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ABSTRACT: Binary stoichiometry FeSe (s-FeSe) is a well-known
parent of high-temperature unconventional superconductors owing
to its charge-neutral layer, highly tunable structure and electronic
properties, and rich interplay among multiple electronic phases.
Yet, the s-FeSe synthesized via high-temperature equilibrium
reactions bears the notorious interstitial Fe, where merely 3% of
them is sufficient to kill the superconductivity. Here, we
successfully synthesized a new nonstoichiometric Fe1.11Se single
crystal with a superconducting onset temperature (Tc

onset) of 30.4
K through a hydrothermal ion-exchange and deintercalation route.
11% interstitial Fe ions exceed the equilibrium phase diagram limit.
Intriguingly, under physical pressure, the Tc

onset of Fe1+δSe1−xSx
exhibits a “V”-shaped evolution with a minimum at 2−2.6 GPa and then upturning into a second superconducting region,
reminiscent of the behaviors in FeSe-intercalates. Furthermore, a pressure-induced possible magnetic order, previously observed only
in pressurized s-FeSe, shows up. These results offer fresh insights into the role of interstitial Fe in governing superconducting and
transport properties under nonequilibrium synthesis and tuning strategies.

■ INTRODUCTION
FeSe-based superconductors have become an exceptional
member in the iron-based superconducting family on account
of highly tunable layered structures,1−3 the highest critical
temperature (Tc),

4 and topological surface state for potential
applications in quantum computing,5−7 etc. Stoichiometric
FeSe (s-FeSe) synthesized by high-temperature sintering of
1000−1200 K, i.e., equilibrium-state synthesis method, exhibits
a modest Tc of 8.5 K.8 Its superconductivity (SC) is extremely
sensitive to Fe content, which is fully suppressed by mere 3%
interstitial Fe.8 Partial substitution of Se by S/Te in s-FeSe
slightly enhances Tc to 12−15 K,9−12 simultaneously bringing
out competing or intertwining phenomena including magnetic
fluctuations, quantum critical point, and rich electronic
phases.13−15

In the past few years, to enhance Tc and explore the
superconducting mechanism of FeSe, researchers have
dedicated major efforts to three categories of nonequilibrium
approaches. The first involves chemical or electrochemical
intercalation of structural units, by which alkali-metal ions (K+,
Rb+, Cs+),16−20 inorganic−organic molecule groups
[Lix(NH3)y, Kx(NH3)y, Nax(NH3)y, Nax(C2H8N2)y],

21−25 and
inorganic hydroxide (LiyFe1−yOH)δ+ are inserted between FeSe
layers.26,27 These FeSe-intercalates exhibit the highest Tc of 46
K, exceeding the McMillan limited temperature of the BCS
theory framework. The second strategy is directly depositing

one-unit-cell FeSe on the SrTiO3 substrate, in which much
higher Tc values of 65−100 K are achieved.4,28,29 The
synergistic effect of interface charge transfer and the phonon
vibration of oxygen is responsible for the remarkable
enhancement of Tc. The third method is employing physical
pressure to tune the atomic arrangements and configurations in
favor of enhancing SC in a relatively simple way. The Tc of s-
FeSe increases monotonically to 37 K at 6−8 GPa and then
decreases, forming a dome-shaped superconducting zone.30−33

Above 10 GPa, the superconducting anti-PbO FeSe changes
into the nonsuperconducting NiAs phase. Notably, at 2−6
GPa, a new stripe-type antiferromagnetic (S-AFM) transition
emerges, likely competing with the SC.34,35 Besides, the FeSe-
intercalates are also pressurized, and their Tcs can be enhanced
above 50 K in re-entrant superconducting phases.36−39 These
studies indicate that effective electron doping and modifica-
tions to the FeSe4 tetrahedral environment, either individually
or jointly, play essential roles in enhancing SC and producing
emergent electronic states.

Received: December 18, 2025
Revised: January 23, 2026
Accepted: January 29, 2026
Published: February 4, 2026

Articlepubs.acs.org/JACS

© 2026 American Chemical Society
6695

https://doi.org/10.1021/jacs.5c22761
J. Am. Chem. Soc. 2026, 148, 6695−6703

D
ow

nl
oa

de
d 

vi
a 

IN
ST

 O
F 

PH
Y

SI
C

S 
on

 F
eb

ru
ar

y 
24

, 2
02

6 
at

 0
1:

07
:5

3 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mingzhang+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuxin+Ma"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qi+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ke+Ma"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jiali+Lu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhaolong+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ruijin+Sun"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tianping+Ying"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mengdi+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mengdi+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xin+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Changchun+Zhao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jian-gang+Guo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shifeng+Jin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiaolong+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/jacs.5c22761&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c22761?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c22761?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c22761?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c22761?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c22761?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/jacsat/148/6?ref=pdf
https://pubs.acs.org/toc/jacsat/148/6?ref=pdf
https://pubs.acs.org/toc/jacsat/148/6?ref=pdf
https://pubs.acs.org/toc/jacsat/148/6?ref=pdf
pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/jacs.5c22761?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org/JACS?ref=pdf


Here, we develop a two-step hydrothermal ion-exchange and
deintercalation route to synthesize new Fe1.11Se bulk single
crystals having 11% interstitial Fe2 ions, which is much higher
than its solubility in the Fe−Se binary phase diagram.
Remarkably, this new nonstoichiometric Fe1.11Se exhibits a
Tc

onset of 30.4 K, identical to that in KxFe2Se2. The Fe2 thus
acts as a benign dopant, which suppresses nematicity, injects
electrons, and enhances SC. More interestingly, Tc is
suppressed to a minimal value near 2.5 GPa in the SC-I
zone and then enhanced to a maximal value under pressure,
forming a SC-II zone. In terms of superconducting evolution,
such a V-shaped Tc is totally different from single-dome SC in
s-FeSe, while it resembles those of FeSe-intercalates. In the SC-
II zone, an emergent possible magnetic phase coexists with an
SC above 5.6 GPa. The new pressure-dependent electronic
property seems bridge the gap between s-FeSe and FeSe-
intercalates.

■ RESULTS AND DISCUSSION
Single crystals of Fe1+δSe1−xSx (x = 0, 0.3, 0.6) were
successfully synthesized by the hydrothermal intercalation
and selective deintercalation procedure, see Figure 1a. Single-
crystal X-ray diffraction (SCXRD) on a 152 × 66 × 11 μm3

specimen at 299 K shows that Fe1.11Se crystallizes in the
LiFeAs-type structure with a space group of P4/nmm.40 Fe1

and Se fully occupy the 2b [1/4, 3/4, 1/2] and 2c [1/4, 1/4,
0.266(1)] Wyckoff sites. Differential Fourier maps reveal
residual electron density between layers, attributed to
interstitial Fe2 ions with an occupancy of 11%, which
randomly occupy the 2c site [1/4, 1/4, 0.866(1)]. More
details are shown in Table S1 and Figure S1.

The purity of the single-crystal form is also examined by
powder X-ray diffraction (PXRD) on a 0.5 × 0.3 cm2

specimen, showing only sharp (00l) reflections and no
detectable peaks of precursors K0.8Fe2−y(Se1−xSx)2 and
(Li1−yFey)OHFeSe1−xSx. Notably, the lowest-angle Bragg
reflection corresponds to a d-spacing of 5.588(6) Å, 1.2%
larger than that of s-FeSe. It implies the incorporation of
additional species between adjacent FeSe layers. Upon sulfur
doping, all (00l) peaks shift to a higher angle. More details
from the refinement are given in Table S2.

The elemental compositions of Fe1.11Se crystals were
determined by using several characterization techniques. The
complete deintercalation of K+ or Li+ can be confirmed by
inductively coupled plasma-atomic emission spectroscopy
(ICP-AES) and energy-dispersive X-ray spectroscopy (EDX)
(see Figure 1c). The Fe/Se ratio measured by ICP-AES is
1.18(1):1. The EDX elemental mapping on freshly cleaved
crystal surfaces (Figure 1c), which shows a homogeneous
distribution of Fe and Se with the Fe/Se ratio of 1.11(1):1, is
in good agreement with the analysis of SCXRD measurements.
The ratio of Fe/Se is determined as 1.09(1):1 and 1.06(1):1
for x = 0.3 and 0.6, respectively. We further performed in situ
dynamic gas composition analysis using a quadrupole mass
spectrometer (QMS). As shown in Figure 1d, the H2

+ signal is
3.5 × 10−12 A up to 870 K, which is smaller than the
background N2 signal. There are also negligible water-derived
signals, i.e., OH+ and H2O+, below 5 × 10−12 A.

To further confirm the presence and local environment of
Fe2 in Fe1.11Se, we conducted a 57Fe Mössbauer spectrum at
23 K. The primary doublet (Fe1) exhibits an isomer shift (IS)
of 0.56(1) mm·s−1 and a quadrupole splitting of 0.28(1) mm·
s−1, which are nearly equal to that of s-FeSe (IS = 0.57(1) mm·
s−1, QS = 0.30(1) mm·s−1 at 5 K).8 The isomer shift of Fe2 ion
in Fe1.11Se is 0.07 mm·s−1, which is lightly lower than the
0.14−0.2 mm·s−1 of Fe2 ions in Fe1.125Te. However, no
additional doublets or magnetic splitting is observed in the
spectrum, contrasting with the magnetic ordering of Fe1+xTe (x
≥ 0.14).41,42 The interstitial Fe2 in Fe1.11Se should be
nonmagnetic and may locate at a less symmetric surrounding.
Besides, the relative ratio of spectral areas for Fe1/Fe2 is
1:0.12(2), which quantitatively matches the 11% interstitial
Fe2. Based on these observations, we can thus conclude that
the existence of 11% Fe2 is reasonable. In addition, the
effective moment of Fe2 is 4.9(1) μB (S = 2, tetrahedral d6)
derived from temperature-dependent magnetic susceptibility as
shown in Figure S2.

The electrical transport properties of Fe1+δSe1−xSx (x = 0,
0.3, 0.6) were measured at ambient pressure as shown in
Figure 2a. The ρ−T curves of three samples do not have any
kinks, suggesting the absence of the nematic phase of s-FeSe.
At lower temperatures, the sharp drop of ρ due to the
superconducting transition emerges. We plot them in Figure
2b, where the Tc

onset of Fe1.11Se is 30.4 K, which is nearly four
times higher than that of s-FeSe. The Tc

onset decreases to 17.4
and 12.2 K in Fe1.09Se0.7S0.3 and Fe1.06Se0.4S0.6, respectively. We
fitted the normal-state ρ−T curves from Tc

onset to 80 K by
ρ(T) = ρ0 + ATα, as shown in Figure 1a. All α values are close

Figure 1. (a) Schematic synthesis route and crystal structure of
Fe1+δSe1−xSx. (b) Powder X-ray diffraction patterns of s-FeSe and
Fe1+δSe1−xSx single crystals. (c) SEM image and EDX mapping of
Fe1.11Se. (d) Dynamic gas composition analysis of Fe1.11Se. (e) 57Fe
Mössbauer spectrum of Fe1.11Se at 23 K.
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to 1, indicating the non-Fermi-liquid behaviors. Magnetic
measurements under ZFC conditions demonstrated the bulk
SC in Fe1.11Se. In Figure 2c, a sharp diamagnetic transition
shows a Tc

zero of 27.1 K at 10 Oe. The magnetization versus
magnetic field (M−H) curves in Figure 2d exhibit a
pronounced hysteresis loop at 5 K, characteristic of type-II
superconductivity and strong flux-pinning. The ρ−T curves
below 50 K under different H values are presented in Figure
S3. The “tail” of resistivity seems like the behavior in those 2D
superconductors.43,44 Figure 2e displays the linear field-
dependent ρxy up to 5 T at 50−200 K. It shows a single-
band model dominated by electrons, which is different from
the two-band model in s-FeSe. In all samples, the Hall
coefficients RH are negative, as shown in Figure 2f. The
electron concentration ne = 1/(RH·e) of Fe1.11Se is 1.28(1) ×
1021 cm−3 at 50 K, which decreases upon doping sulfur. The Tc
also decreases as n is lowered.

To probe the interlayer interaction in Fe1.11Se, we measured
the angular magnetoresistance of Fe1.11Se at 24 K up to 9 T
(see Figure 2g). The SC is suppressed as the angle θ between
the c-axis and the magnetic field increases from −4° to 90°,
indicating anisotropic SC. Further analysis of the fluctuation-
induced magnetoconductivity using the 2D Lawrence−
Doniach (LD) model reveals that the coherence length (ξc)
of Fe1.11Se along the c-axis is 2.9 Å, remarkably shorter than ξc
of 26 Å in s-FeSe.45,46 Thus, Fe1.11Se is an anisotropic
superconductor. Upon sulfur doping, the ξc increases to 5.5
and 18.1 Å for x = 0.3 and 0.6, and the anisotropic SC
gradually weakens.

We freshly cleaved single crystals for in situ electrical
transport measurements under pressure. All of the ρ−T curves
are shown in Figure 3a,b. The Tc

onset of Fe1.11Se initially

decreases with applied pressure, reaching a minimum value of
15.4 K at 2.6 GPa in the SC-I zone. Then, it inversely increases
to 31.1 K with further compression. As P > 5.5 GPa, a weak
kink of the ρ−T curve emerges above Tc

onset. It may be a
stripe-type antiferromagnetic (S-AFM) transition just observed
in pressurized s-FeSe,32,33,50,51 marked as violet arrow of Tm in
Figure 3b. This anomaly can be easily found in the temperature
derivative dρ/dT curves in Figure S4. Interestingly, both Tm
and Tc

onset increase with increasing P, showing peaks of 35.2
and 31.1 K at 10.6 GPa, respectively. At 12.5 GPa, the
resistivity does not reach zero at 1.8 K. As P > 13.6 GPa,
neither superconducting nor magnetic transitions are observed.
We also measured ρ−T curves of the sulfur-doped samples
with x = 0.3 (Figure 3c,d) and 0.6 under pressure (see Figure
S4). Their Tc

onset shows a similar V-shaped evolution with a
minimal Tc

onset at ∼2.0 GPa. The Tm transition also emerges as
P > 5.5 GPa. For x = 0.3, the highest Tc

onset is 25 K at 7.0 GPa.
While in x = 0.6, the highest Tc

onset of re-entered SC is 8 K at
5.5 GPa. In addition, the tetragonal−hexagonal phase
transition in sulfur-doped samples decreases to 12 and 10
GPa, which is reasonably due to the pre-exertion of chemical
pressure by doping smaller sulfur ions in Fe1.11Se.

To gain more insight into the pressurized SC of
Fe1+δSe1−xSx, we plot the whole pressure-dependent electronic
phase diagram in Figure 4a. In the three diagrams, the Tc

onset

and Tc
zero decrease in the SC-I region and then lower to a

minimum at P of 2.0−2.6 GPa, followed by a dome-like Tc in
the SC-II. As P > 13.6, 12, and 10 GPa, the SC of the three
samples totally disappears, respectively. We first examine
whether the structural phase transition exists under pressure.
The in situ synchrotron diffractions under pressure of x = 0 and
x = 0.3 were conducted, and all of the patterns are plotted in

Figure 2. (a) Temperature dependence of normalized electrical resistivity (ρ/ρ300K) of Fe1+δSe1−xSx. Black, violet, and blue curves are x = 0, 0.3,
and 0.6, respectively. Black dashed lines are the fitting curves. (b) Superconducting transition of Fe1+δSe1−xSx. (c) Zero-field-cooled magnetization
(ZFC) of Fe1.11Se at 10 Oe, and the inset is a zoom-in transition. (d) M−H curves of Fe1.11Se. (e) Hall resistivity of Fe1.11Se as a function of
magnetic fields. (f) Temperature-dependent Hall coefficient RH of Fe1+δSe1−xSx. (g) Magnetic field dependence of the resistance for Fe1.11Se at 24 K
under varying angles. (h) Normalized Δσ0T derived from the Lawrence−Doniach (LD) model of three samples.
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Figure S5. The contour plots clearly reveal that no structural
transition occurs in the two SC-I and SC-II zones. Further
increasing pressure, additional peaks show up, and the phases
gradually change into a NiAs-type hexagonal structure. At the
same time, the SC and possible magnetic phase transition
disappear.

In addition, we plot the pressure-dependent cell volume
ratio V/V0GPa and the lattice parameters ratio c/a of Fe1.11Se in
Figure 4d,4e, respectively. More details about Fe1.09Se0.7S0.3 are
plotted in Figure S6. For Fe1.11Se, the V/V0GPa and c/a ratio
decrease smoothly and rapidly in 0−6 GPa, which are
commonly observed in FeSe-intercalates.38,52 Above 6 GPa,
the decrement of V/V0GPa seems to deviate from the standard
Birch−Murnaghan (BM) equation of state, and the shrinkage
of c/a also slows down. These abnormal behaviors imply the
formation of an interlayer bonding state under pressure.

Furthermore, we performed density functional theory
(DFT) calculations using the lattice parameters of Fe1.11Se
under high pressures. As shown in Figure S7, the Fermi surface
(FS) displays a quasi-2D cylindrical shape at 0 GPa. With
increasing pressure, the bands along A−M cross the Fermi
level, leading to the FS gradually warping toward a spherical
form. At 10 GPa, the FS is fully enclosed within the first
Brillouin zone, showing 3D character. In Figure S8a, we
plotted the change in projected density of states and total
density of states under pressure. It can be seen that the
contributions of the five orbitals do not change much at EF. As

for the total value, it decreases from 21.42 to 17.54 states/eV
as shown in Figure S8b, which does not directly relate to the
value of Tc.

We listed the Tc and ne of Fe1.11Se, s-FeSe, and three FeSe-
intercalates in Table 1. The ne of Fe1.11Se reached a level
comparable to that of FeSe-intercalates with high Tc, indicating
the doping effect of interstitial Fe. Furthermore, the Fe1.11Se
annealed at 200 °C still keeps the high Tc

onset of 28.5 K, slightly
lower than pristine Fe1.11Se as plotted in Figure S9. However,
the Tc

onset of the sample annealed at 400 °C moves down to 9.6
K, identical to that of s-FeSe, indicating that Fe1.11Se is a
metastable superconductor sustained at low temperature.

Let us compare our P−T phase diagrams with those in
pressurized s-FeSe and FeSe-intercalates. In the former case,
the nematic transition is suppressed by pressure, and the Tc of
8 K slowly increases to 37 K at ∼6 GPa. Detailed ρ−T
measurements confirm that there is a magnetic phase transition
between 2−6 GPa. As P > 6 GPa, the Tc slowly decreases and
vanishes when a NiAs-type nonsuperconducting phase
emerges. In KxFe2Se2, the Tc of 31 K monotonically decreases
to zero near 10 GPa, and then a second superconducting phase
re-emerges with Tc of 48 K.36 This reentrance might be related
to a quantum critical point.37 In (LiyFe1−yOH)FeSe and
Lix(NH3)yFeSe, a V-shaped SC is reported, and the minimal Tc
occurs at 2−4 GPa.38,39 However, the magnetic transition is
not observed in any of these FeSe-intercalates. As for Fe1.11Se,
the pressure-dependent V-shaped SC is different from those of
s-FeSe at lower pressure, while it is similar to the reports in
FeSe-intercalates. In addition, at a higher pressure region of
5.6−12.5 GPa, the emergent possible magnetic phase
transition is similar to the S-AFM transition in pressurized s-
FeSe.

As previously reported, this magnetic transition is closely
related to a hole pocket located at the center of the Brillouin
zone of the reconstructed Fermi surface. However, in Fe1.11Se
and FeSe-intercalates, the doped electrons significantly enlarge
the electron pockets. This is verified by the Hall measurements
in Fe1.11Se, where the RH of −4.86 × 10−9 m3/C at ambient
pressure equals the value of (LiyFe1−yOH)FeSe. Furthermore,
all of these values are negative, as shown in Figure 4f, where
the data were fitted by the single-band model (see Figure S10).
Since the hole pocket in Fe1.11Se should be pretty small, it is
unlikely the scenario of hole pocket nesting-induced magnet-
ism in pressurized s-FeSe.33 Alternately, one possible picture is
that the interstitial Fe2 ions become magnetically interacting
under pressure. Further studies will be of interest to clarify the
origin.

In a recent work, the author claimed that the Tc of FeSe-
based superconductors is positively correlated with electron
concentrations.47 This statement is supported by the relation-
ship between Tc and carrier concentrations of Fe1+δSe1−xSx at
ambient pressure, as shown in Figure 2f and Table 1.
Nevertheless, the pressure-induced V-shaped SC is not fully
explained by the pressure-dependent carrier concentrations,
which monotonically increase with applied pressure. We did
not observe critical points at 2−2.6 GPa in Figure 4f. Thus,
additional parameters must be taken into consideration.

In addition, double-dome SC was found in many iron-based
superconductors like the case of LaFeAsO1−xHx and
pressurized KxFe2Se2.

36,37,53,54 In the former, the two-dome
structure is closely related to bipartite magnetic parents
LaFeAsO and LaFeAsO0.5H0.5. Under chemical doping, the
two magnetic parents evolve into SC, respectively, which forms

Figure 3. Temperature-dependent ρ/ρ50K and ρ/ρ35K in (a, b)
Fe1.11Se and (c, d) Fe1.09Se0.7S0.3 single crystals, respectively, under
different pressures. The red and violet arrows label the Tc

onset and
possible magnetic transition Tm, respectively.
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a double-dome SC with a minimal Tc at x ∼ 0.2. In the
pressurized KxFe2Se2, the Tc is first suppressed and then re-
emerges at higher pressure. It is closely related to a so-called
quantum critical point. In such two IBSCs, the crystal
structures are flexible, and the geometry of the FeAs4/FeSe4

tetragonal is easy to modify upon chemical doping or pressure
to some extent. Thus, the dominant contribution to the Fermi
surface can shift between Fe 3dxy and Fe 3dxz,yz, and thus, the
induced Lifshitz transition may, in turn, determine the SC.

■ CONCLUSIONS

We have synthesized new Fe1.11Se single crystals that exhibit a
Tc of 30.4 K utilizing a two-step hydrothermal ion-exchange
and deintercalation process. Our comprehensive structural and
spectroscopic analyses confirm the incorporation of 11%
interstitial Fe2 ions. The pressure-induced evolution of SC in
Fe1.11Se behaves like the FeSe-intercalates rather than binary s-
FeSe. This work demonstrates the potential of a metastable
strategy in searching high-Tc superconductors and inducing
emergent physical properties in FeSe and other layered
superconductors with weak interlayer force.

■ METHODS

Hydrothermal Synthesis of Fe1.11Se Single Crystals
Fe1.11Se single crystals were synthesized via a hydrothermal ion-
exchange and deintercalation reaction process involving four
sequential steps. First, high-purity tetragonal FeSe powder is obtained
by melting Fe and Se pellets together in a quartz tube at 1100 °C and
then annealing at 400 °C for 3−5 days. Then, high-quality single
crystals of K0.8Fe2Se2 were synthesized based on the methods
described in ref 16. Subsequently, the as-grown K0.8Fe2Se2 crystals,
iron powders, and LiOH pellets were reacted in an aqueous medium
within a sealed autoclave under high temperature and pressure, as
described in ref 55. The golden-yellow (Li1−yFey)OHFeSe (y = 0.15)
single crystals were washed and collected. Finally, the (Li1−yFey)-
OHFeSe crystals were placed in a Teflon-lined autoclave with 0.1 g of
KOH, 0.3 g of Fe powder, 1 g of Sn powder, and 10 mL of deionized
water. The mixture was heated at 120 °C for 3 days. The final Fe1.11Se
crystals were collected from the aqueous solution, and the surface
water was removed by vacuum evacuation. It yields large, air-stable,
silver-white Fe1.11Se single crystals.

Structural and Chemical Characterization
Powder XRD measurements were performed on a Rigaku SmartLab
diffractometer to evaluate the phase purity and orientation of single-
crystal specimens. Chemical composition analysis was conducted
using energy-dispersive X-ray spectroscopy (EDX) on pristine crystal
surfaces and inductively coupled plasma-atomic emission spectrosco-
py (ICP-AES) on acid-dissolved samples. For structural determi-
nation, a single-crystal X-ray diffraction (XRD) measurement was

Figure 4. Phase diagram of pressurized Fe1+δSe1−xSx for (a) x = 0, (b) x = 0.3, and (c) x = 0.6. (d) Derived cell volume ratio V/V0GPa and (e) lattice
parameters ratio c/a for Fe1.11Se. The gray line is a fitted curve by the Birch−Murnaghan (BM) equation of state. The black dashed lines guide the
trend of c/a. (f) Pressure dependence of RH at 50 K.

Table 1. Comparison of Tc and ne at 50 K in Fe1.11Se, s-FeSe, and FeSe-Intercalates

Fe1.11Se s-FeSe1,8,47 KxFe2Se2
16,48,49 (Li0.8Fe0.2)OHFeSe26,38 Lix(NH3)yFe2Se2

21,43

Tc (K) 30.4 8.5 30.1 40 44.3
ne (×1021 cm−3) 1.28(1) 0.20(5) 0.7−1.2 1.60(1) 1.30(1)
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carried out at 299 K using a Bruker D8 diffractometer with Mo Kα
radiation (λ = 0.71073 Å). Dynamic gas composition analysis of the
Fe1.11Se single crystal during isothermal heating under high vacuum
was performed via Quadrupole Mass Spectrometry (QMS). The local
environment and valence state of iron atoms were investigated by 57Fe
Mössbauer spectroscopy at 23 K. In situ high-pressure synchrotron
diffractions were carried out at the BL15U1 station of the Shanghai
Synchrotron Radiation Facility (SSRF) by using a diamond anvil cell
(DAC) with a facet diameter of 300 μm. The wavelength of the
synchrotron beam is 0.6199 Å. Mineral oil served as the pressure-
transmitting medium, and the pressure was calibrated by the standard
ruby fluorescence method.
Magnetic and Electrical Transport Measurements
Magnetic properties were measured by using a superconducting
quantum interference device (SQUID) magnetometer under an
applied field of 10 Oe. Temperature-dependent electrical resistivity
was measured using a standard four-probe configuration with applied
currents below 2 mA. Hall coefficients (RH) were determined from
linear fits of the Hall resistivity (ρxy) versus magnetic field (H) in the
range of −5 to +5 T at temperatures of 20, 40, 60, 80, 120, 160, 200,
and 250 K. In situ high-pressure electrical transports were measured in
a physical property measurement system (PPMS, Quantum Design,
DynaCool). All measurements were carried out using a beryllium
copper alloy DAC with a facet diameter of 500 μm, and the pressure
was monitored with the ruby fluorescence method. We used KBr as
both the pressure-transmitting and insulating medium.
DFT Calculation
First-principles calculations were carried out with the density
functional theory (DFT) implemented in the Vienna ab initio
simulation package (VASP).56 The generalized gradient approxima-
tion (GGA) in the form of Perdew−Burke−Ernzerhof (PBE) was
adopted for the exchange-correlation potentials.57 We used the
projector-augmented wave (PAW).58,59 Because of random occupa-
tion of interstitial Fe2, we performed the calculations in a 2 × 2 × 1
supercell of FeSe (P4/nmm) and introduced 12.5% interstitial Fe to
model Fe9Se8. The planewave energy cutoff was set to 900 eV, and the
energy convergence criterion was set to 0.1 eV, using a Γ-centered 9 ×
9 × 12 k-mesh for Brillouin-zone sampling.
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Spectroscopy Evidence of Intrinsic Non-Stoichiometry in Iron
Telluride Single Crystals. Ann. Phys. 2017, 529 (4), No. 1600241.
(42) Kiiamov, A. G.; Tayurskii, D. A.; Vagizov, F. G.; Croitori, D.;

Tsurkan, V.; von Nidda, H.-A. K.; Tagirov, L. R. DFT and Mössbauer
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