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The samples of FeSe1−xTex (x = 0, 0.1, 0.2) were successfully prepared by solvothermal method.
The results of X-ray diffraction show that the purity of the samples prepared by the solvothermal
method is higher than that of the samples prepared by the solid-state reaction and flux method. The
superconducting transition temperature (Tc) of FeSe1−xTex for x = 0, 0.1, 0.2 samples is near 9.3 K,
12.4 K, and 13.9 K, respectively, which is a bit higher than that of bulk samples. The electronic
structures of these samples are investigated by X-ray photoemission spectroscopy and X-ray absorption
spectroscopy. The Fe 2p X-ray photoemission spectroscopy spectra shift to higher binding energy by
Te doping due to the increase in hole densities. X-ray photoemission spectroscopy spectra of Se 3d
and Te 3d shift to higher binding energy and lower binding energy, respectively, resulting from the
charge transfer between Se and Te. It is suggested that the hybridization between Fe 3d and Se 4p
is strengthened. Our results imply that the hybridization between Fe 3d and Se 4p probably plays an
important role in superconductivity.
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1. Introduction

The effect of hybridization on superconductivity
has been studied in literature by theoretical calcula-
tions [1–7]. For superconductors, the pairing mech-
anism plays an important role in the mechanism
of superconductivity [8]. The valence electrons of
atoms causing the emergence of superconductivity
are divided into two parts. One part is involved in
the formation of chemical bonds, and the other part
is the formation of Cooper pairs [9, 10]. Spin fluc-
tuation is one of the main factors in the formation
of electron Cooper pairs. The doped electrons or
holes in the superconductor destroy the long-range
magnetic order, but there is still a strong corre-
lation between the electrons or holes, which leads
to strong spin fluctuations [11]. Spin–orbit coupling
causes splitting and lifting of the degeneracy at the
center of the Brillouin zone, and the zone center
splitting reflects the hybridization of the dxz, dyz or-
bitals with the p orbitals of the neighboring chalco-
genide atoms [12]. Due to the attractive interaction,
the electrons near the Fermi surface form supercon-
ducting pairs, which changes the electron distribu-
tion near the Fermi surface. The change in the Fermi
pocket is caused by the change in carrier concentra-
tion. In the case of element substitution or pressure,
the strong hybridization between d and p leads to a

decrease in the magnetic moment, which is favorable
for the evolution of the superconductivity [13–15].
Therefore, the hybridization is reasonably consid-
ered to play an important role in the evolution of
the superconductivity.

FeSe has the simplest crystal structure with
P4/nmm space group, and its superconducting
transition temperature (Tc) is ' 8 K. The tem-
perature Tc raises to ' 15 K at 50% Te substitu-
tion [16]. The introduction of effective carriers by
element doping results in a change in the density
of states around Fe sites, leading to a change in
hybridization strength between Fe 3d and chalco-
gen p orbitals [17]. Therefore, it is necessary to elu-
cidate the mechanism of superconductivity in the
FeSe family.

High-quality samples are of great significance to
researchers studying physical properties and su-
perconducting mechanisms. The low-temperature
chemical solution method has been proven to be fea-
sible by relevant studies [18–21]. For FeSe, Tc can
vary from 3.2 to 10 K by adjusting the reaction
conditions. In the case of FeSe prepared by the
solvothermal method, its transition temperature
(Tc ' 10 K) is higher than that of FeSe prepared by
the high-temperature method of (' 8 K). It is still
unclear whether Tc of Te-doped FeSe samples pre-
pared by this method is higher than that of samples
prepared by the high-temperature method.
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TABLE I

The percentage of atoms from EDS in various points for FeSe1−xTex (x = 0, 0.1, 0.2) samples.

Samples FeSe FeSe0.9Te0.1 FeSe0.8Te0.2
At [%] Fe [%] Se [%] Fe [%] Se [%] Te [%] Fe [%] Se [%] Te [%]
Point 1 49.9 50.1 50.3 45.1 4.6 49.4 42.9 7.7

Point 2 48.4 51.6 50.3 46.1 3.6 50.0 42.6 7.4

Point 3 49.3 50.7 49.8 45.5 4.7 49.6 32.8 7.6

Therefore, in this work, the samples of
FeSe1−xTex (x = 0, 0.1, 0.2) are successfully
prepared by the solvothermal method. The tem-
perature Tc increases with increasing Te content,
and Tc of the samples prepared by solvothermal
method is a bit higher than that of the samples
prepared by the solid-state reaction method. The
electronic structures of samples are investigated
by X-ray photoemission spectroscopy (XPS) and
X-ray absorption spectroscopy (XAS). Our results
imply that the change in ligand environment at the
Fe site after Te doping in FeSe leads to the increase
in the strengthening of the hybridization between
Fe 3d and Se 4p, thus leading to the enhancement
of superconductivity of the Te-doped samples.

2. Experimental details

The samples of FeSe1−xTex (x = 0, 0.1, 0.2)
were prepared by the solvothermal method using a
low-temperature chemical solution. The raw chemi-
cals include selenium powder (Se), tellurium powder
(Te), iron (II) sulfate heptahydrate (FeSO4 ·7H2O),
sodium hydroxide (NaOH), polyvinylpyrrolidone
(PVP), and ethylene glycol (EG). The prepara-
tion process can be divided into three major steps:
preparation of selenium-containing solution, sinter-
ing process in reaction kettle and centrifugation pro-
cess, and drying of the solutions [22]. The crystalline
structures of the samples were measured by X-ray
diffraction (XRD) with Cu Kα ray as sources. The
scanning angle range was 10–80◦ with a step size of
0.02◦. Scanning electron microscopy (SEM) and en-
ergy dispersive spectrometer (EDS) equipped with
Inspect 50, FEI Company, were used for morphol-
ogy analysis and composition analysis. The mag-
netic properties of the samples were measured in a
Quantum Design Physical Property Measurement
System (PPMS) in the temperature range of 5–20 K
with a magnetic field of 10 Oe. X-ray absorption
spectroscopy (XAS) measurements were performed
in the total electron yield (TEY) mode at the
photoelectron spectroscopy experimental station of
Beijing Synchrotron Radiation Facility at the Insti-
tute of High Energy Physics, Chinese Academy of
Sciences. X-ray photoemission spectroscopy (XPS)
measurements were performed at the Analysis and

Test Center of Southeast University with an Al tar-
get of 1486.6 eV. The XPS data were calibrated to
the C 1s line at 284.6 eV.

3. Results and discussions

The XRD patterns of FeSe1−xTex (x = 0, 0.1,
0.2) samples are shown in Fig. 1. The curve labeled
“FeSe-PDF” is taken from the database as “Pow-
der Diffraction File” using MDI JADE software.
The results are in good agreement with the JCPDS
card 85-0735 with the space group P4/nmm. A
weak peak of impurity phase at 45◦C in FeSe0.9Te0.1
and FeSe0.8Te0.2 samples can be observed, which is
due to the existence of FeTe2. For other prepara-
tion methods, more impurities, such as Fe3O4 and
Fe7Se8, were reported [23, 24]. Thus, the purity of
the samples prepared by the solvothermal method is
higher than that by other methods. The full width
at half maximum (FWHM) of the diffraction peaks
increases with increasing Te content, indicating a
decrease in the grain size. With the increase in Te
content, the XRD peaks shift to lower angles be-
cause the ion radius of Te (0.221 nm) is larger than
that of Se (0.198 nm), suggesting that Te2− ions
are successfully incorporated into Se sites in FeSe
by solvothermal method.

Fig. 1. The XRD patterns of FeSe1−xTex (x = 0,
0.1, 0.2) samples.
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Fig. 2. (a)–(c) SEM micrograph of FeSe1−xTex (x = 0, 0.1, 0.2) samples; (d)–(f) EDS of FeSe1−xTex (x = 0,
0.1, 0.2) samples.

In order to further observe the micromorphol-
ogy and determine the composition of constituent
elements, SEM and EDS of FeSe1−xTex (x = 0,
0.1, 0.2) samples were measured, as shown in Fig. 2
and Table I. It can be seen that these samples
show a two-dimensional (2D) quadrangle nano-flake
morphology. The size of nano-flake ranges from
hundreds of nanometers to more than 10 microns,
and the thickness ranges from 10 to 150 nm. The
two-dimensional characteristics of the samples pre-
pared by the hydrothermal method are more ob-
vious than of those prepared by the solid-state
reaction method [25]. As for the atomic ratio of el-
ements for Fe, Se, and Te in these samples, it can
be seen in Table I that the actual contents of the
samples are substantially the same as the nominal
compositions.

The magnetic susceptibility measurements of
FeSe1−xTex (x = 0, 0.1, 0.2) were performed,
as shown in Fig. 3. The onset superconduct-
ing transition temperature of FeSe is 9.3 K, as
shown in Fig. 3a. For FeSe0.9Te0.1 and FeSe0.8Te0.2,
the onset superconducting transition temperatures
are near 12.4 and 13.9 K, respectively, as shown
in Fig. 3b and c. The transition temperature Tc of
FeSe1−xTex for x = 0, 0.1, 0.2 samples prepared by
the solid-state reaction was reported to be near 8.5,
10, and 12.5 K, respectively [26–28]. It is indicated
that Tc of samples in this work is a bit higher than
that of reported bulk samples prepared by the solid-

state reaction method. Moreover, Tc gradually in-
creases with the increase in Te content. The increase
in Tc is related to the structural distortion caused by
the substitution of Te2− ions with larger radii [29].
The isovalent substitution of Te for Se in FeSe
causes an increase in the density of states at the
Fermi level and the hole-type carrier densities [30].
In addition, the magnetization–temperature (M–T )
curves of FeSe0.9Te0.1 and FeSe0.8Te0.2 bend up-
ward in low-temperature region, showing the be-
havior of ferromagnetic background, possibly due
to the presence of Fe3+ from the oxidation of Fe2+
in air, excess iron in the polycrystalline samples pre-
pared by solvothermal method [31], or NaOH deli-
quescences in air in the preparation process [22].

In order to determine the valence states and elec-
tronic structures of FeSe1−xTex (x = 0, 0.1, 0.2)
samples, XPS spectra measurements have been car-
ried out, as shown in Figs. 4–7, and the indicated
peak positions are shown in Table II. The wide scan
XPS spectra of samples are shown in Fig. 4a. The
peaks of each element including Fe 2p, Se 3d, and
Te 3d have been shown. Other peaks, such as C 1s
and O 1s, have been also present. The XPS spectra
of Fe 2p are shown in Fig. 4b.

The fitted Fe 2p spectra of FeSe1−xTex (x = 0,
0.1, 0.2) are depicted in Fig. 5a–c. The peaks of
Fe 2p3/2 and 2p1/2 at ∼ 711.0 eV and 725.0 eV are
due to spin orbital splitting corresponding to Fe3+.
The peaks at 709.0 eV and 722.0 eV correspond
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Fig. 3. The M–T diagrams of (a) FeSe, (b)
FeSe0.9Te0.1, and (c) FeSe0.8Te0.2 samples.

to Fe2+ [32, 33]. The small peak at 706.0 eV cor-
responds to Fe0, which is due to the presence of
excess Fe probably at the interstitial site in these
samples [34]. The intensity of the peak at 706.0 eV
increases after Te doping, which indicates that Te
doping changes the ligand environment around Fe,
leading to an increase in the content of interstitial
iron [35]. The peak of Fe2+ 2p shifts to higher bind-
ing energy with the increase in Te content in FeSe,
resulting from an increase in hole density. The bal-
ance between electrons and hole carriers (caused by
the generation of superconductivity) is tuned by the
expansion of the c-axis of the unit cell, leading to
an increase in the hole density and a decrease in the
electron density [36].

The XPS spectra of Se 3d and Te 3d for
FeSe1−xTex (x = 0, 0.1, 0.2) are measured, as
shown in Figs. 6 and 7. Two peaks of Se 3d at
53.0 eV and 54.0 eV corresponding to Se 3d5/2 and
3d3/2 are shown in Fig. 6b and Fig. 6c, which is
consistent with another reference [37]. In addition,

Fig. 4. XPS spectra of (a) wide-scan and (b) Fe
2p spectra of FeSe1−xTex (x = 0, 0.1, 0.2) samples.

Fig. 5. (a)–(c) The fitted Fe 2p spectra of FeSe,
FeSe0.9Te0.1, and FeSe0.8Te0.2, respectively. The
black curves correspond to the raw data. The red
and dashed curves correspond to the fitted data.
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Fig. 6. (a) Se 3d spectra of FeSe1−xTex (x =0, 0.1, 0.2) samples; (b)–(d) the fitted Se 3d spectra for FeSe,
FeSe0.9Te0.1, and FeSe0.8Te0.2, respectively. The black curves correspond to the raw data. The red curves and
the dashed curves correspond to the fitted data.

a small peak at 56.0 eV is known to originate from
Se4+ in SeO2 [38]. It is indicated that the valence
state of selenium is mainly negative divalent in these
samples. The peak positions of Se 3d shift to higher
binding energy after Te doping in FeSe.

For Te 3d spectra of FeSe0.9Te0.1 and FeSe0.8Te0.2
samples, in order to observe the change clearly, the
Te 3d5/2 spectra are shown in Fig. 7 in which two
peaks at 572.3 eV and 575.4 eV correspond to Te2−
and Te4+, respectively. A small amount of Te4+
originates from TeO2 impurities on the surface [39].
The positions of Se 3d and Te 3d shift to higher
binding energy and lower binding energy, respec-
tively, which is associated with the change in va-
lence state. The change in the number of holes is
associated with the change in valence state, which
leads to the change in binding energy for XPS spec-
tra of Se 3d and Te 3d. Through the study of Se K
edge and Te K edge XAS spectra, it was suggested
that the number of Se 4p holes increased after Te
doped in FeSe, that the hybridization between Fe
3d and Se 4p was enhanced, and also that the num-
ber of Te 5p holes decreased, which was due to the
charge transfer between Se and Te [29]. Thus, it is
suggested that the hybridization between Fe 3d and
Se 4p is strengthened after Te doping.

Figure 8 shows the XAS spectra of Fe L edge
of FeSe1−xTex (x = 0, 0.1, 0.2). Two main ab-
sorption peaks of L3 (2p3/2) at 708.8 eV and L2

(2p1/2) at 722.1 eV are observed in Fig. 8a due
to the spin–orbit splitting. The absorption peaks

Fig. 7. (a) The fitted Te 3d5/2 spectra for
FeSe0.9Te0.1 and FeSe0.8Te0.2. The black curves cor-
respond to the raw data. The red and dashed curves
correspond to the fitted data.

are attributed to the dipole transition from 2p
to 3d (2p63d6–2p53d7). The shoulder at higher
photon energy is associated with the covalent na-
ture of Fe and Se conduction electrons [40–43].
The Gaussian fitting of Fe L edge spectra was
performed as shown in Fig. 8b–d. The peak A
around 707.1 eV is attributed to Fe0. The peak
B around 708.8 eV originates from Fe2+. The
peak C around 710.0 eV relates to the inter-
action of Fe and Se. The intensity of peak C

251



H.-H. Zhao et al.

TABLE II

The peak positions of Fe 2p, Se 3d, and Te 3d XPS spectra for FeSe1−xTex (x = 0, 0.1, 0.2).

Samples FeSe FeSe0.9Te0.1 FeSe0.8Te0.2
Fe0 705.7 706.3 706.7

Fe2+ 2p3/2 709.3 709.5 709.9

Fe3+ 2p3/2 711.9 711.4 711.8

Fe 2p Fe2+ satellite peak 714.8 714.4 715.4

Fe3+ satellite peak 718.2 718.7 719.0

Fe2+ 2p1/2 722.6 722.8 723.2

Fe3+ 2p1/2 726.0 725.6 725.9

Fe3+ satellite peak 729.8 729.4 730.3

Se2− 3d5/2 52.7 53.4 53.5

Se 3d Se2− 3d3/2 54.1 54.8 54.9

Se4+ 56.6 57.6 56.6

Te 3d5/2
Te2− 3d5/2 − 572.3 572.1

Te4+ − 575.4 575.4

Fig. 8. (a) Normalized Fe L edge x-ray absorption spectra for FeSe1−xTex (x = 0, 0.1, 0.2); (b, c) the Gaussian
fitted spectra for FeSe1−xTex (x = 0, 0.1, 0.2).

decreases with increasing Te content, resulting in an
enhancement of the hybridization of Fe and Se. The
valence band spectra demonstrate the hybridization
between Fe 3d and Se 4p orbitals in Te-doped sam-
ples [44, 45]. The peak at around 4 eV, representing
the hybridization between Fe 3d and Se 4p, shows a
broadening and shifts to lower binding energy with
increasing Te content, indicating the stronger hy-
bridization between Fe 3d and Se 4p. For Te-doped
FeSe samples, the density of carriers increases,
leading to the enhancement of the inter-band

hybridization. Therefore, the hybridization plays an
important role in the evolution of superconductiv-
ity.

4. Conclusions

In this paper, FeSe1−xTex (x = 0, 0.1, 0.2)
samples were successfully prepared by a low-
temperature solvothermal method using nontoxic
and soluble iron, selenium, and tellurium sources as
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starting materials. The purity of the samples was
higher than that of the samples prepared by the
conventional method. The diffraction peaks shifted
to lower angles due to Te doping. The samples ex-
hibit uniform layered two-dimensional nano-flakes.
The superconducting transition temperature (Tc)
of FeSe1−xTex for x = 0, 0.1, 0.2 is near 9.3 K,
12.4 K, and 13.9 K, respectively. The superconduct-
ing transition temperature of samples prepared by
the solvothermal method is a bit higher than that
of samples prepared by solid-state reaction. For Te-
doped samples, Tc is improved due to the structure
distortion. Meanwhile, the M–T curves are bent
upward in the low-temperature region because the
samples contain a small amount of Fe3+ and resid-
ual iron. The Fe 2p XPS spectra indicate that the
iron element has a small amount of trivalent, and
the content of interstitial iron increases due to the
change of ligand environment at around Fe sites af-
ter Te doping in FeSe. The Fe 2p XPS spectra shift
to higher binding energy after Te doping in FeSe due
to the decrease in electron densities and the increase
in hole densities. The Se 3d and Te 3d XPS spec-
tra shift to higher binding energy and lower bind-
ing energy, respectively, which is due to the charge
transfer between Se and Te. The Fe L edge spec-
tra suggest the enhancement of hybridization be-
tween Fe and Se with the increasing Te content in
FeSe. These results indicate that the hybridization
between Fe 3d and Se 4p plays an important role in
superconductivity.
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