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Collapse of metallicity and high-Tc
superconductivity in the high-pressure
phase of FeSe0.89S0.11
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Amalia I. Coldea 1

We investigate the high-pressure phase of the iron-based superconductor FeSe0.89S0.11 using
transport and tunnel diode oscillator studies using diamond anvil cells. We construct detailed
pressure-temperature phase diagrams that indicate that the superconducting critical temperature is
strongly enhanced bymore than a factor of four towards 40 K above 4 GPa. The resistivity data reveal
signatures of a fan-like structure of non-Fermi liquid behaviour which could indicate the existence of a
putative quantum critical point buried underneath the superconducting dome around 4.3 GPa. With
further increasing the pressure, the zero-field electrical resistivity develops a non-metallic temperature
dependence and the superconducting transition broadens significantly. Eventually, the system fails to
reach a fully zero-resistance state, and the finite resistance at low temperatures becomes strongly
current-dependent. Our results suggest that the high-pressure, high-Tc phaseof iron chalcogenides is
very fragile and sensitive to uniaxial effects of the pressuremedium, cell design and sample thickness.
This high-pressure region could be understood assuming a real-space phase separation caused by
nearly concomitant electronic and structural instabilities.

In the quest of seeking higher and higher superconducting transition
temperatures, the application of large hydrostatic pressures is an important
tool. While the highest transition temperatures close to room temperatures
were observed in conventional hydride superconductors under enormous
pressures in the hundreds of gigapascal (GPa) range1–3, much lower pres-
sures in the tens of GPa range are sufficient to boost superconductivity in
unconventional superconductors, most notably in the copper-based4, the
iron-based5, and in the recently discovered nickel-based systems6–8.

The family of the iron-chalcogenide FeSe has emerged as an enor-
mously versatile system in which superconductivity can be tuned not only
by hydrostatic pressure, but also by uniaxial strain, isovalent and charge
doping, surface dosing, and chemical intercalation9–17. The richness of this
system partially stems from its instability towards an electronic nematic
phase at ambient conditions and its proximity to amagnetic phase which is
stabilized under high pressures11. Remarkably, it is possible to disentangle
the electronic nematic and magnetic phases through a careful combination
of iso-electronic doping of FeSe1−xSx with hydrostatic pressures18, which
allows one to study the contributions of their corresponding order para-
meter fluctuations to the superconducting pairing independently.

In particular, applied pressure studies of FeSe0.89S0.11 have provided
unique access to an isolated nematic quantum critical point19,20. Towards
higher pressures, multiple studies identified a strongly enhanced super-
conducting phase with the transition temperature Tc approaching values of
≈ 35 K18. However, the nature of this high-pressure phase and of the
underlying electronic structure remains unclear, and previous studies pro-
duced partially contradictory results. In particular, a resistivity study
reported enhanced superconductivity up to 8 GPa, and the emergence of a
seemingly competing spin-density magnetic phase in the pressure range
2–4 GPa18. In contrast, a subsequent ac susceptibility study did not find
signatures of any magnetic order but observed a complete loss of the
superconducting shielding at 4 GPa21. Another recent transport and nuclear
magnetic resonance (NMR) study detected weak signatures for magnetism
above 3 GPa, and a gradual suppression of superconductivity beyond
4GPa22. In CuxFe1−xSe onlymagnetismwas suppressed under pressure but
superconductivity remained strong23, whereas in thin flakes of FeSe, an
unsual suppression of the magnetic and superconducting phases under
pressure with decreasing flake thickness was observed24. Similarly, the
sample thickness and the choice of pressuremediumwere found to strongly
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affect the boundaries of the superconducting phase in bulk FeSe above 5
GPa, likely due to additional uniaxial stress along the c direction25.

In order to assess the nature of this enigmatic high-pressure phase in
detail, we investigate FeSe0.89S0.11 via transport and tunnel diode oscillator
(TDO) studies using opposing Diamond Anvil Cells (DACs), and different
liquid pressure media up to ≈ 7 GPa. We find that the superconducting
transition temperature Tc shows aminimum of 6 K around ≈ 1 GPa, before
it increases towards 40 K above ≈ 4 GPa. Above 4 GPa, we observe sig-
nificant changes in the sample properties. The room temperature normal
state resistivity displays a sudden increase with pressure, whereas the low-
temperature resistivity develops a marked fan of non-Fermi liquid beha-
viour. Further increasing the pressure, the resistivity develops non-metallic
behaviour. Simultaneously, the superconducting transition broadens sig-
nificantly until it becomes incomplete and fails to induce a zero-resistance
state even at the lowest temperatures, together with an unusually small
critical current density. This development is similar to FeSe, where non-
metallic resistivity and a loss of superconductivity were observed under
pressure above 10 GPawhichwere associated to a structural transition from
tetragonal towards an orthorhombic or possibly hexagonal phase11,26,27. Our
experimentalfindings inFeSe0.89S0.11 are consistentwith apressure-induced
crossover from ametallic-like to a insulating-like behaviourwhich leads to a
phase coexistence between superconducting/metallic and non-super-
conducting/semi-metallic domains.Within this picture, the observationof a
quantum critical fan as a typical signature of a second-order electronic
instability is unusual and it is potentially interrupted by the assumed
structural instability.

Results
Superconducting phase
Previous studies have established that at ambient pressure FeSe0.89S0.11
becomes superconducting below a sharp transition temperatureTc≈ 10.4 K
inside a nematic electronic phase below Ts ≈ 60 K14,19,20,22,28,29. Upon appli-
cation of hydrostatic pressure, the nematic transition temperature is quickly
suppressed and a nematic quantum critical point is revealed around pc ≈
0.6 GPa as determined at low temperatures (corresponding to approxi-
mately 0.8 GPa at the room temperature pressure, see theMethods section).

Quantumoscillations have revealed the presence of a Lifshitz-like transition
across the border of the nematic phase while the effective masses of the
quasiparticles do not display divergent behaviour19,29.

Figure 1a–d show the temperature dependence of the zero-field resis-
tivity andTDOresonant frequency fordifferent single crystals of FeSe0.89S0.11,
using eitherGlycerol or a 4:1mixture ofMethanol:Ethanol as pressuremedia,
up to pressures of ≈ 7GPa. At the lowest pressure accessible with the Dia-
mondAnvilCell, theTDOdata for0.6(1) GPa showsaweakanomaly around
25K, best visible as a dip in the temperature derivative shown in Fig. 1d.We
associate this anomaly with the nematic phase transition, in good agreement
with previous reports using piston cylinder cells19.Moreover, Fig. 1a–d reveal
clear signatures of superconductingphase transitions as either a sharpdrop in
the resistance, or a surge in the TDO resonant frequency. Interestingly, above
4.2 GPa the superconducting transitions in the transport samples broaden
significantly, and beyond 5GPa, the transitions become incomplete as the
sharp drop in the resistance does not lead to a zero-resistance state anymore,
as shown in Fig. 1a. Therefore, in order to quantify the broadening effects and
the loss of a fully superconducting phase, we will follow the evolution of four
different anomalies in resistivity corresponding to the onset (Ton

c ), sharpest
drop (Tp

c ), offset (T
off
c ) and true zero resistance (T0

c ) temperatures, as indi-
cated in Fig. 1e–f and the Methods section.

Figure 2 summarizes the evolution of the different superconducting and
non-superconducting temperatures in a detailed pressure-temperature phase
diagram for all single crystals of FeSe0.89S0.11 studied here and in previous
reports18,19,21,22,28. At the lowest pressures, the superconducting transition
temperaturesTc drop from≈10 Kat ambientpressure towards aminimum≈
6 K at a pressure of ≈ 1GPa, independent of the pressure technique or
medium employed. In the intermediate pressure regime between
1GPa < p≲ 4GPa, superconductivity is strongly enhanced and all critical
temperatures continue to follow each other closely, reaching values close to
35 K at 4.0 GPa.However, in this regime,wefind thatTc depends strongly on
the pressure environment. As shown in Fig. 2(b), studies performed using
opposing anvil cells and Glycerol, as in this report and in
ref. 21, showexcellent agreement in the valueofTc. In contrast, studies carried
out using piston cylinder cells (PCC), such as sample P19 and ref. 28, or cubic
anvil cells using Glycerol18, reported transition temperatures up to 10 K
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Fig. 1 | Evolution of the zero-field properties of FeSe0.89S0.11. a The temperature
and pressure dependencies of the zero-field resistivities of samples A (thin lines) and
sample N (thick line). The pressure transmitting medium for both samples is Gly-
cerol. b First derivative of the low-temperature regime of panel (a) focusing on the
superconducting transitions. Here, the resistivities are normalized against their
values at T = 100 K and their derivatives shifted vertically for clarity. c Low-
temperature evolution of the resonant frequency of a TDO circuit comparing the
effects of either Glycerol as pressure transmitting medium (TDO1, ‘Gly’, thin lines),
or a 4:1mixture ofMethanol:Ethanol (TDO2, ‘M:E’, thick lines). d First derivative of
the TDO resonant frequency. Ts indicates the position of the nematic transition

visible at lowest pressures. Vertical dashed lines in panels (c) and (d) indicate the
pressure-independent superconducting transitions of In, Sn and Pb, which originate
from the solder joints outside the pressure cell. e, fDefinition of the superconducting
critical temperatures indicated by arrows. The onset and offset temperatures, Ton

c

and Toff
c , are defined where the derivative of the resistivity or the TDO resonant

frequency recovers their high- and low-temperature values, respectively. The peak in
the derivative defines Tp

c , and T0
c is the temperature with truly zero resistance. At

high pressures p≳ 4 GPa, an additional low-temperature tail in resistivity leads
to T0

c ≪Toff
c .
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higher, or equivalently shift the high-pressure, high-Tc phase to lower pres-
sures by Δp≈ 1 GPa. Since the latter pressure techniques ensure a sig-
nificantly higher hydrostatic environment than opposing anvil cells, the
observed disparity between the studies suggests that superconductivity in this
pressure regime sensitively depends on the strength of non-hydrostatic
(uniaxial) pressure components.

In the high-pressure regime above ≈ 4 GPa, the critical temperatures
display divergent trends. Figure 2 shows that the onset temperature Ton

c
keeps increasing for all samples studied and reaches a maximum of 39.2 K
around ≈ 6 GPa, remarkably similar to the maximum superconducting
temperature of 38.3 K detected in FeSe at 6.3 GPa13, and in themore heavily
doped FeSe0.83S0.17 in the absence of the SDWphase18. In contrast, the zero-
resistance critical temperature T0

c and the temperature Tp
c , marking the

sharpest drop in the resistivity or the surge in the TDO resonant frequency,
respectively, become strongly sample dependent. On average, T0

c drops
quickly and vanishes around 5 GPa, consistent with a previous report22,
whereas Tp

c disappears around 6GPa. Neither signature could be observed
in any sample above 5 GPa and 6.5 GPa, respectively, as indicated in Fig. 2a.
Such distinct pressure dependencies of the critical temperatures T0

c , T
p
c and

Ton
c suggest that the loss of superconductivity does not imply a closure of the

gap, but rather an inhomogeneous and/or filamentary nature of

superconductivity. This finding will be corroborated by the critical current
studies that indicate a strongly reduced superconducting volume fraction, as
discussed in Section ID. Moreover, the alteration of the superconducting
phase is consistent with a previous ac susceptibility study which identified a
weakened diamagnetic shielding in the same pressure regime21.

Normal state resistivity
Mirroring the evolution of the superconducting transition temperatures
with pressure, the normal behaviour of the resistivity is also very sensitive to
the applied pressure in different regimes. To better quantify the electronic
changes across various pressure ranges, Fig. 3a shows the isothermal evo-
lution of the resistivity for all samples studied here. Initially, and at room
temperature, the resistivity shows a continuous reduction for pressures
p≲ 5 GPa which appears consistent with an increasing electronic band-
width as the orbital overlaps increase. In contrast, the low-temperature
resistivity shows a more nuanced pressure dependence. At the lowest
pressures, below 1 GPa, a marked drop of the low-temperature resistivity is
observed as the nematic phase is suppressed. This trend can be explained by
a growing Fermi surface and a reduced quasiparticle mass, based on our
previous high-pressure transport and quantum oscillation studies up to
2.2 GPa19. Additionally, scattering off nematic and/or spin fluctuations as
well as nematic domain boundaries within the nematic phase may con-
tribute to the low-pressure, low-temperature resistivity, but all effects get
suppressed with increasing pressure30–32. Upon further increasing the
pressure, the low-temperature resistivity shows anupturn around≈ 1.2 GPa
(sample P) or ≈ 2.2 GPa (samples A-N). The corresponding pressure dif-
ference Δp ≈ 1 GPa between the resistivities of sample P (measured inside a
piston cylinder cell) and samplesA-N(opposing anvil cell) is consistentwith
the pressure difference of their superconducting transition temperatures, as
discussed above. Interestingly, for an intermediate temperature≈ 100 K, the
resistivity appears essentially pressure independent between 1 GPa and
4GPa, which corresponds to the visible crossing point of the resistivity
curves in Fig. 1a, similar to previous reports19,22. Such a crossing could
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correspond toanelectronic crossover from incoherent to coherent transport
predicted for a Hund’s metal, a change in scattering or electronic correla-
tions tuned by pressure33 or temperature-dependent effects induced by the
shift of the chemical potential at high temperatures above 100 K34.

Towards highest pressures, the evolution of the resistivity changes
significantly at all temperatures. Figure 3a shows an upturn in the resistivity
at a weakly temperature dependent pressure scale ps(T) which varies
between ps(40 K) ≈ 4.6 GPa and ps(260 K) ≈ 4.9 GPa. Since ps can be iden-
tified up to room temperature, we propose it as a signature of a potential
pressure-induced structural transition. Furthermore, Fig. 3(b) shows the
residual resistivity just below the offset temperature Toff

c which we found to
be zero for pressures below psðToff

c Þ. However, for higher pressures, the
development of a finite resistivity gradually appears, which illustrates the
collapse of the zero-resistivity superconducting state at psðToff

c Þ≈ 4:4 GPa.
Towards higher pressures, this residual resistivity keeps growing roughly as
ðp� psÞ2, consistent with the emergence of the low-temperature resistive
tail below themain superconducting transition, visible inFig. 1a. Eventually,
the resistivity displays only an anomaly resembling a partial super-
conducting transitionbeyond≈5 GPa, as discussed above.This unusual loss
of superconductivity is similar to previous studies of FeSe, where it was
associated with a structural transition into orthorhombic or possibly hex-
agonal phases11,26,27. Furthermore, the loss of superconductivity in FeSe was
also induced by the Cu-substitutionwhich could lead to the formation of an
electronically inhomogeneous phase, having superconducting islands17.
Therefore, the evolution of the normal and superconducting behaviour of
FeSe0.89S0.11 at ps could be driven by a potential structural transition, like in
FeSe, or the development of an electronic phase separation.

Importantly, the weakly temperature-dependent pressure ps(T), at
which there are substantial changes in the resistive and superconducting
properties of FeSe0.89S0.11, is similar to the hydrostatic limit of the employed
pressure mediumGlycerol at ≈ 5 GPa35. In order to test the influence of the
pressure medium, we have performed a comparative study using the TDO
techniquewithGlyercol andwith a 4:1mixture ofMethanol:Ethanol, which
ensures hydrostatic conditions up to 10 GPa35,36. Figure 1c,d show the
evolution of the resonant frequencies and theirfirst derivatives, respectively,
for both pressuremedia as a function of pressure and temperature. Since an
estimation of the sample resistivity from the TDO frequency depends on
precise knowledge of the experimental setup (sample and coil dimensions
and anyparasitic capacitanceunavoidable in apressure cell),we focus on the
evolution of the superconducting transition only. Figure 1c,d reveal that
superconductivity is significantly weakened for Glycerol from 4.5 GPa
onwards, in excellent agreement with the transport samples using the same
pressure environment. In contrast, for the much more hydrostatic mixture
of Methanol:Ethanol, the suppression of bulk superconductivity occurs
around5.7 GPa.While this pressure is significantlyhigher than in the caseof
Glycerol as pressure transmitting medium, it is far below the hydrostatic
limit of Methanol:Ethanol. Therefore, we infer that the loss of super-
conductivity and the increase in resistivity are not directly induced by the
hydrostatic limits of the pressure transmitting media employed, but they
appear to be intrinsic to the high-pressure electronic phase of FeSe0.89S0.11,
even though the exact pressure is clearly influenced by the medium.

Beyond the clear changes in the resistive and superconducting
properties as well as their mutual correlation as a function of pressure,
our multiple studies do not reveal signatures of any additional phase
transitions. We could not detect any thermodynamic transitions either,
even though the TDO should in principle be capable of detecting such
transitions, like in UTe2

37. For comparison, in the case of FeSe the
resistivity displays kink-like signatures at the onset of a SDW phase
above ≈ 0.8 GPa11,25,28,38, whereas FeSe0.88S0.12 shows weak anomalies in
resistivity in the range ≈ 5–7 GPa18. Furthermore, superconductivity
survives in the high-pressure phase of FeSe1−xSx when using a cubic
anvil cell and no insulating behaviour occurs up to 8 GPa11,18 which
clearly differs from our observations. In contrast, the loss of super-
conductivity of FeSe1−xSx and the absence of any long-range magnetic
order was suggested using the ac susceptibility and a similar pressure

technique to ours21. Moreover, high-pressure NMR studies could not
reveal enhanced magnetic fluctuations up to 4 GPa, but indicated the
possibility of short-range antiferromagnetic (AFM) order31. These see-
mingly contradictory results may point at a strong sensitivity of FeSe-
based materials to uniaxial pressure arising from the thermal contrac-
tion of opposing anvil cells, as employed here39,40 and in ref. 21, com-
bined with the additional effect induced by the sample thickness24,25.

Non-Fermi liquid behaviour
Despite the absence of a signature of any long-range phase transition in the
temperature dependence of the resistivity and TDO resonant frequency, we
observe strong changes in the normal state properties at low temperatures
which indicate that our samples are in the proximity to a pressure-induced
electronic instability. Figure 4 summarizes the presenceof a clear fanof non-
Fermi liquid behaviour in the normal state resistivity, which is often
regarded as a hallmark of putative quantum critical behaviour41. The
resistivity in the vicinity of ps displays a power-law form ρ(T) = ρ0+ aTk

with k ≈ 0.75 for multiple samples, ranging from the onset temperature of
superconductivity up to ≈ 130 K, as shown on Fig. 4b. This exponent differs
clearly from the Fermi liquid predictions with k = 2, which was observed
only at lower pressures and temperatures close to the nematic quantum
phase transition19,20,42.

Figure 4b shows the pressure and temperature dependence of the
exponent k which reveals a fan-like structure above the super-
conducting dome (for sample B) which is truncated from ≈ 5 GPa
onwards due to the presence of the non-metallic behaviour (see
Methods and the Supplementary Note for a discussion regarding the
validity of the resistivity exponent in the high-pressure region). Inside
the power-law fan k ≈ 0.75 which is consistent with the temperature
dependence shown in Fig. 4a. On the other hand, outside of the fan at
lower pressures k ≈ 1.5 consistent with previous reports19,42. By linearly
extrapolating the low- and high-pressure fan boundaries to zero
temperature, the fan collapses at pQ = 4.3(2) GPa, which is close to ps.
The presence of a fan-like dependence of the resistivity exponent is
typically regarded as a strong indicator for the presence of a putative
quantum critical point (QCP) buried underneath the superconducting
dome. A potential candidate for such behaviour could be an anti-
ferromagnetic QCP, suggested to exist in the FeSe1−xSx under pressure,
measured using a cubic anvil cell11,18.

Figure 4c shows that the resistivity exponent k has similar values for all
samplesmeasured usingDACs, but differs in the pressure dependence from
sample Pmeasured in the PCC. At the lowest pressures outside the nematic
phase, we find k ≈ 1.5 for the DAC, in excellent agreement with sample P
measured inside the PCC, consistent with previous reports19,42. With
increasing pressure, the exponent k is reduced continuously upon entering
the quantum critical fan and reaches a minimum of k = 0.75 ± 0.1 at
pQ = 4.3(2) GPa. Evidently, there is a sizable pressure offset in the evolution
of k in sample P by Δp ≈ 1 GPa (estimated at 2 GPa in Fig. 4c), consistent
with those in Tc and the absolute value of ρmeasure in the PCC, shown in
Figs. 2b and 3b.

Figure 4d inset provides an additional test of the location of the
quantum critical fan close to pQ, based on the extracted values for ρ0
(obtained from fits to a power law with fixed k = 0.75, in Fig. 4a). For small
pressures p < pQ, ρ0 appears negative which is nonphysical, in contrast to
larger pressure p > pQwhere ρ0 is positive. This implies that at low pressures
(p < pQ) the resistivity must have a larger exponent than k = 0.75 at low
temperatures. Indeed, Fermi liquid behaviour with k = 2 was detected pre-
viously in the vicinity of the nematic quantum phase transition19,20. The
resulting crossover Fermi temperature, TFL, lies in a range of ≈ 10–20 K (as
detailed in Methods) (see Fig. 4d), similar to our previous estimate close to
the nematic quantum critical point where TFL = 11 K was extracted for
sample P19.

Finally, we note that the extracted value of the resistivity exponent
k ≈ 0.75 = 3/4 is unusual and differs from typical values for ferromagnetic or
antiferromagnetic quantum criticality, in either 2D or 3D, and for clean or
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dirty systems43,44. Hence, we cannot infer the nature of the QCP from this
value. However, theoretical predictions for quantum critical exponents in
transport measurements actually relate to the temperature dependence of
the scattering rate τ−1, and not to the resistivity ρ. Since the resistivity ρ ~
m⋆τ−1/n also depends on the charge carrier concentrationn and the effective
mass m⋆, an explicit temperature dependence of these quantities will alter
the observed resistivity exponent k. Indeed, FeSe and related systemsdisplay
a strong temperature dependence of the chemical potential34 which man-
ifests as a variation of the charge carrier density as a function of temperature.
Additionally, inside the nematic phase, anisotropic scattering due to spin
fluctuations may also become important45,46. Further magnetotransport
studies will be required to assess changes in scattering in the high-pressure
phase of FeSe1−xSx.

I–V characteristic
We now turn to the nature of the high-pressure (p > pQ), low-temperature
phase which displays a finite but incomplete superconducting phase. In
order to separate normal metallic from partially superconducting resis-
tances, we performan I–V study to search for non-ohmic conduction and to
determine the superconducting critical current density. Assuming an
inhomogeneous superconducting phase with only filamentary super-
conducting paths, we would expect a strongly reduced critical current
density j, when measured across the entire sample, which should be the
smallest close to Tc. Figure 5a shows cooling curves on sample N at a
pressure of 5.0 GPa under different applied currents across the broad
superconducting transition. At this pressure, the sample shows a distinct
superconducting onset, and eventually a zero resistance for all currents
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studied (see also Fig. 2). However, in contrast to expectations, we find a
strongly current-dependent sample resistivity only for temperatures below
≈ 25 K, whereas close to the onset temperature, Ton

c , the resistivity is
essentially current independent, as shown in Fig. 5b. By increasing the
pressure towards 6.2 GPa, shown in Fig. 5c, we observe ohmic resistance at
all temperatures, despite a continuouslywell defined superconducting onset
and sharp drop in the zero-field resistivity, (see Fig. 1a). This demonstrates
that the high-pressure, low-temperature phase beyond ps > pQ cannot be
simply understood as filamentary superconductivity, but a more complex
model is required, as discussed below.

Discussion
Our high-pressure study of the superconducting and normal state proper-
ties of FeSe0.89S0.11 reveals a complex pressure-temperature phase diagram,
as summarized in Fig. 6. At very low pressures, the system displays a well-
established nematic order (below Ts and pc)

19,20, before it becomes super-
conducting below 10 K. Outside the nematic phase, Tc first reaches a
minimumof 6 K at a pressure of 1 GPa, before it surges towards≈ 40 Kwith
increasing pressure. At high pressures beyond 4GPa, the superconducting
transitionfirst becomes broader and eventually incomplete, whilst the onset
temperature Ton

c keeps increasing until 6 GPa. At the same time, there are
certain signatures in our transport data which suggest nearly concomitant
electronic and structural instabilities. Firstly, we uncover clear signatures of
non-Fermi liquid behaviour at pQ = 4.3(2) GPa which suggests the presence
of an electronic quantum critical point. Secondly, reaching up to room
temperature, the resistivity shows a marked upturn at ps(T) ≈ 4.6–4.9 GPa,
and the systemdevelops anon-metallic temperature dependencewhichcuts
off the quantum critical fan emerging from pQ (see also the Supplementary
Note). Thirdly, the unusual low-temperature I–V dependence beyond ps
clearly suggests a loss of the superconducting volume fraction, consistent
with a previous ac susceptibility study21.

The signatures of the high-pressure phase could be explained con-
sidering a phase separation scenario, as sketched in Fig. 6. At low pressures,
p < ps, the superconducting phase has sharp superconducting transitions
and reaches the zero-resistance state, as shown in Fig. 1a.Moreover, there is
a large change in theTDOresonant frequency, as evident fromFig. 1c, and a
sizable response in a previous ac susceptibility study21. Therefore, this low-
pressure superconducting phase reflects the bulk nature of the super-
conducting state of the single crystals. In contrast, in the high-pressure
phase, afinite resistance remains at lowest temperatureswhichdisplays clear
non-ohmic behaviour only close to ps≳ pQ, whereas the onset of the
superconducting transition remains sharp and the finite resistance displays
ohmic behaviour. This suggests that for temperatures just below Ton

c , only

isolated superconducting islands develop within an emerging non-metallic
matrix but they fail to connect to provide a fully superconducting current
path. Thus, a drop in the resistance is observed when the islands become
superconducting, and any finite resistance measured in this temperature
regime arises solely from the normal state non-metallic matrix. In this case,
the resistance would have ohmic behaviour and Ton

c should essentially be
current independent, as observed in Fig. 5. Upon further lowering the
temperature, the remaining normal state matrix gradually develops fila-
mentary connections between the superconducting islands, which induce a
strongly current-dependent phase andnon-ohmic resistance, as observed in
Fig. 5. With increasing pressure, the superconducting islands shrink and
gradually disappear which makes a filamentary connection unlikely. This
development is fully consistentwith the remainingbut shrinking sharp drop
of the sample resistance at Ton

c even under a pressure of 6.2 GPa, the fully
ohmic resistance observed at any temperatures, and the lack of a zero-
resistance phase. By increasing the pressure even further, the islands are lost
eventually, and the drop in resistance disappears, as shown in Fig. 1a.

The occurrence of a phase separation across ps is consistent with a
structuralfirst-order transition. Yet, the observation of signatures associated
with quantum criticality at pQ≲ ps implies a second-order transition. The
coexistenceof suchdistinct transitions is highlyunusual. Previous studies on
FeSe1−xSx crystals have reported both pressure-induced structural transi-
tions at room temperature as well as electronic instabilities at low tem-
peratures at very distinct pressures. For example, FeSe displays signatures of
a low-temperature SDW phase in the pressure range ≈ 2–6 GPa which
occurs together with a weak orthorhombic lattice distortion associated with
the onset of the magnetic order. Yet, the system remains metallic in this
pressure regime11,27,47. In contrast, a room temperature structural instability
from tetragonal towards orthorhombic and hexagonal phases in FeSe could
be induced only atmuchhigherpressures above 10GPawhere non-metallic
behaviour was observed11,26,27. Similarly for FeSe0.88S0.12, it was suggested
that a SDW phase is stabilized in the pressure range ≈ 4–7 GPa from
transport data anomalies, but no signatures of a non-metallic phase emerge
at high pressures when using a cubic anvil cell18. A pressure-induced
structural instability was detected for a similar compound at room tem-
peratures beyond 9GPaonly48. Furthermore, this assumedphase separation
is consistent with a proposed short-range AFM phase under pressure, as
suggested recently by an NMR study31.

One interesting aspect amongst thepressure studies of FeSe1−xSx is that
any discrepancies reported could be related to the different pressure media
and pressure cell designs used in the experiments, and the varying sample
thicknesses. In the case of structural studies, oftenHelium is used as pressure
mediumwhich ensures amuchmore hydrostatic environment as compared
with Glycerol and the 4:1 Methanol:Ethanol mixture used here27,48. Indeed,
our TDO study demonstrates that the choice of pressure medium has a
measurable effect.While superconductivity is lost around 4 GPa close to the
solidification pressure of Glycerol35, it survives to a significantly higher
pressures of ≈ 5 GPa using a 4:1 mixture of Methanol:Ethanol as pressure
medium35,36. However, since the latter solidifies around 10GPa only, this
suggests that the structural and electronic instabilities are not directly trig-
gered by the solidification of the pressure media during pressurisation at
room temperature (i.e. the nominal hydrostatic limit). Instead, the pressure
cell designs and their different thermal contractions could play amajor role.
Bydesign, cubic anvil cells andpiston cylinder cells are less prone tobuilding
up uniaxial pressure components due to their thermal contractions com-
pared to the opposing anvil cell used here39,40. As a result, transport mea-
surements using a cubic anvil cell display a persistent zero-resistivity state
beyond4GPaevenwhenGlycerol is used11,18. In contrast, studies performed
with opposing anvil cell designs revealed a gradual loss of superconductivity
around 4GPa and show good agreement with our study21,22. The role of
thermal contractions is further evidenced by our reported temperature
dependence of ps(T), which drops from 4.9 GPa close to room temperature
to 4.6 GPa around 40 K, as shown in Fig. 3a. This drop is consistent with a
small (presumably uniaxial) pressure component building up during
cooldown which originates from the thermally shrinking pressure cell. The
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different degrees of hydrostaticitiy between varying pressure cell designs is
further corroborated by the consistent pressure offsets of Δp ≈ 1 GPa in the
absolute resistivity ρ, the superconducting transition temperatures Tc and
the resistivity exponent k when comparing results from piston cylinder
(PCC) and cubic anvil cells (DAC) on one hand, and opposing anvil cells on
the other hand.

Therefore, our detailed comparison of pressure media and cell designs
suggests that the concomitant structural and electronic instabilities could
arise from finite uniaxial pressure components unavoidable in an opposing
anvil cell setup. This conclusion is further supported by previous studies
which demonstrated that the sample thickness and the choice of pressure
medium can have profound influence on the stability of the SDW phase in
FeSe24,49. Therefore, it is conceivable that finite uniaxial pressures along the
crystallographic c axis might trigger a structural transition at ps. Indeed,
many iron-based superconductors are very sensitive to uniaxial pressure
components50 and the electronic structure changes significantly with vary-
ing chalcogen height, h, above the conducting Fe plane (h = z ⋅ c, where z is
the Se position above the Fe plane)51,52.

A consequence of the possible first-order structural transition at ps and
the concomitant second-order electronic transition of possibly magnetic
origin around pQ is the inherent domain formation. This would naturally
lead to additional scattering of the charger-carriers, and to a growing
resistivity, as observed. Interestingly, the resistivity trends observed under
pressures can be compared with the evolution of the resistivity in the pre-
sence of strong impurity scattering in CuxFe1−xSe

17,53. The primary effect of
the Cu-substitution is to disturb significantly the charge carrier transport in
the Feplane, and thus to lead to a significant enhancement of scattering.As a
result, the resistivity shows similar enhancements both in temperature
dependence and in absolute values, as compared with those in the high-
pressure phase, and additionally there is a strong reduction of charge carrier
mobilities17,23. On the other hand, the superconductivity is strongly reduced
in FeSe with increasing Cu content and only weak superconducting islands
remain17. Under applied pressure, the signatures associated with the long-
rangemagnetic order of FeSe are also washed out in CuxFe1−xSe, suggesting
the sensitivity of the high-pressure electronic phases to disorder and pres-
sure effects23.

In summary, we have explored the high-pressure phase of the iron-
based superconductor FeSe0.89S0.11. Our transport and TDOmeasurements
revealed a strongly enhanced superconducting phase at high pressures,
which gradually disappears beyond ≈ 4.5 GPa as the system becomes non-
metallic. This trend suggests the development of a phase separation trig-
gered by an uniaxial pressure component which could induce a structural
transition. At low temperatures, we revealed a fan-like structure of non-
Fermi liquid behaviour towering above the superconducting phase which
points towards a putative quantum critical point buried below. Our results
also reveal the occurrence of electronic phase separation due to the assumed
structural (first-order) and accidentally concomitant electronic (second-
order) phase transitions. This could explain the strongly reduced critical
current density of the superconducting phase. The effects reported here
emphasize the sensitivity of high-Tc superconductivity of iron-
chalcogenides to the structural and electronic degrees of freedom induced
by uniaxial and hydrostatic pressures. Clearly, future experimental struc-
tural studies, e.g. Raman spectroscopy or x-ray diffraction could provide
essential insights into the structural dependence of FeSe1−xSx systems on the
pressure medium and pressure cell design employed.

Methods
Experimental details
Single crystals of FeSe1−xSx with x = 0.11 sulphur substitution were grown
using the KCl/AlCl3 chemical vapour transport method as described
elsewhere54. High-pressure measurements were carried out using an
opposing Diamond Anvil Cell (DAC) with a design similar to refs. 39,40,
using 800 μmbevelled culets. BeCu gasketswith an initial thickness between
400 and 450 μm were pre-indented to ≈ 80 μm, and were subsequently
drilled to produce a pressure chamber with a diameter of 400 μm. A thin

layer of Stycast 1266:Aluminamixture was applied as gasket insulation, and
the gasket was drilled again with a diameter of 350 μm. A total of five single
crystals, all roughly 150 × 70 × 30 μm3, in dimensions were subjected to
high-pressure transport measurements inside the DAC using Glycerol as
pressure medium, measured to a maximum pressure of approximately
7 GPa. Samples A and B were measured using a standard 4 contact con-
figuration with the voltage contacts placed onto one of the longest sample
edges to determine the longitudinal resistivity. For samples C and D, the
voltage contacts were placed on opposing edges of the sample suitable for a
Hall effect measurement. Sample N was measured using a 5 contact setup,
allowing simultaneous longitudinal and Hall effect measurements. For
comparison in the low-pressure limit, sample E was measured under
ambient pressure only, whereas Sample P was measured inside a piston
cylinder cell (PCC) using Daphne Oil 7373 as pressure transmitting med-
ium, as previously reported in refs. 19,20 (called Sample A there). The
maximum pressure for sample P was 2.05 GPa in accordance with the
hydrostatic limit of Daphne Oil 7373. All transport measurements were
carried out using the AC LockIn technique with a low frequency and a low
excitation current Ip = 1mA within the (ab) plane, unless stated otherwise.
For the determination of the samples resistivities, the ambient pressure and
room temperature sample dimensions were used, and a small pressure-
induced contraction of the samples along the crystallographic c direction of
Δc/c ≈ 1%GPa−1 was neglected48.

A further two single crystals were studied using the Tunnel Diode
Oscillator (TDO) technique, using either Glycerol (TDO1) or a 4:1 mixture
of Methanol:Ethanol (TDO2) as pressure media. The latter ensures
hydrostatic conditions up to 10 GPa, well beyond the highest pressure
reported here, whereas the former shows non-hydrostatic behaviour from
4–6 GPa onwards35,36,39,40. In the TDO studies, we identify pressure-
independent signatures associated with the superconducting transition
temperatures of Pb, Sn and In, which occur in the solder joints outside the
pressure cell. When they become superconducting, the quality factor of the
LC circuit changes which affects the resonant frequency f. For theDACs, we
used theRubyfluorescence technique at room temperature to determine the
pressure inside the cell using multiple small Ruby chips. The reported
pressures here correspond to the average before and after cooldown, and
error bars indicate the difference which was usually below 0.1 GPa. For the
piston cylinder cell used for sample P, the pressurewas determined from the
superconducting transition temperature of Sn at low temperatures. In order
to compare the low-Tpressure scale of sample P reported before19,20 with the
room temperature pressure scales of the other samples reported here, the
pressures determined for sample P were shifted by+0.2 GPa for p < 1GPa
and +0.1 GPa for p < 2GPa to account for the pressure losses of Daphne
7373 during cool-downs. All high-pressure measurements were carried out
on compression. Pressures were changed at room temperature and the cells
were allowed to relax until no change in pressure and the applied load could
be resolved. Cooling rates were 0.5 K min−1 except for sample N where
higher rates were used. The noise level in the TDOmeasurements is usually
below 100 Hz. Any additional transitions can only be detected within
this limit.

Superconducting transition temperatures
For a quantitative assessment of the evolution of superconductivity, we
define four different superconducting transition temperatures, as
exemplified in Fig. 1e,f. Firstly, by fitting the derivatives of the resis-
tivity and the TDO resonant frequency, ∂ρ/∂T or ∂f/∂T, respectively,
the onset temperature Ton

c is extracted from the crossing of tangents
fitted to the high-temperature normal state data and the leading edge of
the superconducting transition. Secondly, the peak temperature Tp

c
where the first derivatives show amaximum orminimum, respectively,
is extracted from the crossing of tangents fitted to the leading and
trailing edges of the transition. Thirdly, the offset temperature Toff

c is
defined analogously to Ton

c , but using the trailing edge and the low-
temperature data. Fourthly, we extract the true zero-resistance tem-
perature T0

c when the signal falls below the noise level.
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Extraction of resistivity exponents and TF
To trace the pressure and temperature regimeswhere the exponent k = 0.75
provides a valid description of the resistivity, we extract k using a second
derivative method as k ¼ 1þ ∂=∂ðlogTÞð∂ρ=∂TÞ. A key advantage of this
method is that it is independent of the knowledge of ρ0 which is often
unreliable to extract from high-temperature data.

The estimation of the lower bound of the Fermi liquid crossover
temperature, TFL, is obtained by matching smoothly a physically limiting
model for Fermi liquid behaviour ρFL(T) = aFLT

2 (with the boundary case
ρ0,FL → 0) with the experimentally extracted high-temperature power-law
behaviour ρn(T) = ρ0+ anT

n (wheremathematicallywe allow ρ0 < 0). In this
case, TFL is defined through ρFL(TFL) = ρn(TFL) and ∂ρFL=∂TjTFL

¼
∂ρnðTÞ=∂TjTFL

which yields TFL ¼ 2ρ0
anðn�2Þ

� �1=n
. This procedure yields a

lower bound for TFL, which indicates the lowest temperature belowwhich a
strictly Fermi liquid behaviour would give ρ0 = 0, as shown in Fig. 4(a).
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