas. As we can
see, the experimental data fit well to the Drude-Lorentz formula (Drude-Smith formula) at T= 50 K
(150 K) as shown in Fig. 5(a) (Fig. 5(b)). We find that when T < 100 K (T > 100 K), the good fitting
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Fig. 5. The fitting of the experimental data for the real (black dots) and imaginary (red dots) parts of the
optical conductivity with the Drude-Lorentz formula at 50 K in (a) (black and red curves) and with the
Drude-Smith formula at 150 K in (b) (black and red curves).
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Fig. 6. Temperature dependences of the relaxation time 7 in (a) and dc conductivity o in (b) for FeSe
thin film sample A obtained by the Drude-Lorentz fitting (7 < 100 K) and the Drude-Smith fitting (T >
100 K) and the corresponding results for sample B (insets) around T, temperature. Here we also show
the results of the dc resistivity obtained from electric transport measurement (blue curve in (b)). The
Lorentz oscillation frequency wg and the electronic localization factor ¢ for FeSe thin film sample A and
B (inset) are shown, respectively, in (c) and (d) as a function of temperature in different temperature
regimes.

of the experimental results and the theoretical formula can be achieved by using Drude-Lorentz
formula (Drude-Smith formula). This finding confirms that the FeSe samples undergoes the phase
transition around 100 K.

Through fitting of the real and imaginary parts of the optical conductivity obtained experimentally
with theoretical formula, we are able to obtain optically the key material parameters such as the
electronic relaxation time t, the electron density N, and the Lorentz frequency wp or electronic
localization factor c. In Fig. 6(a) and (b) we show respectively the electronic relaxation time = and
the dc conductivity oo~Ne€?t/m* as a function of temperature for FeSe thin film samples. In normal
phase for FeSe, T > 10 K, t decreases with increasing temperature (see Fig. 6(a)), similar to
a normal metal or semiconductor due to electron-phonon scattering whose coupling strength is
proportional to phonon occupation number Ng = [exp(hwa/ks T)—1]~", with hwq being the phonon
frequency. This leads to a decrease in o with increasing temperature in normal state, in line with the
dc resistivity p«x obtained from electric transport measurement (blue curve in Fig. 6(b)). Fig. 6(c) and
(d) show the temperature dependence of the Lorentz frequency wg and electronic localization factor
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¢, respectively, in different temperature regimes. g increases with temperature for samples A and
B below 100 K, which implies that the elementary electronic excitation increases with temperature
in FeSe. Above 100 K, the electronic localization factor ¢ depends rather weakly on temperature
but with a relatively big value at about —0.9, which implies a strong electronic localization effect in
FeSe in high-temperature region.

The results obtained from electric transport measurement on FeSe thin films [12], [13], [25]
indicate that in normal state, the dc resistivity pxx of the sample increases monotonically with
temperature from T up to room temperature in Fig. 6(b). This suggests that the electrons in a FeSe
thin film are in a metallic state when T > T.. In a metallic phase, the optical absorption, transmission
and reflection all occur simultaneously in a FeSe thin film. The absorptivity A, the transmissivity T,
and the reflectivity R should satisfy the energy conservation law: A + T, + R = 1. Normally, the
optical absorptance (transmittance) is proportional (inversely proportional) to optical conductivity
[23]. The relatively large pxx in FeSe thin films, measured experimentally [12], [13], [25], corresponds
to a small op shown in Fig. 6(b) and a relatively short r shown in Fig. 6(a). As a result, the optical
conductivity o(w) depends relatively weakly on radiation frequency in NIR bandwidth. This becomes
the main reason why NIR reflectivity from a FeSe thin film depends relatively weakly on radiation
wavelength as shown in the right panel in Fig. 3. Furthermore, a small o leads to a small optical
conductivity o(w). Thus, optical absorption is relatively weak in FeSe thin films due to A(w)~0o1(w).
With increasing temperature, the dc resistivity p« increases so that the real and imaginary parts of
o(w) decrease and, thus, the optical transmissivity T,(w) increases. Hence, the optical reflectivity
R(w) decreases with increasing temperature in FeSe thin films in metallic phase, as shown in the
right panel in Fig. 3. As a consequence, the NIR reflectivity measured in the present study reflects
basically the nature of conductivity in FeSe thin film samples.

4. Conclusions

In the present study, the superconducting FeSe thin films have been fabricated on CaF, substrates
via PLD technique. We have carried out an investigation on basic optical properties of FeSe thin
films via near-infrared reflection experiments. The temperature dependence of the NIR reflectivity
from FeSe thin films has been examined. The main conclusions drawn from this study can be
summarized as follows. i) The NIR reflection experiment can be applied to measure the supercon-
ducting transition temperature of FeSe thin films. T;~10 K obtained optically is in line with that
measured from electric transport experiment. ii) The temperature-induced metal-to-superconductor
transition in FeSe thin films can be detected optically via NIR reflectivity measurements. iii) The
spectra of NIR reflectivity for FeSe can be applied for Kramers-Kronig analysis to obtain the real
and imaginary parts of the optical conductivity in different temperature regimes. iv) We have found
that the real and imaginary parts of the optical conductivity obtained via K-K transformation of the
experimental data for reflectivity fit well with the Drude-Lorentz formula for T < 100 K and with
the Drude-Smith formula for T > 100 K. This finding is in line with the fact that around Ts~90 K,
the FeSe thin films experience the structural phase transition. v) The NIR reflectivity measured
in this study reflects basically the nature of conductivity in FeSe thin film samples. We hope that
the interesting and significant experimental findings from this work can provide some important
information on the physical properties, in particular the superconductivity and the phase transition,
of iron-based superconductors.
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