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Relationship between superconductivity and nematicity in FeSe1−xTex (x = 0 − 0.5) films studied by
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We measured the complex conductivity, σ , of FeSe1−xTex (x = 0 − 0.5) films in the superconducting state
which show a drastic increase of the superconducting transition temperature Tc when the nematic order disap-
pears. Since the magnetic penetration depth λ (>400 nm) of Fe(Se,Te) is longer than the typical thickness of the
film (∼100 nm), we combined the coplanar waveguide resonator and cavity perturbation techniques to evaluate
both the real and imaginary parts of σ . Films with a nematic order showed a qualitatively different temperature
dependence in penetration depth and quasiparticle scattering time when compared with those without nematic
order, suggesting that nematic order influences the superconducting gap structure. Conversely, the proportionality
between superfluid density ns (∝λ−2) and Tc was observed irrespective of the presence or absence of nematic
order. This result indicates that the amount of superfluid has a stronger impact on the Tc of Fe(Se,Te) than the
presence or absence of nematic order. Combining these results with band dispersions calculated using density
functional theory, we propose that the change of the Fermi surface associated with nematicity is the primary
factor influencing the change of Tc and the superconducting gap structure in Fe(Se,Te).

DOI: 10.1103/PhysRevB.104.014505

I. INTRODUCTION

The iron chalcogenide superconductor FeSe has been in-
tensively studied by virtue of its various intriguing properties
[1–3]: the potential for high-transition-temperature super-
conductivity; the absence of magnetic order under ambient
pressures; and its ability to exhibit exotic electronic states
as a result of its extremely small Fermi surface. The super-
conducting transition temperature Tc can be enhanced above
40 K from 9 K by intercalation [4,5], carrier doping using
an electron double layer transistor [6,7], and synthesis of a
monolayer film [8,9]. The nematic phase without magnetic
order in FeSe is ideal for studying the origin of nematicity and
the relationship between nematicity and superconductivity
[10,11]. Furthermore, the small Fermi surface (εF < 10 meV)
can easily be tuned by hydrostatic pressure [12], chemical
pressure via isovalent substitution [13–15], and the in-plane
lattice strain [16]. Since changes in the Fermi surface in-
fluence the superconducting, nematic, and magnetic phases,
various techniques have been applied to investigate the elec-
tronic phase diagram and exotic superconductivity of FeSe.

Among the above-mentioned techniques to control the
electronic state, chemical isovalent substitution is advanta-
geous since experiments can be performed under ambient
pressures. The S-substitution shrinks the lattice of FeSe,
resulting in positive chemical pressure. With increasing S con-
tent, the nematic transition temperature Tn decreases, and Tc
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slightly increases and decreases [17]. Although no significant
changes in Tc occur when the nematic order disappears, some
abrupt changes in the superconducting gap were observed in a
measurement of thermal properties and the scanning tunneling
microscopy/spectroscopy [18,19]. Hence, the nematic order
or its fluctuation may exert some influence on the supercon-
ducting state. Conversely, few systematic investigations of
Te-substituted FeSe, which are subject to negative chemical
pressures, have been conducted relative to those concerning
Fe(Se,S) since the systematic synthesis of bulk Fe(Se,Te) had,
until recently, been hindered by the phase-separation region
[20]. Since the superconducting gap structure of FeSe is dis-
tinctly different from that of FeSe1−xTex (x > 0.5) [21–23],
it is necessary to understand how the superconducting gap
evolves with increasing Te content.

Before the systematic synthesis of bulk Fe(Se,Te), we suc-
ceeded in growing single-crystalline thin films of FeSe1−xTex

in the entire composition (x = 0–0.9) using a pulsed laser
deposition technique [15,24]. Although the Tn of the Fe(Se,Te)
films decreased after Te substitution, Tc was largely enhanced
after the disappearance of nematic order [15,25,26]. This en-
hancement of Tc is contrary to the Fe(Se,S) films and bulk
Fe(Se,Te) [20,27], indicating that the effect of nematicity
on Tc is complicated in these materials. Although a positive
correlation between Tc and the carrier density or the density
of states (DOS) has been reported through magnetotransport
and the angle-resolved photoemission spectroscopy (ARPES)
in the normal state [28,29], the superconducting properties
of these films and their relation to nematicity are yet to be
fully understood. To elucidate the effects of Te substitution
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and nematicity on superconductivity, we investigated both
the response of the superfluid and dynamics of quasiparticles
below Tc in Fe(Se,Te) films.

In this paper, we report systematic measurements of the
complex conductivity σ of FeSe1−xTex (x = 0–0.5) films be-
low Tc. Since the magnetic penetration depth λ is several
times as long as the typical thickness of the film (∼100 nm),
measurement techniques applicable to bulk crystals cannot
be used. Hence, to evaluate both the real and imaginary
parts of σ we combined the coplanar waveguide resonator
and cavity perturbation techniques. The quasiparticle scat-
tering time τ was calculated from the real part of σ and
was found to increase at low temperatures, as observed in
bulk FeSe and FeSe0.4Te0.6 [30,31]. Moreover, the λ and 1/τ

of films with nematic order showed a quantitatively distinct
behavior from films without nematic order, suggesting that
changes in the superconducting gap structure are associated
with nematic order. Conversely, the proportionality between
superfluid density ns(∝λ−2) and Tc was observed irrespective
of the presence or absence of nematic order. Additionally,
using density functional theory (DFT) calculations, we con-
firmed a change of Fermi surface associated with nematic
order, which is considered to influence the superconducting
gap structure. Moreover, DOS decreased in the nematic phase,
which may have caused a decrease in superfluid density. From
these results, we suggest that the change of the band structure
in the nematic phase primarily influences the superconducting
gap structure and Tc rather than the nematic fluctuation devel-
oping near the nematic quantum critical point [32].

II. EXPERIMENTS

A. Sample

All films were grown on CaF2 substrates (∼5 × 5 ×
0.5 mm3) via the pulsed laser deposition method using a KrF
laser. The details of film growth have been described else-
where [33,34]. The thicknesses of grown films were measured
using a stylus profiler. DC electrical resistivity was measured
using a standard four-probe method equipped with a physical
property measurement system (Quantum Design, PPMS).

B. Measurements and calculations

To measure λ of FeSe1−xTex films, we fabricated the
∼5 × 5 mm2 film into the coplanar waveguide resonator
[Fig. 1(a)] by Ar ion milling and focused ion beam (FIB).
Ar ion milling was used to fabricate the entire structure,
after which the 50-μm gap between the resonator and the
microwave input/output port was etched using FIB. The width
of the resonator w, the gap between the resonator and the
ground s, and the length of the resonator l , were designed
to be 120 μm, 30 μm, and 6.2–9.9 mm, respectively. The
resonance frequency of the coplanar resonator was 6–10 GHz.
Figure 1(b) shows the fabricated resonator on the FeSe0.8Te0.2

film. The resonator was mounted onto a printed circuit board,
which was connected to the resonator by Al wire bonding.
This was cooled down to 2 K using PPMS. Transmitted power
was measured using a network analyzer (Keysight, N5222A).

FIG. 1. (a) Schematic of the coplanar resonator. (b) The fabri-
cated coplanar resonator (FeSe0.8Te0.2). (c) Schematic of the cavity
resonator.

λ was calculated from the resonance frequency fc, as fol-
lows. For the half-wavelength coplanar resonator:

fc = 1

2l
√

LC
, (1)

where L is the inductance per unit length and C is the capac-
itance per unit length. Using an electromagnetic simulation
software (WIPL-D), we confirmed that the coupling between
the resonator and the input port had negligible effects on fc.
For a superconductor

L = Lm + Lk, (2)

where Lm is the magnetic inductance and Lk is the kinetic
inductance corresponding to the response of the superfluid
[35]. Lk is a quadratic function of λ as follows:

Lk = μ0g(s,w, d )

dw
λ2, (3)

where μ0 is vacuum permeability, g(s,w, d ) is a geometrical
factor, and d is the thickness of the film [35,36]. From Eqs. (1)
to (3), λ is expressed as follows:

λ =
√

dw

gμ0

(
1

4l2C f 2
c

− Lm

)
. (4)

All parameters on the right-hand side of Eq. (4) can be
determined from the shape of the resonator (s, w, d) and
measurements of fc and C. The length was measured using an
optical microscope (Keyence, VHS-6000), and the thickness
was measured using a stylus profiler as mentioned above. The
typical standard deviations of s and w and d were about 1–
2 μm, 1–2 μm, and 1 nm, respectively, leading to the standard
deviation of λ of 50 nm, which was shown as an error bar.
Also, C was measured using an impedance analyzer (Hewlett-
Packard, 4192A) in the frequency range, 10–1000 kHz. The
measured values of C were in good agreement with the cal-
culated values of C assuming that the relative permittivity of
CaF2 is 6.5 [37].

The dynamics of quasiparticles in the Fe(Se,Te) films were
measured using the cavity perturbation technique. For a thin
film (d < λ), the cavity perturbation formula for the analysis
of a bulk crystal cannot be applied. In such cases, the mea-
sured quantity is the effective impedance Zeff(Zs, d ), where
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Zs is surface impedance. The formulas of Zeff corresponding
to various situations were derived, and were found to depend
on configurations of both the electromagnetic field and the
sample [38–41].

A flake of FeSe1−xTex film with substrate was cut from
the coplanar resonator after the measurement of λ. This flake
(∼0.5 × 0.5 mm2) was mounted onto a sapphire rod at the
center of the cavity resonator [Fig. 1(c)]. The TE011 mode
(44 GHz) of the resonator was used with a configuration in
which the magnetic field of the TE011 mode was parallel to the
film well below Tc such that Zeff can be expressed as follows:

Zeff = − i

2
Zscot

(
ωμ0d

2Zs

)
, (5)

where ω is angular frequency [41]. Experimentally, the ef-
fective surface resistance Reff is determined by the following
equation:

Reff = G

(
1

2Qsample
− 1

2Qblank

)
, (6)

where G is the geometric factor, Qsample is the quality factor
of the cavity containing the sample, Qblank is the quality factor
of the cavity without the sample. Here, we confirmed that the
effect of the CaF2 substrate was negligible by measurement of
the substrate alone. Also, the effective surface reactance Xeff

is as follows:

Xeff(T ) = G

(
fc,sample(T0) − fc,sample(T )

fc,sample(T0)

− fc,blank(T0) − fc,blank(T )

fc,blank(T0)

)
+ Xeff(T0), (7)

where fc,sample is the resonance frequency with the sample,
fc,blank is the resonance frequency without the sample, and T0

is the minimum temperature during the measurement, typi-
cally 2.1 K.

To obtain Zs by solving Eqs. (5) to (7), we determined G
and Xeff(T0) as follows. At low temperatures where σ1 � σ2,

Xeff(T ) = 1

2
μ0ωλcoth

(
d

2λ

)
(8)

from Eq. (5) and Xs ≈ μ0ωλ. Thus, Xeff(T ) can be calcu-
lated by substituting the value of λ(T ) measured by the
coplanar resonator into Eq. (8). Here, Xeff(T0) was obtained
using Eq. (8) and λ(T0) measured by the coplanar resonator.
Conversely, G was determined by curve fitting assuming that
Xeff(T ) calculated using Eq. (8) and λ(T ) measured by the
coplanar resonator and Xeff(T ) obtained from Eq. (7) and the
measurement of the cavity resonator is equal in the temper-
ature range 0.2–0.5Tc, where the approximation Xs ≈ μ0ωλ

holds. After determining G and Xeff(T0), we numerically
solved Eq. (5) and obtained Zs. It should be noted that Eq. (5)
is not applicable near Tc due to the drastic change of the
electromagnetic field distribution around the film [41]. Here,
we determined the upper temperature limit for an applicable
range of Eq. (5) to be below 0.75 Tc from a measurement of a
conventional superconductor NbN film.

Besides the measurement of σ , we performed DFT cal-
culation using FPLO-18. The exchange functional was a
generalized gradient approximation (GGA + U ). The k-mesh

FIG. 2. Temperature dependence of dc resistivity of the
FeSe1−xTex (x = 0–0.5) films. The inset shows a schematic of the
phase diagram of FeSe1−xTex films [15].

was 12 × 12 × 6. For the calculation of the nematic phase,
we applied the technique proposed in Ref. [42], using lattice
constants for FeSe as follows: a = 3.76976 Å, c = 5.52122 Å,
and zSe = 0.2688 [11].

III. RESULTS AND DISCUSSION

A. Measurements of complex conductivity

Figure 2 shows the temperature dependence of DC re-
sistivity in FeSe1−xTex (x = 0–0.5) films. Tc increased from
x = 0 to x = 0.2, consistent with previous reports [15]. Sub-
sequently, Tc gradually decreased with increasing Te content,
and the resistivity of Tc,onset increased from ∼100 μ� cm at
x = 0 to ∼400 μ� cm at x = 0.5, which was again a typical
value for these films [24].

Using the temperature dependence of fc(T ) of the copla-
nar resonator, we calculated λ(T ) using Eq. (4). Figure 3
shows λ of FeSe1−xTex (x = 0.0–0.5) films as a function of
reduced temperature. The obtained λ(T ) was extrapolated to
0 K assuming that λ(T ) = λ0 + A(T/Tc)n, where λ0 is the
penetration depth at 0 K, and A and n are constants. Here, we
performed curve fitting in the temperature range from 2 K to
0.3 Tc [43]. Figure 4(a) shows the fitting result of FeSe0.8Te0.2

as a representative.
Figure 4(b) shows n of FeSe1−xTex films. For films in the

nematic phase (x = 0, 0.1), n was almost 1, whereas n was

FIG. 3. λ of FeSe1−xTex (x = 0.0–0.5) films as a function of
reduced temperature. Tc, zero of each film is also shown.
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FIG. 4. (a) Temperature dependence of λ of FeSe0.8Te0.2 film.
The red line corresponds to a fitted curve with the equation λ(T ) =
λ0 + A(T/Tc )n. (b) n and (c) A/λ0 as a function of Te content.

2–3 in the nonnematic phase. The T -linear behavior indicates
that the superconducting gap has nodes or gap minima in the
nematic phase [22,31]. Conversely, n > 2 in the nonnematic
phase probably denote the existence of nodeless gaps which
are subjected to pair-breaking effects [43]. On the other hand,
no systematic changes in the dimensionless coefficient A/λ0

were observed as shown in Fig. 4(c). For cases such as a
d-wave superconductor with line nodes or gapless supercon-
ductor, A/λ0 can be related to the superconducting gap or
some other material properties [43]. However, in the case of
Fe(Se,Te) films, the superconducting gap structure changes
with increasing Te content. Thus, though we show A/λ0 for
the clarity of fitting results, interpreting A/λ0 for all samples
in terms of any universal standpoint is difficult, and does not
make sense.

Figure 5(a) shows Te content versus Tc,zero and λ0. The neg-
ative correlation between Tc and λ0 seems to exist irrespective
of the presence or absence of nematic order. Subsequently,
we plotted Tc as a function of λ−2

0 [Fig. 5(b)], which is
the so-called Uemura plot. Tc exhibited an obvious posi-
tive correlation with λ−2

0 , corresponding to ns. The observed
proportionality between Tc and ns is consistent with the cor-
relation between Tc and the carrier density of the Fe (Se,Te)
and Fe(Se,S) films in their normal state [28]. These results
indicate that either ns or carrier density plays a crucial role
in determining the Tc of Fe(Se,Te) films irrespective of the
presence or absence of nematic order or its fluctuation. Of
note, this kind of correlation between Tc and λ−2

0 was widely
observed in other iron-based superconductors, suggesting that
superconductivity is induced by electronic correlation in these
materials [48–50].

We remark that an abrupt change of λ0 with increasing
disorder was reported in Ba(Fe,Rh)2As2, indicating that the
change of superconducting gap structure from s± to s + +
[51]. Also in Fe(Se,Te) films, when the superconducting gap
structure changed from nodal (nematic phase) to nodeless
(nonnematic phase), λ0 changed abruptly. Thus, it can be said
not only λ(T ) but also λ0 is sensitive to the change of the
superconducting gap structure.

Compared with bulk samples, whereas the trend between
Tc and λ−2

0 in the films was similar to that of bulk FeSe1−xTex

(x > 0.5) [30,45], a discrepancy with bulk FeSe was ob-
served [22,31]. Namely, the slope of the data of FeSe1−xTex

FIG. 5. (a) Tc and λ at 0 K in FeSe1−xTex (x = 0–0.5) films. (b) Tc

as a function of λ−2
0 in FeSe1−xTex (x = 0–0.5) films. Results of bulk

FeSe and bulk FeSe1−xTex (x > 0.5) are also shown [22,30,31,44–
46]. The blue line and yellow dashed lines correspond to the data of
hole-doped cuprates and electron-doped cuprates, respectively [47].

(x = 0–0.5) films and bulk FeSe1−xTex (x > 0.5) was larger
than that of bulk FeSe. Such differences in the Uemura plot
were already reported in cuprate superconductors, in which
the data of hole-doped cuprates show the larger slopes than
that of electron-doped cuprates [dotted lines in Fig. 5(b)].
Interestingly, whereas nh = 1.1–1.4ne in the bulk FeSe [52],
nh = 1.0–2.8ne in the FeSe1−xTex films, which showed the
steeper slope [28,53,54], where nh is the hole density and
ne is the electron density. The carrier density of the bulk
as-grown FeSe1−xTex (x > 0.5) is also estimated to be nh > ne

from measurements of the Hall coefficient [55,56]. This cor-
respondence between Fe(Se,Te) and the cuprates suggests the
possibility that hole-doping increases the slope of the Uemura
plot, even in multiband superconductors.

Next, we evaluated the results of measurements of the
dynamics of quasiparticles using the cavity perturbation tech-
nique. From the measurement of the Q−1(T ) and fc(T ) in
each film placed in the cavity resonator, Rs and Xs were calcu-
lated using Eq. (5) below 0.75 Tc. The real part of the complex
conductivity σ1 was calculated using σ1 = 2ωμ0RsXs/(R2

s +
X 2

s )2. When calculating σ1, we subtracted the residual sur-
face resistance from Rs, which was estimated from the linear
extrapolation of Rs to 0 K. Figure 6(a) shows the value of
σ1 corresponding to each film. With decreasing temperature,
σ1 decreased in all tested films. The decrease of σ1 at low
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FIG. 6. (a) Temperature dependence of σ1 and (b) the inverse of τ in the FeSe1−xTex (x = 0–0.5) films. The results of bulk crystals are also
shown [30,31]. (c) The exponent n in the equation 1/τ = aT n + b, determined from curve fitting. The maximum temperature for the fitting
was varied from 0.25T/Tc to 0.5T/Tc. Orange circles and blue squares correspond to 1/τ of the bulk FeSe [31,57]. Pink triangles denote 1/τ

of the bulk FeSe0.4Te0.6 [30].

temperatures is consistent with the measurement of bulk FeSe
and FeSe0.4Te0.6 [30,57].

Assuming the two-fluid model and Drude-like single-
carrier normal fluid, the quasiparticle scattering time τ can
be expressed as follows:

ωτ = σ̃1

1 − σ̃2
, (9)

where σ̃ = σ̃1 + iσ̃2 = μ0ωλ2
0(σ1 + iσ2), which gives the

dimensionless conductivity [30]. Since the temperature de-
pendence of τ did not strongly depend on values of residual
surface resistance, we used τ to compare intrinsic properties
of Fe(Se,Te) films instead of σ1. Here, we should be careful
of this single-carrier treatment because Fe(Se,Te) is a multi-
band superconductor. Since FeSe has highly anisotropic gaps
in both hole and electron pockets [23], whereas FeSe1−xTex

(x > 0.5) has nodeless gaps in both pockets [21], the corre-
sponding values τ of the electron pockets are expected to show
similar temperature dependence to that of the hole pocket in
FeSe1−xTex (x = 0–0.9). Hence, in Eq. (9), we assumed that
the temperature dependence of τ in both pockets could be
captured using a single τ as a first approximation.

In all films, 1/τ was observed to decrease at low tempera-
tures [Fig. 6(b)], indicating a rapid suppression of the inelastic
scattering of the electron, which was already established in
bulk FeSe and FeSe0.4Te0.6 [30,31]. In Fe(Se,Te) films, the
values of 1/τ at low temperatures were ∼0.2, which was sim-
ilar value to bulk 122 compounds, 1/τ = 0.1 ∼ 0.3 [58,59].
This coincidence with 122 compounds suggests that our film
samples were as clean as 122 materials. Furthermore, the
slope of 1/τ seems to be different among these films as shown
in Fig. 6(b). To obtain further insights, we performed curve
fitting with 1/τ = aT n + b, where a, b, and n are positive
constants. Figure 6(c) shows n of each film as a function of the
maximum temperature used for the curve fitting T fit

max. The ex-
ponent n showed differing behavior among these films when
T fit

max was decreased. Although n remained constant around 1
in x = 0, 0.1 films below T fit

max = 0.5Tc, n tended to increase
with decreasing T fit

max in the other films, resulting in n � 2 at
low T fit

max. Additionally, in bulk FeSe [31,57], which is in the
same nematic phase as x = 0, 0.1 films, n was almost equal
to 1. In bulk FeSe0.4Te0.6 [30], which does not show nematic
order, n increased to over 2 with decreasing T fit

max. As was

pointed out by Li et al. [57] the T -linear behavior (n = 1)
in 1/τ may be the consequence of gap structure with line
nodes or deep gap minima [57,60,61]. Conversely, the n > 2
behavior observed for x � 0.2 films could denote the node-
less superconducting gap since an exponential decrease in
1/τ is expected in a nodeless superconductor [58,62]. Hence,
considering the variation in n in samples with different Te
contents, we consider that the superconducting gap structure
changes from those with line nodes or deep minima in nematic
phase to those that are nodeless outside the nematic phase.
The result is consistent with other measurement techniques
claiming that bulk FeSe has line nodes or the deep minima
[23,63], whereas bulk FeSe1−xTex (x > 0.5) shows nodeless
superconducting gaps [21].

B. DFT calculations

To interpret our experimental results with respect to elec-
tronic band structure, we calculated the band dispersion of
FeSe in both nonnematic and nematic phases. Figures 7(a)
and 7(b) show the Fermi surface of FeSe in the nonnematic
and nematic phases calculated using U = 3 eV. Figures 7(c)
and 7(d) show band dispersion along the points depicted in
Figs. 7(a) and 7(b). In the nematic phase, the Fermi surface
shows two-fold symmetry and the disappearance of one of the
electron pockets at the M point [Fig. 7(b)]. Although the size
of Fermi surface was larger than that of experimentally ob-
served one as it is widely accepted [1,64], the band dispersion
agrees with the previous calculation and qualitatively captures
the experimentally observed band structure [42,65].

The disappearance of the electron pocket in the nematic
phase has been confirmed by several photoemission ex-
periments [65–67]. It was previously reported that, when
considering the absence of one electron pocket, the strongly
anisotropic superconducting gap of FeSe can be reproduced
via calculation of the superconducting gap equation [66].
Based on these results, the observed nodal gap in FeSe1−xTex

films with nematic order is probably caused by the disappear-
ance or shrinkage of the electron pocket due to the nematic
transition.

In Fig. 7(e), the ground-state energies of the nonnematic
and nematic phases are shown. The nematic phase became
energetically favorable compared with the nonnematic phase
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FIG. 7. Fermi surface of FeSe in the (a) nonnematic phase and
(b) nematic phase obtained by DFT calculations. Band dispersion
of FeSe in the (c) nonnematic phase and (d) nematic phase. (e)
Ground-state energy of FeSe as a function of U in the nonnematic
and nematic phases. (f) Averaged density of states per unit cell of
FeSe as a function of U in the nonnematic and nematic phases.

when U increased to values greater than 3 eV. Furthermore,
we compared the averaged DOS near the Fermi surface, which
determines the carrier density. Figure 7(f) shows DOS aver-
aged over εF ± 10 meV in the nonnematic and nematic phases,
where εF is the Fermi level. The averaged DOS in the nematic
phase is considerably lower than that in the nonnematic phase
because of the disappearance of one electron pocket. The
difference in averaged DOS between the nonnematic and ne-
matic phases became larger with increasing U . The decrease
of DOS near the Fermi surface should result in an observed
reduction of normal-carrier density in the nematic phase [28].
Superfluid density is also considered to be reduced in the
nematic phase, resulting in a decrease of Tc in the FeSe1−xTex

films in the nematic phase. Of note, nematic order disappears
at different Te content in the Fe(Se,Te) film on CaF2 substrate,
LaAlO3 substrate and bulk crystal [20,24]. This difference

FIG. 8. Schematic phase diagram of FeSe1−xTex (x = 0–0.5)
films, summarizing the experimental and calculated results.

is possibly due to the existence of a compression strain in
Fe(Se,Te) films, which results in the difference in electronic
phase diagram of Fe(Se,Te) film and bulk crystal.

Figure 8 summarizes the above results and discussion. The
deformation of the Fermi surface in the nematic phase induces
strongly anisotropic superconducting gaps with nodes or gap
minima. We are not able to determine whether the change
in the gap structure takes place exactly at the nematic end
point composition or not since it is rather difficult to change
Te content so finely to cover the nematic end point almost
continuously. However, it can be mentioned safely that there
is the gross correspondence between the presence/absence of
the nematicity and the gap structure. In the nematic phase,
superfluid density is suppressed because of the reduction of
DOS near the Fermi surface, resulting in a decrease of Tc.
Although an origin of the disappearance of nematic order by
Te substitution is difficult to infer from our results alone, a
recent ARPES study on our films revealed an upward shift
of the dxy orbital with increasing Te content because of the
change of the chalcogen height [29]. The approach of the dxy

orbital to Fermi energy reduces the relative contribution of the
dxz/yz orbitals, which is important for nematicity, resulting in
instability of nematic order. Also, we should comment on the
difference in the behaviors of the Tc and other quantities such
as DOS between Fe(Se,Te) films and Fe(Se,S) films, which do
not show a drastic increase of Tc when nematic order disap-
pears [27]. In Fe(Se,S) films, our recent μ-SR study showed
the appearance of the short range magnetic order at high S
contents [27,68], which is absent in Te-substituted films. This
may be one of the possible origins to explain the contrasting
behavior of Tc in Fe(Se,Te) and Fe(Se,S) films. Another im-
portant feature for the S-substituted system is the weakening
of the electronic correlation with increasing S content [3,69],
which is again, in contrast to Te-substituted films [70]. In sum-
mary, phase diagrams of the FeSe1−xTex (x = 0–0.5) films can
be explained by considering their band structure as a primary
factor. This indicates that band deformation in the nematic
phase rather than the existence of the nematic order itself
or possible nematic fluctuations developing near the quantum
critical point is the predominant factor on superconductivity.
The topological nature established in highly Te-substituted
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materials might be another important factor [71], which is the
subject of future works.

IV. CONCLUSION

To conclude, we measured the complex conductivity of
FeSe1−xTex (x = 0–0.5) films below Tc combining coplanar
waveguide resonator and cavity perturbation techniques. In
the presence of nematic order, the temperature dependencies
of superfluid density and quasiparticle scattering time were
qualitatively distinct from those of films without nematic
order. This difference indicates that nematic order strongly
influences the formation of nodes or gap minima in its

superconducting gap structure. Conversely, the proportion-
ality between Tc and λ−2

0 was observed irrespective of the
presence or absence of nematic order, suggesting that the
amount of superfluid exerts a more direct influence on the Tc

of Fe(Se,Te) than the nematic order itself. Combining those
results with the band dispersion calculated based on DFT, we
propose that the change of the Fermi surface in the nematic
phase is the main factor for changes of Tc and the correspond-
ing superconducting gap structure in Fe(Se,Te).
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Dulčić, M. Požek, and D. Paar, Phys. Rev. B 58, 11652 (1998).

[41] A. A. Barannik, N. T. Cherpak, M. S. Kharchenko, Y. Wu, S.
Luo, Y. He, and A. Porch, Low Temp. Phys. 40, 492 (2014).

[42] X. Long, S. Zhang, F. Wang, and Z. Liu, npj Quantum Mater. 5,
50 (2020).

[43] R. Prozorov and V. G. Kogan, Rep. Prog. Phys. 74, 124505
(2011).

[44] R. Khasanov, M. Bendele, A. Amato, K. Conder, H. Keller,
H. H. Klauss, H. Luetkens, and E. Pomjakushina, Phys. Rev.
Lett. 104, 087004 (2010).

[45] H. Kim, C. Martin, R. T. Gordon, M. A. Tanatar, J. Hu, B. Qian,
Z. Q. Mao, R. Hu, C. Petrovic, N. Salovich, R. Giannetta, and
R. Prozorov, Phys. Rev. B 81, 180503(R) (2010).

[46] P. K. Biswas, G. Balakrishnan, D. M. Paul, C. V. Tomy, M. R.
Lees, and A. D. Hillier, Phys. Rev. B 81, 092510 (2010).

[47] H. Luetkens, H.-H. Klauss, R. Khasanov, A. Amato, R.
Klingeler, I. Hellmann, N. Leps, A. Kondrat, C. Hess, A.
Köhler, G. Behr, J. Werner, and B. Büchner, Phys. Rev. Lett.
101, 097009 (2008).

[48] Y. J. Uemura, G. M. Luke, B. J. Sternlieb, J. H. Brewer, J. F.
Carolan, W. N. Hardy, R. Kadono, J. R. Kempton, R. F. Kiefl,
S. R. Kreitzman, P. Mulhern, T. M. Riseman, D. L. Williams,
B. X. Yang, S. Uchida, H. Takagi, J. Gopalakrishnan, A. W.
Sleight, M. A. Subramanian, C. L. Chien, M. Z. Cieplak, G.
Xiao, V. Y. Lee, B. W. Statt, C. E. Stronach, W. J. Kossler, and
X. H. Yu, Phys. Rev. Lett. 62, 2317 (1989).

[49] M. Bendele, S. Weyeneth, R. Puzniak, A. Maisuradze, E.
Pomjakushina, K. Conder, V. Pomjakushin, H. Luetkens, S.
Katrych, A. Wisniewski, R. Khasanov, and H. Keller, Phys.
Rev. B 81, 224520 (2010).

[50] P. Rodière, T. Klein, L. Lemberger, K. Hasselbach, A. Demuer,
J. Kačmarčik, Z. S. Wang, H. Q. Luo, X. Y. Lu, H. H. Wen, F.
Gucmann, and C. Marcenat, Phys. Rev. B 85, 214506 (2012).

[51] G. Ghigo, D. Torsello, G. A. Ummarino, L. Gozzelino, M. A.
Tanatar, R. Prozorov, and P. C. Canfield, Phys. Rev. Lett. 121,
107001 (2018).

[52] Y. A. Ovchenkov, D. A. Chareev, V. A. Kulbachinskii, V. G.
Kytin, S. V. Mishkov, D. E. Presnov, O. S. Volkova, and A. N.
Vasiliev, Supercond. Sci. Technol. 32, 065005 (2019).

[53] Y. Sawada, F. Nabeshima, Y. Imai, and A. Maeda, J. Phys. Soc.
Jpn. 85, 073703 (2016).

[54] N. Yoshikawa, M. Takayama, N. Shikama, T. Ishikawa, F.
Nabeshima, A. Maeda, and R. Shimano, Phys. Rev. B 100,
035110 (2019).

[55] T. J. Liu, X. Ke, B. Qian, J. Hu, D. Fobes, E. K. Vehstedt, H.
Pham, J. H. Yang, M. H. Fang, L. Spinu, P. Schiffer, Y. Liu, and
Z. Q. Mao, Phys. Rev. B 80, 174509 (2009).

[56] Y. Sun, Y. Tsuchiya, T. Taen, T. Yamada, S. Pyon, A. Sugimoto,
T. Ekino, Z. Shi, and T. Tamegai, Sci. Rep. 4, 4585 (2014).

[57] M. Li, N. R. Lee-Hone, S. Chi, R. Liang, W. N. Hardy, D. A.
Bonn, E. Girt, and D. M. Broun, New J. Phys. 18, 082001
(2016).

[58] K. Hashimoto, T. Shibauchi, S. Kasahara, K. Ikada, S.
Tonegawa, T. Kato, R. Okazaki, C. J. van der Beek, M.
Konczykowski, H. Takeya, K. Hirata, T. Terashima, and Y.
Matsuda, Phys. Rev. Lett. 102, 207001 (2009).

[59] D. Torsello, G. A. Ummarino, L. Gozzelino, T. Tamegai, and G.
Ghigo, Phys. Rev. B 99, 134518 (2019).

[60] P. J. Hirschfeld, W. O. Putikka, and D. J. Scalapino, Phys. Rev.
Lett. 71, 3705 (1993).

[61] S. Özcan, P. J. Turner, J. R. Waldram, R. J. Drost, P. H. Kes, and
D. M. Broun, Phys. Rev. B 73, 064506 (2006).

[62] S. M. Quinlan, D. J. Scalapino, and N. Bulut, Phys. Rev. B 49,
1470 (1994).

[63] Y. Sun, A. Park, S. Pyon, T. Tamegai, and H. Kitamura, Phys.
Rev. B 96, 140505(R) (2017).

[64] A. I. Coldea and M. D. Watson, Annu. Rev. Condens. Matter
Phys. 9, 125 (2018).

[65] M. Yi, H. Pfau, Y. Zhang, Y. He, H. Wu, T. Chen, Z. R. Ye, M.
Hashimoto, R. Yu, Q. Si, D.-H. Lee, P. Dai, Z.-X. Shen, D. H.
Lu, and R. J. Birgeneau, Phys. Rev. X 9, 041049 (2019).

[66] L. C. Rhodes, M. D. Watson, A. A. Haghighirad, D. V.
Evtushinsky, M. Eschrig, and T. K. Kim, Phys. Rev. B 98,
180503(R) (2018).

[67] L. C. Rhodes, M. D. Watson, A. A. Haghighirad, D. V.
Evtushinsky, and T. K. Kim, Phys. Rev. B 101, 235128 (2020).

[68] F. Nabeshima, Y. Kawai, N. Shikama, Y. Sakishita, A. Suter, T.
Prokscha, S. E. Park, S. Komiya, A. Ichinose, T. Adachi, and A.
Maeda, Phys. Rev. B 103, 184504 (2021).

[69] A. I. Coldea, S. F. Blake, S. Kasahara, A. A. Haghighirad,
M. D. Watson, W. Knafo, E. S. Choi, A. McCollam, P. Reiss,
T. Yamashita, M. Bruma, S. C. Speller, Y. Matsuda, T. Wolf, T.
Shibauchi, and A. J. Schofield, npj Quantum Mater. 4, 2 (2019).

[70] M. Nakajima, K. Yanase, M. Kawai, D. Asami, T.
Ishikawa, F. Nabeshima, Y. Imai, A. Maeda, and S. Tajima,
arXiv:2103.13659.

[71] P. Zhang, K. Yaji, T. Hashimoto, Y. Ota, T. Kondo, K. Okazaki,
Z. Wang, J. Wen, G. D. Gu, H. Ding, and S. Shin, Science 360,
182 (2018).

014505-8

https://doi.org/10.1143/APEX.3.043102
https://doi.org/10.1143/JJAP.49.023101
https://doi.org/10.1143/JJAP.33.5708
https://doi.org/10.1063/1.4773070
https://doi.org/10.1016/S0955-2219(03)00183-3
https://doi.org/10.1063/1.345037
https://doi.org/10.1103/PhysRevB.42.10020
https://doi.org/10.1103/PhysRevB.58.11652
https://doi.org/10.1063/1.4881178
https://doi.org/10.1038/s41535-020-00253-x
https://doi.org/10.1088/0034-4885/74/12/124505
https://doi.org/10.1103/PhysRevLett.104.087004
https://doi.org/10.1103/PhysRevB.81.180503
https://doi.org/10.1103/PhysRevB.81.092510
https://doi.org/10.1103/PhysRevLett.101.097009
https://doi.org/10.1103/PhysRevLett.62.2317
https://doi.org/10.1103/PhysRevB.81.224520
https://doi.org/10.1103/PhysRevB.85.214506
https://doi.org/10.1103/PhysRevLett.121.107001
https://doi.org/10.1088/1361-6668/ab1387
https://doi.org/10.7566/JPSJ.85.073703
https://doi.org/10.1103/PhysRevB.100.035110
https://doi.org/10.1103/PhysRevB.80.174509
https://doi.org/10.1038/srep04585
https://doi.org/10.1088/1367-2630/18/8/082001
https://doi.org/10.1103/PhysRevLett.102.207001
https://doi.org/10.1103/PhysRevB.99.134518
https://doi.org/10.1103/PhysRevLett.71.3705
https://doi.org/10.1103/PhysRevB.73.064506
https://doi.org/10.1103/PhysRevB.49.1470
https://doi.org/10.1103/PhysRevB.96.140505
https://doi.org/10.1146/annurev-conmatphys-033117-054137
https://doi.org/10.1103/PhysRevX.9.041049
https://doi.org/10.1103/PhysRevB.98.180503
https://doi.org/10.1103/PhysRevB.101.235128
https://doi.org/10.1103/PhysRevB.103.184504
https://doi.org/10.1038/s41535-018-0141-0
http://arxiv.org/abs/arXiv:2103.13659
https://doi.org/10.1126/science.aan4596

