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Unveiling the quasiparticle behaviour in
the pressure-induced high-Tc phase of an
iron-chalcogenide superconductor

Check for updates

Z. Zajicek 1,6, P. Reiss 1,2,6, D. Graf 3, J. C. A. Prentice4, Y. Sadki1, A. A. Haghighirad 1,5 &
A. I. Coldea 1

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
45 T in the high-Tc phase of tetragonal FeSe0.82S0.18 up to 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. Comparingwith chemical pressure tuning of
FeSe1−xSx, the Fermi surface expands in a similar manner but the effective masses and Tc are
suppressed. These differencesmay 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 andbroadeningof 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 extremepressures to light elements to strengthen the
electron–phonon coupling1. In the case of iron-based superconductors,
applying pressure to bulk FeSe leads to a fourfold enhancement in super-
conductivity towards 37 Kunder~40 kbar2–4.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 regimes5. 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 behaviour6–8. On the other
hand, an increase in the Fermi energymay favour the stability of amagnetic
phase5. Experimentally, both superconducting and magnetic phases could
coexist under pressure9, along with additional structural effects10 posing
challenges in understanding the high-Tc high-pressure phase.

In a similar manner to applied pressure, chemical pressure induced by
the isovalent substitution of selenium for sulphur can suppress nematicity11.
Surprisingly, within the tetragonal phase the superconductivity is not
enhanced, no magnetic order is detected, and electronic correlations are
significantly weakened11–14. Across the nematic end point of FeSe1−xSx,
changes in the superconducting gap structure15,16, and a topological tran-
sition into an ultranodal phase with Bogoliubov Fermi surface phases has

been proposed17. 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 FeSe1−xSx

18. 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
transition14,19–21. Despite the robustness of the high-Tc phase under applied
pressure, the presence of the magnetic order is highly sensitive to the iso-
electronic substitution, disorder, and uniaxial effects18,22–24. 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,
whichprobe the electronic structure, quantumoscillations offer access to the
high-Tc high-pressure phase of FeSe1−xSx. Quantum oscillations have been
observed at ambient pressure in FeSe25–27 and FeSe1−xSx

7,28, revealing mul-
tiple Fermi surface pockets and relatively large effective masses which are
strongly suppressed by chemical pressure12. Fermi surfaces expand via
chemical pressure towards FeS and a Lifshitz transition has been identified
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at the boundary of the nematic phase7,19,28. In contrast, quantumoscillations
in FeSe under high pressure primarily detect low frequencies, suggesting a
Fermi surface reconstruction in the presence of themagnetic order29. 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-Tc phaseof FeSe0.82S0.18 underhighmagneticfieldsup to
45 T 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 ~11 kbar), followed by a significant threefold increase (~19 K at
~21 kbar). 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-Tc phase under pressure.

Results
Temperature dependence of resistivity with applied pressure
Figure 1a shows the temperature dependence of the longitudinal resistivity,
ρxx, of a tetragonal sample S1 under various applied pressures. At ambient
pressure, sample S1displays a sharp superconducting transition. In contrast,
sample S2 from the same batch displays an additional weak anomaly at
Ts ~ 26 K, which is quickly suppressed at low pressures (~1 kbar) (see the
first derivative in Supplementary Fig. 1)12. Different samples have similar
values of Tc ~ 7(1) K in the tetragonal phase, which remains relatively
unchangedup to 11 kbar, as shown inFig. 1c. Interestingly, at highpressures
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-
petingphases in this regime (seeFig. 1a, bandSupplementaryFigs. 5band12).
Notably, comparable Tc ~ 20 K is also detected in FeSe under a similar
applied pressure, but in the vicinity of the magnetic phase29, as well as in
CuxFe1−xSe, in which the signatures of magnetism are washed away by
impurity scattering23. 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 ~30 K, the
resistivity initially decreases with pressure, followed by a slight increase
above 15 kbar (seeFig. 1b andSupplementary Fig. 2). Thesefindings suggest
that the high-Tc 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 45 T for
sample S3 at 0.4 K for pressures up to22 kbar. Thehighquality 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 Fk ¼ _

2πe Ak, directly
correspond to the extremal cross-sectional areas,Ak, of a Fermi surface30. At
ambient pressure, themagnetotransport 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 phase7. 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 FeSe1−xSx system tuned by chemical pressure7.

Figures 2b and c show the extracted oscillatory signal and the fast
Fourier transform spectra which correspond to the cross-sectional areas of

theminimum andmaximum 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
FeSe0.82S0.18 is anticipated to contain two electron and two hole pockets,
based on ARPES and quantum oscillations studies11,12. 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, β and δ, are assigned to the
minimum andmaximum of the outer hole band orbits, whereas ϵ and γ are
associated with the outer electron pocket, as shown in Fig. 2d. In addition,
the χ frequency corresponds to themaximal orbit of the 3D inner hole, while
the two lowest frequencies,α1 andα2 are assigned to the small inner electron
pocket11. Interestingly, the FFT spectra obtained outside the nematic phase
exhibit striking similarities betweenFeSe0.82S0.18 at 4.6 kbar andFeSe0.81S0.19
at ambient pressure (see Supplementary Fig. 10)7, 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 FeSe0.82S0.18 under pressure, we employ a tight-
binding-like decomposition of the Fermi vector in cylindrical coordinates.
This approach takes into account the allowed symmetries31, 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) planevalue32, it implies thepresence of soft Se-
Se interlayer interactions. This, in turn, influences the interplane distortions
of the Fermi surface, which can be quantified by the k10 ~ 2π/c term (see
Supplementary Table 1 and Supplementary Fig. 8d). Through a comparison
between experimental data and these simulations, we observe that the Fermi
surfacepockets expand, and theouterhole 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. 8c, 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 pockets28. Thus, both
chemical and applied pressure in FeSe1−xSxmainly result in an expansion of
the Fermi surface7,12,19,28. 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 effectivemass (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 formula30. The
temperature dependence of the amplitudes of the β and δ hole orbits
decrease more rapidly, indicating a larger effective mass (~4me), compared
to the χhole orbitwhichhas a lightermass (~2me). These results are in good
agreementwith the valuesof the inner andouter hole pockets obtained from
ARPES studies11. The effective masses of the hole pockets show relatively
weak variations with applied pressure, despite the significant changes in Tc
up to 22 kbar, as shown in Fig. 3f. The effective mass of the χ orbit slightly
decreases, while that of the β orbit increases. However, the effective mass
associated with the ϵ electron pocket has a higher level of uncertainty due to
its weak signal. Overall, the effective masses in FeSe0.82S0.18 under pressure
aremuch larger than thosedetected inFeS,where the largest effectivemass is
~2.4me

28. The effective mass can be enhanced by both electron–electron
correlations and electron–phonon coupling as m* =mb(1+ λel-ph)
(1+ λe-e), where mb is the band mass30. The electron–phonon coupling of
FeSe is predicted to slightly increase with applied pressure (from a max-
imum value λel-ph = 0.98 at 0 kbar to 1.159 at 26 kbar)33 and it could lead to
small increase in the effective mass of 0.4–0.7me, falling within the range of
values measured for the hole orbits (see Fig. 3f).
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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, τt, which primarily accounts for large-
angle scattering events resulting in significant momentum changes. This can
be estimated from the zero temperature resistivity, ρ0, and considering that the
carrier density, n, increases with pressure (Supplementary Fig. 8f). Secondly,

the quantum lifetime, τq, which encompasses all scattering events, can be
extracted from Dingle plots. These reflect the damping of the quantum
oscillation amplitude of the δpocket as a function of the inversemagneticfield
at constant temperature (see Supplementary Fig. 11). We find that τq varies
between 0.5 and 0.7 ps up to 17 kbar (which corresponds to a mean free path
close to ~450Å), similar to values found in the tetragonal phase of
FeSe0.89S0.11

19 orFeSe34. It isworthnoting that thevaluesofτq ishighly sensitive
to the backgroundmagnetoresistance and any potential interference from the
γ pocket at 4.6 kbar, as shown in Supplementary Fig. 11.Moreover, τt is larger
than τq, similar toFeSe35, and theyboth increasewith appliedpressureup to15
kbar (see Fig. 2h). At the highest pressures ~22 kbar, a significant discrepancy
arisesbetween the twoscattering times, as the τt decreaseswhereas τq 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 FeSe0.82S0.18
under appliedhydrostatic pressure canbe compared to the effects of chemical
substitution inFeSe1−xSx

7, as illustrated inFig. 3c, d.Theobserved frequencies
exhibit a linear expansionwith increasingpressure, similar to trends observed
in the tetragonal phases of FeSe1−xSx

7,19. 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 detected29. The
expansion of the Fermi surface leads to an increase in the carrier density, n,
(according to Luttinger’s theorem36), 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-
taryFig. 6),whichalso reflects the expansionof theFermi surface.Meanwhile,
the value of Tc increases by a factor of 3 over the same pressure range (see
Fig. 3g). It isworth noting that FeS has an even larger carrier density, yet itsTc
remains relatively small around 5K37. 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
FeSe0.82S0.18 remain almost unchanged under pressure, in particular, the
value for the δ orbit is only slightly lighter in the tetragonal phase as com-
pared to the nematic phase7. The effectivemass for a quasi-two-dimensional
system is related to the density of states at the Fermi level, g(EF) ~m*/(πℏ2).
Thus, it is expected that higher Tc in FeSe0.82S0.18 could be associated with
the larger effective masses, in comparison with FeS, which has lower Tc and
lighter masses. These experimental observations are further supported by
the estimateddensity of statesbasedon the adjustedFermi surfacesbasedon
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 (~1.45Å at 18.2 kbar in FeSe0.80S0.20

38, but decreases for FeS at
ambient pressure (1.269Å)29). However, the observed variation in effective
masses of the hole pockets is minimal under applied pressure (see Fig. 3f).
Therefore, the significant enhancement of Tc at high pressure requires an
additional ingredient to boost the superconducting pairing (see Fig. 3h).

In order to enhance the superconducting transition temperature Tc by
a factor of three, either the contribution to g(EF) from other pockets
increases, or an additional pairing interaction becomes operative under
pressure (SC2 regime in Fig. 3b).One potentialmechanism involves shifting
the hole pocketwith dxy orbital character close to the Fermi level, as found in
FeSe1−xTex

39. The presence of a thirdhole pocket is predicted to enhance the
spin fluctuations in the dxy channel increasing the pairing interaction40.
However, our quantum oscillations do not detect a third hole pocket.
Alternatively, the heavy electronpockets,whose orbits ϵ, γhave regionswith
dxz/yz and dxy 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 systems41 or the FeSe monolayer grown on SrTiO3

have a higher Tc exceeding 40 K. Thus, pairing channels involving electron
pockets could be potentially enhanced under high pressures8,42.
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The increase in the density of states at the Fermi level, g(EF) under
pressure, can contribute to the stabilization of magnetically ordered states
based on the Stoner criteria (I ⋅ g(EF) > 1, where I is the Stoner coefficient).
The density of states can be enhanced with increasing chalcogen height,
under applied pressure43, or by the isoelectronic substitution with Te44,
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
fluctuations45. The nesting between large and isotropic pockets with large
Fermi energy (50meV at 22 kbar as shown in Fig. 3g) in the presence of a
larger density of states could induce a spin-density wave5. While in our
system, the density of states increases under pressure, we do not detect any
clear anomalies in resistivity associated to a spin-densitywave up to 22 kbar,
which was proposed to occur around 50 kbar18. On the other hand, FeSe
shows a magnetic phase under pressure and quantum oscillations only
detect a very small pocket with light effectivemass, potentially reflecting the
Fermi surface reconstruction29. Unusually, NMR studies in FeSe1−xSx find
weak and potentially short-range spinfluctuations in the tetragonal phase at
high pressures46, different from strong stripe-type AFM spin fluctuations
were found inside the nematic phase47.

The high-pressure high-Tc phase exhibits distinct electronic signatures
compared to the nematic phase of FeSe1−xSx systems. Firstly, there is no

correlation between the strong enhancement of Tc and the effective mass of
the δ hole orbit (Fig. 3b, f), contrary to the trends observed inside the
nematic phase (see Fig. 3a, e)12,14,19. Secondly, there are significant differences
in spin fluctuations which are mainly detected only inside the nematic
phase47, but could transform into short-range correlations in the tetragonal
phase at high pressures46,48. Thirdly, there is a notable difference between the
quantumand classical scattering times, and the amplitude of the δhole 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 FeSe1−xSx systems, even in the presence of Cu impurities23. Thus, the
high-Tc phase in FeSe1−xSx 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
veryhighpressures (50 kbar) in FeSe0.89S0.11 both the superconductivity and
metallicity are lost24, and the diamagnetic signal is suppressed49, triggered by
the development of uniaxial pressure effects. These effects may reflect a
complex high-pressure phase having different conductivity channels at high
pressures50, or be dominated by strong magnetic or superconducting
fluctuations43,51. Alternatively, the distribution of chalcogen ions outside the
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extracted from quantum oscillations for (c) FeSe1−xSx versus x (after refs. 7 and

28)
and d FeSe0.82S0.18 versus pressure. Error bars for the frequency are related the the
half maximum of the FFT widths, and error bars for the effective mass are standard

deviations fromLK fitting. The corresponding quasiparticle effectivemasses,m*, are
in (e, f), respectively. Solid and dashed lines are guide to the eye. g The calculated
Fermi energy, EF for FeSe0.82S0.18 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 Tc 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 δ 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 phases52 or potential short-range stripe
patterns of incipient charge order correlations53.

The electron–phonon coupling could also play a role in stabilizing
higher superconducting phase in the high pressure in FeSe1−xSx, similar to
other high-Tc iron-based superconductors. Raman studies in the electron-
doped intercalated (Li,Fe)OHFeSe suggest that lattice-induced orbital
fluctuations are responsible for pairing41, whereas in themonolayer FeSe on
interfacial coupling with the oxygen optical phonons in SrTiO3 could play
an important role42. The lattice itself is sensitive to pressure-induced
changes, and the chalcogen height influences the out-of-plane phonon
mode, A1g and the electron–phonon coupling33. In such cases, local defor-
mation potentials can result in strong coupling between electrons and the
lattice, forming polarons33 which could condense as pairs in bipolarons54. In
the presence of electronic correlations, the electron–phonon coupling could
be further enhanced in FeSe55,56. Thus, the route to induce a high-Tc 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 FeSe0.82S0.18were grownby theKCl/AlCl3 chemical vapour
transport method, as reported previously10,57. 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 studies7,11. All samples measured were
from the same batch and EDXmeasurementsmeasured the composition to
contain a sulphur content of x = 0.18(1), which places the batch in the
vicinity of the nematic end point11,12.

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 theNHMFL 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 themagnet. Themagnetic field was applied along the crystallographic c
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 equation30. The thermal damping

term, RT ¼ X
sinh ðXÞ, where X ¼ 2π2kBT pm�

e_B , enables to extract the quasi-

particle effective masses m*, and the Dingle term, RD ¼ exp � πpm�

eB τq

� �
,

allows to estimate the quantum scattering rate τq (or the mean free path ℓ

using the equivalent expression RD ¼ exp �1140
ffiffi
F

p
‘B

� �
58. Other damping

factors which have exponential forms could be caused by small random
sample inhomogeneities, magnetic field inhomogeneities and additional
damping within the vortex regime59.

Data availability
All data are available in themanuscript or the supplementarymaterials. 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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