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Unveiling the quasiparticle behaviour in
the pressure-induced high-T. phase of an
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Superconductivity of iron chalocogenides is strongly enhanced under applied pressure yet its
underlying pairing mechanism remains elusive. Here, we present a quantum oscillations study up to
45T in the high-T. phase of tetragonal FeSeg g-Sg.1g Up 10 22 kbar. Under applied pressure, the quasi-
two-dimensional multi-band Fermi surface expands and the effective masses remain large, whereas
the superconductivity displays a threefold enhancement. Comparing with chemical pressure tuning of
FeSe_,S,, the Fermi surface expands in a similar manner but the effective masses and T, are
suppressed. These differences may be attributed to the changes in the density of states influenced by
the chalcogen height, which could promote stronger spin fluctuations pairing under pressure.
Furthermore, our study also reveals unusual scattering and broadening of superconducting transitions
in the high-pressure phase, indicating the presence of a complex pairing mechanism.

One direct route to enhance conventional superconductivity towards room
temperature is to apply extreme pressures to light elements to strengthen the
electron-phonon coupling'. In the case of iron-based superconductors,
applying pressure to bulk FeSe leads to a fourfold enhancement in super-
conductivity towards 37 K under ~40 kbar’*. Due to the small Fermi surface
of FeSe, various competing electronic nematic, magnetic and super-
conducting orders can emerge on similar energy scales which could be
stabilized in different pressure regimes’. At low pressures, FeSe has a small
Fermi energy and exhibits a nematic electronic phase driven by orbital
degrees of freedom and strong electronic correlations, leading to highly
anisotropic electronic and superconducting behaviour®®. On the other
hand, an increase in the Fermi energy may favour the stability of a magnetic
phase’. Experimentally, both superconducting and magnetic phases could
coexist under pressure’, along with additional structural effects'’ posing
challenges in understanding the high-T, high-pressure phase.

In a similar manner to applied pressure, chemical pressure induced by
the isovalent substitution of selenium for sulphur can suppress nematicity''.
Surprisingly, within the tetragonal phase the superconductivity is not
enhanced, no magnetic order is detected, and electronic correlations are
significantly weakened'' ™. Across the nematic end point of FeSe; ,S,,
changes in the superconducting gap structure'>', and a topological tran-
sition into an ultranodal phase with Bogoliubov Fermi surface phases has

been proposed”’. Notably, by combining both applied and chemical pres-
sure, the anomalies associated with the magnetic order are shifted to higher
pressures with increased sulphur substitution in FeSe, ,S,'*. This decou-
pling of overlapping nematic and magnetic phases allows for a deeper
understanding of their individual contribution to superconductivity and
provides an opportunity to explore the region of a quantum nematic phase
transition'*"*™*'. Despite the robustness of the high-T. phase under applied
pressure, the presence of the magnetic order is highly sensitive to the iso-
electronic substitution, disorder, and uniaxial effects'®**™*. This raises the
fundamental question whether the magnetically mediated pairing is
responsible for superconductivity, which needs to be clarified by having
direct access to the Fermi surface topology and electronic correlations in the
high-pressure phase.

Quantum oscillations provide a direct measurement of Fermi surfaces
and the properties of quasiparticles involved in the superconducting pairing
mechanism. Unlike other spectroscopic techniques like ARPES and STM,
which probe the electronic structure, quantum oscillations offer access to the
high- T, high-pressure phase of FeSe; _,S,. Quantum oscillations have been
observed at ambient pressure in FeSe”” and FeSe, ,S,”*, revealing mul-
tiple Fermi surface pockets and relatively large effective masses which are
strongly suppressed by chemical pressure”’. Fermi surfaces expand via
chemical pressure towards FeS and a Lifshitz transition has been identified

'Clarendon Laboratory, Department of Physics, University of Oxford, Oxford, UK. 2Max Planck Institute for Solid State Research, Stuttgart, Germany. ®National
High Magnetic Field Laboratory and Department of Physics, Florida State University, Tallahassee, FL, USA. “Department of Materials, University of Oxford,
Oxford, UK. °Institute for Quantum Materials and Technologies, Karlsruhe Institute of Technology, Karlsruhe, Germany. These authors contributed equally:

Z. Zajicek, P. Reiss. »<le-mail: amalia.coldea@physics.ox.ac.uk

npj Quantum Materials| (2024)9:52


http://crossmark.crossref.org/dialog/?doi=10.1038/s41535-024-00663-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41535-024-00663-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41535-024-00663-1&domain=pdf
http://orcid.org/0000-0001-7682-7192
http://orcid.org/0000-0001-7682-7192
http://orcid.org/0000-0001-7682-7192
http://orcid.org/0000-0001-7682-7192
http://orcid.org/0000-0001-7682-7192
http://orcid.org/0000-0003-4182-5108
http://orcid.org/0000-0003-4182-5108
http://orcid.org/0000-0003-4182-5108
http://orcid.org/0000-0003-4182-5108
http://orcid.org/0000-0003-4182-5108
http://orcid.org/0000-0001-6195-0462
http://orcid.org/0000-0001-6195-0462
http://orcid.org/0000-0001-6195-0462
http://orcid.org/0000-0001-6195-0462
http://orcid.org/0000-0001-6195-0462
http://orcid.org/0000-0003-4723-4966
http://orcid.org/0000-0003-4723-4966
http://orcid.org/0000-0003-4723-4966
http://orcid.org/0000-0003-4723-4966
http://orcid.org/0000-0003-4723-4966
http://orcid.org/0000-0002-6732-5964
http://orcid.org/0000-0002-6732-5964
http://orcid.org/0000-0002-6732-5964
http://orcid.org/0000-0002-6732-5964
http://orcid.org/0000-0002-6732-5964
mailto:amalia.coldea@physics.ox.ac.uk

https://doi.org/10.1038/s41535-024-00663-1

Article

at the boundary of the nematic phase”™'***. In contrast, quantum oscillations
in FeSe under high pressure primarily detect low frequencies, suggesting a
Fermi surface reconstruction in the presence of the magnetic order”. These
observations highlight the importance of understanding Fermi surfaces and
quasiparticles in different regimes to identify the relevant features for
superconductivity.

In this study, we experimentally investigate the electronic behaviour of
the tetragonal high- T phase of FeSe, ,So 15 under high magnetic fields up to
45T and applied pressures up to 22 kbar. The observed quantum oscilla-
tions probe directly the evolution of the Fermi surfaces and the quasiparticle
behaviour with increasing pressure. Our results reveal the expansion of the
Fermi surface and large and weakly varying cyclotron effective masses, in
particular for the outer hole pockets. In comparison, the superconducting
critical temperature displays a gentle decrease at low pressures (around 7 K
at ~11kbar), followed by a significant threefold increase (~19K at
~21kbar). In addition, the high-pressure phase harbours broad super-
conducting transition widths and larger residual resistivity and we detect
unusual disparity between the small and large-angle scattering. These
findings reveal a complex normal behaviour and suggest the involvement of
additional pairing channels to stabilize the high- T, phase under pressure.

Results

Temperature dependence of resistivity with applied pressure
Figure 1a shows the temperature dependence of the longitudinal resistivity,
Pxx Of a tetragonal sample S1 under various applied pressures. At ambient
pressure, sample S1 displays a sharp superconducting transition. In contrast,
sample S2 from the same batch displays an additional weak anomaly at
T ~ 26 K, which is quickly suppressed at low pressures (~1 kbar) (see the
first derivative in Supplementary Fig. 1)”°. Different samples have similar
values of T.~7(1)K in the tetragonal phase, which remains relatively
unchanged up to 11 kbar, as shown in Fig. 1c. Interestingly, at high pressures
the superconductivity is enhanced by up to a factor of 3 towards 19K at
21 kbar for sample S1 (see also Supplementary Figs. 5 and 7). Furthermore,
the width of the superconducting transition broadens at higher pressures,
both in temperature and magnetic field, despite the absence of any com-
peting phases in this regime (see Fig. 1a, b and Supplementary Figs. 5b and 12).
Notably, comparable T, ~20K is also detected in FeSe under a similar
applied pressure, but in the vicinity of the magnetic phase”, as well as in
Cu,Fe;_,Se, in which the signatures of magnetism are washed away by
impurity scattering”’. Normally, the applied pressure is expected to increase
the bandwidth and decrease the resistivity, as shown in Fig. 1b and Sup-
plementary Fig. 3. However, in the low-temperature regime ~30K, the
resistivity initially decreases with pressure, followed by a slight increase
above 15 kbar (see Fig. 1b and Supplementary Fig. 2). These findings suggest
that the high-T, high-pressure phase harbours additional scattering
mechanisms that slightly enhance resistivity and broaden the
superconducting-to-normal transition.

The evolution of the Fermi surface with pressure
Figure 2a illustrates the longitudinal magnetoresistance up to 45T for
sample S3 at 0.4 K for pressures up to 22 kbar. The high quality of the crystals
and the relatively low upper critical fields allow for the observation of
quantum oscillations arising from Landau quantization, which are super-
imposed on the magnetoresistance background. The frequencies of quan-
tum oscillations, determined by the Onsager relation F, = - A,, directly
correspond to the extremal cross-sectional areas, Ay, of a Fermi surface™. At
ambient pressure, the magnetotransport data is primarily characterized by a
low-frequency oscillation, which has been previously linked to a potential
Lifshitz transition at the boundary of the nematic phase’. As the pressure
increases, the low frequency disappears and the spectrum is dominated by
high-frequency oscillations. These frequencies, visible in the raw data (see
Fig. 2a, b), are attributed to larger Fermi surface sheets, resembling those
found in the tetragonal FeSe, S, system tuned by chemical pressure’.
Figures 2b and ¢ show the extracted oscillatory signal and the fast
Fourier transform spectra which correspond to the cross-sectional areas of

the minimum and maximum orbits on different Fermi surface sheets. With
increasing pressure, all the frequencies increase in size linearly, surpassing
the expected enlargement of the Brillouin zone size (see Supplementary
Fig. 14), as seen in Fig. 3d. At ambient pressure, the Fermi surface of
FeSep8,S0.15 is anticipated to contain two electron and two hole pockets,
based on ARPES and quantum oscillations studies'"'">. However, DFT cal-
culations tend to overestimate the size of the Fermi surface, requiring band
shifts and renormalization to align with the experimental observations, as
detailed in Supplementary Fig. 13. Based on the comparison between the
data and different simulations, the frequencies, § and &, are assigned to the
minimum and maximum of the outer hole band orbits, whereas € and y are
associated with the outer electron pocket, as shown in Fig. 2d. In addition,
the y frequency corresponds to the maximal orbit of the 3D inner hole, while
the two lowest frequencies, «; and «, are assigned to the small inner electron
pocket'". Interestingly, the FFT spectra obtained outside the nematic phase
exhibit striking similarities between FeSe, ,S0 15 at 4.6 kbar and FeSe( ;So.19
at ambient pressure (see Supplementary Fig. 10)’, implying a similar evo-
lution of the Fermi surface in the tetragonal phase.

In order to gain insights into the intricate alterations in the Fermi
surface topography of FeSeyg,Sp s under pressure, we employ a tight-
binding-like decomposition of the Fermi vector in cylindrical coordinates.
This approach takes into account the allowed symmetries™, while ensuring
charge compensation, as detailed in Supplementary Fig. 8. Since the inter-
layer compressibility of FeSe under pressure increases by a factor of 2.5
compared to the in-plane (ab) plane value®, it implies the presence of soft Se-
Se interlayer interactions. This, in turn, influences the interplane distortions
of the Fermi surface, which can be quantified by the k; ~ 27/c term (see
Supplementary Table 1 and Supplementary Fig. 8d). Through a comparison
between experimental data and these simulations, we observe that the Fermi
surface pockets expand, and the outer hole pocket becomes increasingly two-
dimensional as pressure increases. Additionally, the pockets that are most
sensitive to interplane distortion are the small inner pockets (see Supple-
mentary Fig. 8¢, d). When comparing with the chemical pressure tuning
from FeSe to FeS, the hole cylinders increase in size and become less warped
compared to the quasi-two-dimensional electron pockets™. Thus, both
chemical and applied pressure in FeSe; _,S, mainly result in an expansion of
the Fermi surface”'>"***. However, the enhancement of superconductivity is
only achieved through the application of physical pressure.

Quasiparticle effective masses

The damping effects on the quantum oscillations amplitude, caused by
temperature and magnetic field, provide direct information about the
cyclotron effective mass (see Fig. 2e, f) and scattering times of quasiparticles
(Fig. 2h and Supplementary Fig. 11). Figure 2f shows the temperature
dependence of the amplitude for each orbit at p = 11 kbar (other pressures
are in Supplementary Fig. 9), from which the effective masses are extracted
using the thermal damping term of the Lifshitz-Kosevich formula®. The
temperature dependence of the amplitudes of the § and § hole orbits
decrease more rapidly, indicating a larger effective mass (~4 m,), compared
to the y hole orbit which has a lighter mass (~2 m,). These results are in good
agreement with the values of the inner and outer hole pockets obtained from
ARPES studies'". The effective masses of the hole pockets show relatively
weak variations with applied pressure, despite the significant changes in T
up to 22 kbar, as shown in Fig. 3f. The effective mass of the y orbit slightly
decreases, while that of the f3 orbit increases. However, the effective mass
associated with the € electron pocket has a higher level of uncertainty due to
its weak signal. Overall, the effective masses in FeSe §,So 15 under pressure
are much larger than those detected in FeS, where the largest effective mass is
~2.4m,”". The effective mass can be enhanced by both electron-electron
correlations and electron-phonon coupling as m™* = mp(1 + Aepn)
(1 + Ac.), where my, is the band mass™. The electron-phonon coupling of
FeSe is predicted to slightly increase with applied pressure (from a max-
imum value Ay 1, = 0.98 at 0 kbar to 1.159 at 26 kbar)* and it could lead to
small increase in the effective mass of 0.4-0.7 m,, falling within the range of
values measured for the hole orbits (see Fig. 3f).
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Fig. 1 | Transport behaviour of FeSe, 4,515 under pressure. a The temperature
dependence of resistivity for the sample S1 for different applied pressures up to

21 kbar. T, is defined as the offset superconducting transition temperature (extra-
polated towards the zero resistivity state). b The superconducting transition width,
AT, = Ton — Tofr (red circles), and resistivity at 300 K (black squares, scaled by a
factor of 0.1), and at 30 K (blue triangles) as a function of pressure. Solid lines are
guide to the eye. Error bars in transition width are related to the standard deviation of
the linear fit tangential to the mid-point transition. ¢ The temperature-pressure
phase diagram of FeSey 5,50 15 for different single crystals. Sample S1 (solid squares)
and S3 (open up triangles) are in the tetragonal phase at ambient pressure. Sample S2
(open down triangles for T, and open diamonds for the nematic transition, T) is just
inside the nematic phase corresponding to a negative pressure of —1 kbar, as shown
in Supplementary Fig. 1. Error bars in the transition temperatures are estimated
from the deviations of the offset temperature from the zero-resistance temperature.
Pressure error bars in (b, c) are related to the width of the tin superconducting
transition.

Scattering under pressure

Scattering mechanisms under pressure can be assessed from our measure-
ments at the lowest temperature, as shown in Fig. 2h. The first mechanism is
the transport classical scattering time, 7, which primarily accounts for large-
angle scattering events resulting in significant momentum changes. This can
be estimated from the zero temperature resistivity, po, and considering that the
carrier density, #, increases with pressure (Supplementary Fig. 8f). Secondly,

the quantum lifetime, 7, which encompasses all scattering events, can be
extracted from Dingle plots. These reflect the damping of the quantum
oscillation amplitude of the § pocket as a function of the inverse magnetic field
at constant temperature (see Supplementary Fig. 11). We find that 7, varies
between 0.5 and 0.7 ps up to 17 kbar (which corresponds to a mean free path
close to ~450 A), similar to values found in the tetragonal phase of
FeSeq 30S0.11'” or FeSe™. It is worth noting that the values of 7, is highly sensitive
to the background magnetoresistance and any potential interference from the
y pocket at 4.6 kbar, as shown in Supplementary Fig. 11. Moreover, T, is larger
than 7,, similar to FeSe™, and they both increase with applied pressure up to 15
kbar (see Fig. 2h). At the highest pressures ~22 kbar, a significant discrepancy
arises between the two scattering times, as the 7, decreases whereas 7, increases,
as shown in Fig. 2h. Since the original impurity concentration remains con-
stant under pressure, any additional changes in the scattering times indicate
modifications in the electronic phase induced at high pressure.

Discussion

The evolution of the electronic structure and effective masses of FeSe( g, 15
under applied hydrostatic pressure can be compared to the effects of chemical
substitution in FeSe, S, as illustrated in Fig. 3, d. The observed frequencies
exhibit a linear expansion with increasing pressure, similar to trends observed
in the tetragonal phases of FeSe, ,S,””. This behaviour rules out the
reconstruction of the Fermi surface at high pressures, in contrast to FeSe
under applied pressure where only a very small pocket was detected”. The
expansion of the Fermi surface leads to an increase in the carrier density, #,
(according to Luttinger’s theorem™), which doubles in value (Supplementary
Fig. 8f). Moreover, the extracted values of the Fermi liquid coefficient, A,
decrease with pressure, before flattening off above 15 kbar (see Supplemen-
tary Fig. 6), which also reflects the expansion of the Fermi surface. Meanwhile,
the value of T increases by a factor of 3 over the same pressure range (see
Fig. 3g). It is worth noting that FeS has an even larger carrier density, yet its T,
remains relatively small around 5K”. Thus, having a large Fermi surface
alone is not sufficient to explain the changes in superconductivity.

The effective masses of the different orbits of the Fermi surface of
FeSe 325018 remain almost unchanged under pressure, in particular, the
value for the § orbit is only slightly lighter in the tetragonal phase as com-
pared to the nematic phase’. The effective mass for a quasi-two-dimensional
system is related to the density of states at the Fermi level, g(Eg) ~ m*/(n#?).
Thus, it is expected that higher T, in FeSey ,S,.15 could be associated with
the larger effective masses, in comparison with FeS, which has lower T and
lighter masses. These experimental observations are further supported by
the estimated density of states based on the adjusted Fermi surfaces based on
DFT calculations, as shown in Supplementary Fig. 14f. One parameter
which influences density of states is the chalcogen height above the Fe
planes, h, (see Supplementary Fig. 14) which increases under applied
pressure (~1.45 A at 18.2kbar in FeSeqgoSo20"", but decreases for FeS at
ambient pressure (1.269 A)?). However, the observed variation in effective
masses of the hole pockets is minimal under applied pressure (see Fig. 3f).
Therefore, the significant enhancement of T at high pressure requires an
additional ingredient to boost the superconducting pairing (see Fig. 3h).

In order to enhance the superconducting transition temperature T, by
a factor of three, either the contribution to g(Ep) from other pockets
increases, or an additional pairing interaction becomes operative under
pressure (SC2 regime in Fig. 3b). One potential mechanism involves shifting
the hole pocket with dxy orbital character close to the Fermi level, as found in
FeSe, ,Te,”. The presence of a third hole pocket is predicted to enhance the
spin fluctuations in the d,,, channel increasing the pairing interaction®.
However, our quantum oscillations do not detect a third hole pocket.
Alternatively, the heavy electron pockets, whose orbits €, y have regions with
dyzjy- and dy, orbital character (see Fig. 2c) could become even more cor-
related under pressure and potentially contribute to the missing density of
states. Interestingly, systems containing only electron pockets, like electron-
doped intercalated FeSe systems*' or the FeSe monolayer grown on SrTiO;
have a higher T, exceeding 40 K. Thus, pairing channels involving electron

8,42

pockets could be potentially enhanced under high pressures™*.
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Fig. 2 | Evolution of quantum oscillations with pressure in FeSeg g,So 13-

a Longitudinal resistivity measurements in magnetic fields up to 45 T at 0.4 K for a
range of pressures. b Shubnikov-de Haas oscillations obtained from extracting the
background magnetoresistance described by a seven-order polynomial over a
window poAH = 22 — 45 T. ¢ Fast Fourier transforms (FFT) of the signal in (b) using
a Hanning windowing function having the different peaks and the corresponding
harmonics labelled. The ambient signal is amplified five times above 200 T and
curves in panels (a—c) are shifted vertically for clarity. d The proposed quasi-3D
Fermi surface of FeSe( ,So.15 and the slice at the top of the Brillouin zone, k, = n/c.
e FFT amplitude spectra at different temperatures for p = 11 kbar. Amplitude is fitted

to the Lifshitz-Kosevich formula™ to determine the quasiparticle effective masses of
each orbit in (f). g The pressure dependence of the FFT amplitudes of the main peaks
at base temperature of ~0.4 K. The solid line corresponds to the values of Ry term
normalized at the 17 kbar value. h The changes in the quantum, 7, and classical
scattering time, 7, as a function of pressure. 7 is estimated from Dingle plots

at ~ 0.4K by filtering the § orbit and 77 is obtained from the subtracted signal AR and
error bars are standard deviations in linear fits (see Supplementary Fig. S11). The
classical time is estimated from the resistivity data in Supplementary Fig. 2. The solid
and dashed lines are guides to the eye and the vertical dashed line indicates the
position at which the classical time reaches its largest value.

The increase in the density of states at the Fermi level, g(Er) under
pressure, can contribute to the stabilization of magnetically ordered states
based on the Stoner criteria (I - g(Eg) > 1, where I is the Stoner coefficient).
The density of states can be enhanced with increasing chalcogen height,
under applied pressure®, or by the isoelectronic substitution with Te",
which create conditions to stabilize magnetically ordered phases. The
nearest-neighbour Coulomb repulsion and electronic correlations in FeSe
would generally decrease with pressure and lead to enhanced spin
fluctuations”. The nesting between large and isotropic pockets with large
Fermi energy (50 meV at 22 kbar as shown in Fig. 3g) in the presence of a
larger density of states could induce a spin-density wave’. While in our
system, the density of states increases under pressure, we do not detect any
clear anomalies in resistivity associated to a spin-density wave up to 22 kbar,
which was proposed to occur around 50 kbar'®, On the other hand, FeSe
shows a magnetic phase under pressure and quantum oscillations only
detect a very small pocket with light effective mass, potentially reflecting the
Fermi surface reconstruction”. Unusually, NMR studies in FeSe, .S, find
weak and potentially short-range spin fluctuations in the tetragonal phase at
high pressures®, different from strong stripe-type AFM spin fluctuations
were found inside the nematic phase®.

The high-pressure high- T, phase exhibits distinct electronic signatures
compared to the nematic phase of FeSe; .S, systems. Firstly, there is no

correlation between the strong enhancement of T, and the effective mass of
the & hole orbit (Fig. 3b, f), contrary to the trends observed inside the
nematic phase (see Fig. 3a, e)'>'*"". Secondly, there are significant differences
in spin fluctuations which are mainly detected only inside the nematic
phase”, but could transform into short-range correlations in the tetragonal
phase at high pressures'®*’. Thirdly, there is a notable difference between the
quantum and classical scattering times, and the amplitude of the § hole orbit
is significantly suppressed (see Fig. 2a, g and Supplementary Fig. 4). Lastly,
the superconducting transition broadens both in temperature and field,
accompanied by a reduction in the oscillatory signal relative to the back-
ground magnetoresistance (see Supplementary Fig. 5).

Interestingly, superconductivity is enhanced under pressure for var-
ious FeSe, S, systems, even in the presence of Cu impurities”. Thus, the
high-T. phase in FeSe; _,S, demonstrates remarkable robustness to impu-
rities and substitutions, indicating a potential non-sign changing pairing
mechanism and reduced sensitivity to any long-range magnetic order. At
very high pressures (50 kbar) in FeSe g9So 11 both the superconductivity and
metallicity are lost™, and the diamagnetic signal is suppressed”, triggered by
the development of uniaxial pressure effects. These effects may reflect a
complex high-pressure phase having different conductivity channels at high
pressures”’, or be dominated by strong magnetic or superconducting
fluctuations™”". Alternatively, the distribution of chalcogen ions outside the
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deviations from LK fitting. The corresponding quasiparticle effective masses, m*, are
in (e, f), respectively. Solid and dashed lines are guide to the eye. g The calculated
Fermi energy, Er. for FeSeq 5,015 assuming parabolic band dispersion using the
values in (d, f). Error bars are propagated from errors of frequencies and effective
masses. h The pressure dependence of the T, for S1 (solid square) and a rough
estimate assuming a BCS dependence which depends only on the density of states of
a quasi-2D pocket for the § pocket (open circles). Error bars are related to the
superconducting transition width.
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conducting planes could create conditions to develop electronic inhomo-
geneities and quantum Griffiths phases™ or potential short-range stripe
patterns of incipient charge order correlations™.

The electron-phonon coupling could also play a role in stabilizing
higher superconducting phase in the high pressure in FeSe; ,S,, similar to
other high-T. iron-based superconductors. Raman studies in the electron-
doped intercalated (Li,Fe)OHFeSe suggest that lattice-induced orbital
fluctuations are responsible for pairing*', whereas in the monolayer FeSe on
interfacial coupling with the oxygen optical phonons in SrTiO3 could play
an important role”’. The lattice itself is sensitive to pressure-induced
changes, and the chalcogen height influences the out-of-plane phonon
mode, A, and the electron-phonon coupling™. In such cases, local defor-
mation potentials can result in strong coupling between electrons and the
lattice, forming polarons™ which could condense as pairs in bipolarons™. In
the presence of electronic correlations, the electron-phonon coupling could
be further enhanced in FeSe’>*. Thus, the route to induce a high-T, phase
under applied pressure phase could be promoted by the formation of an
electronic phase, with different quasiparticles, in which lattice effects can
influence the density of states, the strength of electronic correlations and it
can lead to unconventional scattering.

Methods

Single-crystal characterization

Single crystals of FeSe g,S.15 were grown by the KCl/AICl; chemical vapour
transport method, as reported previously'™’. More than 10 crystals were
screened at ambient pressure and were found to have large residual resis-
tivity ratios (RRR) up to 25 between room temperature and the onset of
superconductivity. Crystals from the same batch were previously used in
quantum oscillations and ARPES studies”". All samples measured were
from the same batch and EDX measurements measured the composition to
contain a sulphur content of x=0.18(1), which places the batch in the
vicinity of the nematic end point'*".

High-pressure studies in magnetic fields

High magnetic field measurements up to 45 T at ambient pressure and
under hydrostatic pressure were performed using the hybrid magnet dc
facility at the NHMFL in Tallahassee, FL, USA on sample S3. Pressures up
to 22 kbar were generated using a MP35N piston-cylinder cell, using
Daphne Oil 7575 as pressure medium. The pressure inside the cell was
determined by means of ruby fluorescence at low temperatures where
quantum oscillations were observed. Magnetotransport and Hall effect
measurements under pressure using a 5-contact configuration were car-
ried out on samples S1 and S2 in low fields up to 16 T in Oxford using the
Quantum Design PPMS and an ElectroLab High-Pressure Cell, using
Daphne Oil 7373 which ensures hydrostatic conditions up to about
21 kbar. The pressure inside this cell was determined via the super-
conducting transition temperature of Sn after cancelling the remnant field
in the magnet. The magnetic field was applied along the crystallographic ¢
axis for all samples. A maximum current of up to 2 mA flowing in the
conducting tetragonal ab plane was used. The cooling rate was kept 0.5 K/
min below 100 K to reduce the thermal lag between the sample and the
pressure cell.

Quantum oscillations
The amplitude of the quantum oscillations is affected by different damping
terms given by the Lifshitz-Kosevich equation®. The thermal damping

2 *
term, Ry = - (X), where X = 2”12‘%, enables to extract the quasi-

particle effective masses m*, and the Dingle term, R, = eXP(_ Z}gf),
q

allows to estimate the quantum scattering rate 7, (or the mean free path £
using the equivalent expression R, = exp <—1140 ‘[/—E) *. Other damping

factors which have exponential forms could be caused by small random
sample inhomogeneities, magnetic field inhomogeneities and additional
damping within the vortex regime™.

Data availability

All data are available in the manuscript or the supplementary materials. The
data that support the findings of this study will be available through the
open-access data archive at the University of Oxford (ORA) at https://doi.
org/10.5287/ora-9ryyqkw8v. Additional information about the data will be
made available from the corresponding author upon reasonable request.
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