Quenched nematic criticality and two superconducting domes
in an iron-based superconductor
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The nematic electronic state and its associated critical fluctuations have emerged as a potential candidate for
the superconducting pairing in various unconventional superconductors. However, in most materials their coexistence with magnetically-ordered phases poses a significant challenge in determining their importance. Here,
by combining chemical and hydrostatic physical pressure in FeSe0.89 S0.11 , we access a nematic quantum phase
transition isolated from any other competing magnetic phases. From quantum oscillations in high magnetic
fields, we trace the evolution of the Fermi surface and electronic correlations as a function of applied pressure
and detect a Lifshitz transition that separates two distinct superconducting regions. One emerges from the nematic phase with a small Fermi surface and strong electronic correlations, while the other has a large Fermi
surface and weak correlations that promotes nesting and stabilization of a magnetically-ordered phase at high
pressures. The absence of mass divergence at the nematic quantum phase transition suggests that the nematic
fluctuations could be quenched by the strong coupling to the lattice or local strain effects. A direct consequence
is the weakening of superconductivity at the nematic quantum phase transition in the absence of magnetically
driven fluctuations.

Quantum materials brought in the vicinity of a quantum
critical point at absolute zero temperature have generated significant interest in condensed matter physics as they can trigger the emergence of novel electronic states [1]. In these extreme regimes, achieved by tuning external parameters, the
nature of quasiparticles is significantly altered due to the interactions with critical fluctuations and non-Fermi liquid behaviour is often observed [2]. A particulary interesting instability of a metallic system is the electronic nematic state.
In such a state, the electron motion spontaneously breaks the
rotational symmetry of the crystal in the presence of strong
electronic interactions and its Fermi surface undergoes a spontaneous distortion [3]. The observation of electronic nematic
order in different families of high-temperature superconductors implies that the same interactions may be involved in stabilizing both the nematic and superconducting states [4–6].
However, the presence of other competing electronic phases,
such as spin or charge-density waves neighbouring superconductivity can obscure the relevance of the nematic fluctuations
in superconducting pairing.
FeSe is an example of a nematic superconductor in which
applied pressure leads to a four-fold increase in its bulk superconductivity (from 9 K towards a high-critical temperature,
Tc ∼ 40 K) [7, 8]. In the normal state, the nematic phase
transition of FeSe is suppressed with increasing pressure, but
the quantum phase transition is masked by an emerging magnetic ordering stabilized under high pressures [9–16]. As the
nematic and magnetic phases of FeSe are intertwined, it is
difficult to establish the roles played by nematic or spin fluctuations for stabilizing the high-Tc state. Similarly, isoelectronic sulfur substitution in FeSe1−x Sx , equivalent to internal

positive pressure, suppresses the nematic order, but does not
stabilize a magnetically ordered state [17–21]. Consequently,
by combining chemical pressure and hydrostatic pressure, a
nematic quantum critical point can be unmasked, as the magnetic order is shifted to higher pressures with increasing sulfur
concentration [21–24]. This opens a unique path for studying
the nature of nematic criticality using hydrostatic pressure as
a clean tuning parameter and to probe the role of nematic fluctuations in stabilizing superconductivity.
As superconductivity depends not only on the origin of the
attractive pairing interaction but also on the details of the
Fermi surface [25], understanding the changes in the electronic structure as a function of different tuning parameters
is paramount. Furthermore, the size of the Fermi energy can
trigger different electronic instabilities: a nematic order for
small energies, superconductivity in an intermediate regime
or a magnetically-ordered state for large energies [26]. To test
these different regimes, quantum oscillations are a powerful
technique to access the evolution of the electronic structure
and correlations under extreme conditions.
In this Article we explore the electronic behaviour across
the pressure-temperature phase diagram of FeSe0.89 S0.11 , in
the absence of long-range magnetic order. Using external
pressure, we finely tune the system across its nematic phase
transition to understand the nature of the critical regime and to
establish the role played by the electronic correlations, electronic structure and scattering in stabilizing superconductivity. We identify an extended region with a ∼ T 3/2 resistivity
which evolves into a Fermi liquid behaviour at low temperatures in the vicinity of the nematic phase transition. We find
that the cyclotron effective masses from quantum oscillations
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are significantly suppressed across the nematic phase transition, as is superconductivity. This behaviour could be a signature of quenched critical fluctuations due to a nematoelastic
coupling to the lattice [27], and/or local strain effects.
Temperature dependence of resistivity with applied
pressure. Figure 1A shows the evolution of the temperature
dependence of the resistivity as a function of applied pressure
below 100 K (the full range up to 300 K is shown in Fig. S1 in
the Supplemental Information (SI)). With increasing pressure,
the nematic transition temperature Ts is quickly suppressed
from 60 K at ambient pressure until it becomes unobservable
around pc (Fig. S1 in the SI) and no hysteresis between warming and cooling at constant pressure is detected (see Fig. S9
in the SI). By extrapolating the pressure evolution of Ts to
zero, we can locate the position of the nematic quantum phase
transition at pc ∼ 5.8(5) kbar in Fig. 1E. Within the nematic
phase, there is only a weak pressure dependence of the superconducting transition temperature Tc (defined as the zero resistivity temperature) similar to previous findings using chemical pressure [19, 20]. Outside the nematic phase, superconductivity is suppressed rather than enhanced in the proximity of the nematic quantum phase transition and reaches a
minimum Tc ∼ 6.4 K (at ∼ 7 kbar) close to pc . However,
superconductivity is enhanced significantly towards 22 K at
20 kbar, and Tc was reported to reach 30 K at higher pressures at around 30 kbar [22]. The superconducting transition
at high pressures broadens significantly compared with the
low-pressure region (by a factor ∼ 10), suggesting that the superconducting phase becomes rather inhomogeneous at high
pressures or that it coexists with another electronic phase. In
contrast to FeSe where nematicity, magnetism and superconductivity may coexist under pressure [9, 13, 23], magnetic order in our composition is expected to be stabilized only at high
pressures exceeding 40 kbar [22].
To elucidate the nature of quasi-particle scattering in the
proximity of the nematic quantum phase transition, we investigate the resistivity exponent n, defined as ρ(T ) = ρ0 +AT n ,
as a function of pressure and temperature. For a non- or
weakly interacting Fermi liquid, one expects n = 2. In contrast, for systems in the proximity of quantum critical points,
enhanced order parameter fluctuations can lead to non-Fermi
liquid behaviour with an exponent n < 2 and additional scattering [5, 30, 31]. The precise power law is influenced by
the nature of the critical fluctuations (their wave-vector and
dynamical exponent), by dimensionality [32], by the amount
of disorder [30] and by nearby quantum critical points [33].
The nematic critical fluctuations can be exceedingly effective in destroying quasiparticles and can produce a striking
nodal-antinodal dichotomy generating non-Fermi liquid-like
behaviour over much of the Fermi surface enhancing resistivity [5, 34]. At low temperatures away form the critical
points in a clean system, Fermi-liquid like behaviour is often
recovered [32, 35]. In this regime, the A coefficient, which
is a measure of the strength of the electronic correlations as
A ∼ (m∗ /me )2 , diverges upon approaching the critical region as fluctuations become critical (m∗ is the quasiparticle
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FIG. 1. Transport under pressure in FeSe0.89 S0.11 . (A) Temperature dependence of resistivity for different pressures. The transition
temperature into the nematic state occurs at Ts and into the superconducting phase at Tc . The onset and offset of superconductivity
are indicated by crosses and solid circles, respectively in (E). (B) Local resistivity exponent n for pressures close to pc . Dashed lines are
linear fits at low temperatures above the onset of superconductivity.
(C) High temperature resistivity plotted against T 3/2 . Dashed lines
are linear fits. Data in panels A and C are shifted vertically for clarity. (D) Low-temperature resistivity (solid lines) and normal state
resistivity extrapolated from symmetrized magnetic field measurements (points) plotted against T 2 (Fig.S2). Dashed lines are fits to
Fermi liquid behaviour, ρ = ρ0 + AT 2 , the slope gives the A coefficient and ρ0 is the zero-temperature residual resistivity. Fit residuals
are shown in Fig. S3. (E) Pressure-temperature phase diagram. The
color map represents the local resistivity exponent n (ρ ∼ T n ), see
color scale in inset. Symbols indicate the transition temperatures defined in panel (A). The dashed line is a guide to the eye. The solid line
is a fit of Ts ∼ (p−pc ) giving  ∼ 0.4(1) and pc = 5.8(5) kbar. To
establish the value of the critical exponent, detailed pressure points
close to pc are required, as detailed in Ref. [28].
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FIG. 2. Evolution of quantum oscillations with pressure in FeSe0.89 S0.11 . (A) Magnetotransport and (B) TDO resonant frequency
variation, ∆f (MHz), for several different samples as a function of applied pressures (see also Figs. S4-S6). Horizontal dashed lines in A
indicate the sample resistance in zero field at the onset of superconductivity. (C) The oscillatory component of the magnetoresistance (after
subtracting of a smooth background with a low-pass filter applied) shows the evolution of the dominant low-frequency oscillation. Dashed
lines here indicate the base line. The horizontal bars indicate the period of the dominant low frequency (λ1 ). (D) Fourier transform of the
oscillatory part of the magnetotransport data in (A) after the background subtraction. The distinct peaks identified correspond to extremal
cross-sections of the Fermi surface. (E) The temperature dependence of the amplitude gives the cyclotron effective band mass of the δ orbit for
different pressures. Lines are fits to the Lifshitz-Kosevich mass damping term [29]. (F) Low-temperature amplitude variation with pressure of
the δ orbit (solid symbols) and the expected amplitude variation due to the mass damping term RT (cross symbols). Solid lines are guides to
the eye. Data in panels C and D are shifted vertically for clarity.

effective mass) [36, 37].
Figure 1E shows the temperature and pressure dependence
of n as a color map. Near the nematic end point at pc , the resistivity does not follow a linear T dependence, as found near
magnetic critical points [36] nor does it display the expected
quantum critical fan with a constant exponent [32]. Instead,
this region is best represented by a temperature-dependent
resistivity exponent n, shown in Fig.1B, that evolves from
a value around n = 3/2 at high temperatures towards the
n = 2 value in the low temperature regime. In fact, n shows a
marked upturn below 30 K for pressures close to pc that can be
linearly extrapolate towards n = 2, as shown by dashed lines
in Fig. 1B. To further demonstrate this result, we can use magnetic fields to suppress superconductivity. At the lowest temperatures below 15 K, we find a Fermi-liquid behaviour for
all pressures across pc , as shown in Fig. 1D (see also Figs. S1
and S3 in the SI). Furthermore, the corresponding A coefficient as well as the zero-temperature resistivity, ρ0 , are continuously suppressed with increasing pressure across the transition (Figs. 4B and S1 in the SI). This strongly suggests that
at pc the nematic fluctuations do not become critical.
The evolution of the Fermi surface with pressure. Next,

we use quantum oscillations measurements under pressure to
follow the evolution of the Fermi surface and to assess the
strength of electronic correlations across the phase diagram
of FeSe0.89 S0.11 under pressure. Figures 2A and B show the
field dependence of the resistance and tunnel diode oscillator
(TDO) data for pressures up to 17 kbar and up to 45 T, and
the ambient pressure measurements up to 80 T for three different samples. Results on additional samples and pressures
are shown in Figs. S4-S8 in the SI. There are different field
regimes seen in the raw data: a) the superconducting state with
zero resistance at low magnetic fields, b) finite resistance that
increases strongly with magnetic field in the crossover vortexliquid region to the normal state at higher fields and c) normal magnetoresistance accompanied by quantum oscillations
in high magnetic fields.
At low pressures in the nematic state, the magnetotransport and TDO data is dominated by a low-frequency oscillation (Fig. 2A) that disappears beyond 4.7 kbar, in the proximity of pc (Figs. 2A, B and C). At high pressures and in high
fields, a high-frequency oscillation is visible in the raw data
(see Figs. 2A and B), associated with a large Fermi surface
sheet. This rules out a reconstruction of the Fermi surface
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at high pressures, outside the nematic phase, similar to the
tetragonal phases of FeSe1−x Sx [19], but in contrast to FeSe
under pressure inside the magnetic phase [10].
Quantum oscillation spectra of FeSe0.89 S0.11 reveal several distinct peaks, consistent with a complex multi-band electronic structure, as shown in Fig. 2D. Based on ARPES data
and previous quantum oscillation measurements, the ambient
pressure Fermi surface is formed of two concentric electronlike and one outer hole-like quasi-two dimensional sheets
(containing the β and δ orbits) as well as a small inner 3D
hole pocket centered at the Z-point (χ), shown in Fig.3D
[18, 20, 25]. As a function of applied pressure, the cylindrical Fermi surfaces can become warped along the kz direction,
either due to changes in the degree of interlayer hopping term
and/or electronic correlations. These effects can trigger a Lifshitz transition and the disappearance of the neck orbits (like
β or α1 in Fig.3D), as found in FeSe1−x Sx [19]. The multiband structure of FeSe0.89 S0.11 could give rise up to a maximum of seven frequencies, not all of which can be identified
in experiment. The high pressure region is dominated by the
largest orbit of the hole band, δ, as shown in Fig. 2D (see also
Ref. [38]). Weaker features associated to the largest orbit of
the electron band, γ, can be also detected at some pressures
and in the TDO signal, as shown in Fig. S7 in the SI.
With increasing pressure all frequencies increase in size,
with the exception of the lowest two frequencies, as summarized in Fig. 3A. At the highest pressure, the Fermi surface
area of the δ pocket has expanded almost by a factor two,
as compared with its size at ambient pressure. This is much
more than the expected growth of the Brillouin zone (less than
4%), assuming a simple contraction of the in-plane unit cell
[14, 39]. On the other hand, the dominant low frequency, λ1 ,
(in Figs.2C, S4, S5, S6 in the SI), disappears together with
nematicity close to pc (see λ1 in Fig.3A). We attribute the loss
of this frequency to a Lifshitz transition that can be triggered
by changes in the interlayer coupling tuned by pressure. This
observation is in agreement with the topological change of the
Fermi surface using sulfur substitution, equivalent to positive
pressure [19]. The presence of small pockets with Fermi energies of the order 3-5 meV in Fig. 3C, comparable to the
superconducting gap (Fig. S6 in the SI), creates conditions for
a BCS-BEC crossover [40].
Quasiparticle masses. We now turn to the evolution of
the electronic correlations across the phase diagram. The evolution of the cyclotron effective mass, m∗ , is extracted from
the temperature dependence of the quantum oscillation amplitudes, analyzed quantitatively within the Lifshitz-Kosevich
formalism (Fig. 2E) [29], and summarized in Fig. 3B. The
quasiparticle masses of the δ orbit can be extracted across
the entire pressure range, as shown in Fig. 2E, and its amplitude shows an unusual pressure dependence in Fig. 2F. The
cyclotron mass of the largest frequency, δ, (as well as χ and
γ in Fig. S7 in the SI), decreases significantly with increasing pressure from 5 me to 3 me , signifying a strong reduction
in electronic correlations away from the nematic phase transition. Thus, the quasiparticle masses gradually decrease rather
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FIG. 3. Pressure tuning of Fermi surface and electronic correlations. (A) Quantum oscillation frequencies, and (B) the cyclotron
masses as a function of pressure for samples B, D and E. The masses
associated to χ and δ orbits show a clear decrease upon crossing the
nematic phase transition. A topological Lifshitz transition occurs at
pc and one small orbit in the kz =0 plane disappears (either β or α1
can be assigned to λ1 ). A small frequency λ2 is only detected in TDO
and it seems weakly affected by pressure. (C) The Fermi energy EF
assuming parabolic band dispersions, based on Fermi surface crosssections and quasiparticle masses (panels A and B). Lines are guides
to the eye. The splitting of the γ and δ frequencies is summarized
in Fig. S7 in the SI. Shaded areas indicate the nematic phase (D)
Sketch of the Fermi surface in the nematic phase and the different
two-dimensional orbits, based on ARPES and quantum oscillation
measurements [18–20]. Error bars correspond to a 1σ confidence
interval.

than showing a divergent behaviour across the nematic end
point around pc . In the high pressure regime, a slight increase
in the effective masses of the δ and χ orbits is observed, but
their values remain smaller than in the nematic phase, despite
the fact that superconductivity has increased twice. Furthermore, the masses associated with γ orbit, expected to contain
dxy orbital character, is much heavier than δ orbit in FeSe

5
[17, 25, 41] but it cannot be clearly distinguished across the
entire pressure phase diagram (as shown in Fig. S7 in the SI).
However, the role of orbital-dependent electronic correlations
cannot be fully assessed as the quasiparticle masses in quantum oscillations contain information about the cyclotron orbits
that have averaged orbital character.
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Tc and the Fermi liquid coefficient, A. There is a qualitative link
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Discussion. The superconducting phase of FeSe0.89 S0.11
under pressure is composed of two distinct superconducting
domes, separated by a Lifshitz transition. The first one at low
pressure emerges from the nematic phase (SC1 in Fig.4B) and
the second one at high pressure approaching the spin-density
wave phase (SC2 in Figs.4A, B). The two domes can also be
visualized in the pressure-temperature phase diagram in magnetic fields of 8 T in Fig.4B. Remarkably, the nematic quantum phase transition is located in the normal state between
the two superconducting domes. Different types of superconducting paring inside and outside the nematic phase were suggested to occur in FeSe1−x Sx , based on STM, specific heat
and thermal conductivity studies [42, 43].

The cyclotron effective masses, which measure the strength
of electronic correlations, vary with pressure being in general
larger inside the nematic phase compared with those in the
tetragonal phase. Interestingly, we find a qualitative link between the cyclotron masses of the δ orbit, the A coefficient
from the low temperature resistivity data, and the value of
Tc in the nematic phase and in the low-Tc tetragonal phase,
as shown in Fig. 4B. This supports that the hole bands are
closely involved in the pairing mechanism. This correlation
between the band renormalisation and Tc was also captured
by quantum oscillations experiments and ARPES studies on
FeSe1−x Sx [19, 20]. Furthermore, NMR studies show that the
strength of antiferromagnetic fluctuations also correlates with
Tc within the nematic phase, being suppressed together with
the nematicity [44, 45]. Here for higher pressures, the correlation between the hole-like band masses and Tc is lost, suggesting changes in the pairing mechanism towards the high-Tc
phase. Furthermore, the observed Lifshitz transition of one of
the pockets could also affect Tc , as it causes the density of
states available for pairing to decrease. This decrease is likely
to be weak and it is compensated by the contributions from
other quasi-two dimensional Fermi surfaces that grow with
pressure.
Upon approaching a critical region as a function of the tuning parameter, the quasiparticle masses m∗ [46] and the A
transport coefficient should diverge and the superconductivity should be enhanced [32, 37, 46]. Here, near the nematic
end point at pc , in the absence of magnetic order, we find a
smoothly evolving A coefficient and effective masses for the
large, well-defined orbit (δ) in Fig. 4B. This suggests that the
nematic fluctuations are finite and not critical at pc . Additionally, the superconducting transition temperature is minimal in the vicinity of the nematic quantum phase transition at
pc . This implies that the suppression of superconductivity is
connected with the lack of nematic critical fluctuations and/or
spin fluctuations in this regime. Collapse of critical nematic
fluctuations was observed in Raman measurements in FeSe
under pressure, indicating they play a marginal role in stabilizing superconductivity [47]. This is in contrast to other ironbased superconductors where critical nematic and/or magnetic
fluctuations enhance superconductivity approaching a spindensity wave state [5, 36].
The absence of divergent critical nematic fluctuations could
suggest the presence of a coupling of the nematic order parameter with the shear mode of the lattice leading to quenched
nematic criticality along certain directions [27, 48]. This coupling could suppress superconductivity [48] and lead to a finite quasiparticle mass in the proximity of the putative nematic quantum critical point (compared with data in Fig. S7 in
the SI). One test of this model is the predicted crossover from
non-Fermi liquid behaviour at high temperatures towards a
Fermi liquid at low temperatures, below TF L . We can estimate that for our system TF L ∼ 13 K which is in good agreement with the extracted values from our transport experiments
(TF L ∼ 9 − 11 K, as indicated by arrows in Fig.1D and detailed in Methods). Furthermore, the resistivity exponent n
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close to pc in our study is not constant and it has a strong
temperature dependence (Figs. 1B), as predicted for transport
due the coupling with the lattice via acoustic phonons [49].
Similar transport behaviour and power laws reported here for
FeSe0.89 S0.11 in the vicinity of the nematic end point were
also found in FeSe1−x Sx [50]. In any case, the transport behaviour near a nematic end point is very different from the
linear T -behaviour in the proximity of a magnetic quantum
critical point [36].
Additionally, the substitutional disorder of sulphur for selenium outside the Fe planes can lead to local strain that can
potentially affect the nematic order parameter, acting as local
fields and providing the realization of the random Ising model
[51]. In this scenario, the induced local strains can set a limit
of the correlation lengths and hence affect the nature of the
nematic phase transition at low temperatures. While inherent substitutional disorder exist at ambient pressure (setting
up the limit on the mean free path of ∼ 350 Å, as shown in
Fig. S8 in the SI) the amount of disorder is a constant across
the pressure-tuned nematic phase transition. Future theoretical models need to address how local strain (by STM as in
Ref. [42]) combined with applied pressure affects critical behaviour in these types of systems. This approach could also
provide insight into the significant suppression the amplitude
of the quantum oscillation of the δ orbit inside the nematic
phase beyond the normal damping terms due to disorder or
the change in masses, as shown in Fig. 2F. Lastly, the nematic
phase transition and the Lifshitz transition seem to coincide
both with applied and chemical pressure [19]. The collapse of
the critical nematic fluctuations and phonon anomalies were
directly linked to the change in topology of the Fermi surface
of FeSe under pressure from Raman studies [47].
The electronic signature of the nematic end point is substantially different from other critical points in iron-based superconductors, where both magnetic and nematic phases closely
coexist and superconductivity is enhanced. The absence of divergent electronic correlations at the nematic phase transition
invoke a coupling of the electronic system with the local environment. However, these effects are detrimental for supporting a high-Tc phase, and consequently the pairing mechanism
is weaken where spin fluctuations are absent.
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Methods
Sample characterization. Single crystals of FeSe0.89 S0.11 were

grown by the KCl/AlCl3 chemical vapour transport method,
as reported previously [52, 53]. More than 20 crystals were
screened at ambient pressure and they showed sharp superconducting transition regions of ∼ 0.1 K, and large residual
resistivity ratios up to 17 between room temperature and the
onset of superconductivity. Crystals from the same batch were
previously used in quantum oscillations and ARPES studies
[17, 19].
Magnetotransport measurements. 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. Pressures
up to 17 kbar were generated using a NiCoCr 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. Different samples were measured simultaneously under pressure: sample B was used for transport measurements, and sample D-TDO was positioned inside a coil
and the resonant frequency of an LC tank circuit driven by a
tunnel diode was recorded (TDO). Transport sample E was
measured at ambient pressure at the same time. Magnetotransport measurements were performed using the standard ac
technique. Pulsed-field measurements up to 80 T at ambient
pressure were carried out in Toulouse, using the same samples
(transport measurements on sample B, TDO measurements on

sample D). Magnetotransport and Hall effect measurements
under pressure using a 5-contact configuration were carried
out on sample A in low fields up to 16 T in an Oxford Quantum Design PPMS and an ElectroLab High Pressure Cell, using Daphne Oil 7373 which ensures hydrostatic conditions up
to about 23 kbar. The pressure inside this cell was determined
via the superconducting transition temperature of Sn after cancelling the remanent field in the magnet. The magnetic 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.
Resistivity power law. The temperature and pressure dependence of n is defined as n = ∂ log(ρ − ρ0 )/∂ log T ) with
ρ0 extrapolated from low temperatures. To extrapolate the
zero-field resistivity at finite temperature, ρ0 (T ), in the absence of superconductivity (Fig. S2 in the SI), we perform a
two-band model fit to the symmetrized magnetotransport data
[54].
Estimate for TF L . For a system with a strong nematoelastic coupling, this interaction leads to an enhanced nematic
transition temperature Ts > T0 , where T0 is the bare transition temperature in its absence [27, 48]. Furthermore, below a crossover temperature TF L , the coupling quenches the
critical modes to small regions in k-space which will lead to
Fermi liquid behaviour. In order to estimate the scale of TF L ,
it is expected that the nematic quantum critical point is shifted
to a larger tuning parameter r0 > 0 caused by the nematoelastic coupling [27]. This shift is linearly related to Ts and
T0 as r0 ≈ kB (Ts − T0 )/EF , where EF is the Fermi energy and kB is the Boltzmann constant. The value of T0 can
be estimated from electronic Raman scattering [27] or elastoresistivity measurements [21]. For FeSe, T0 ≈ 30 K from
electronic Raman scattering [55] and T0 ≈ 34 K from elastoresistivity measurements [21]. For FeSe0.89 S0.11 , we use
the ambient pressure values T0 = 15 K and Ts = 60 K (see
also Fig. S1 in the SI) and a Fermi energy of EF ≈ 50 meV
[18]. We thus obtain r0 ≈ 0.077  1, comparable to estimates for other iron-based superconductors [27]. From this,
3/2
we can determine TF L using TF L ≈ r0 EF /kB [27]. We
find that TF L ≈ 13 K for FeSe0.89 S0.11 . This value is well
within the experimentally accessible temperature range and it
is consistent with the crossover region of the resistivity exponent n at TF L , shown in Fig. 1B (also Fig. S1D in the SI).
Quantum oscillations. To quantify the complex oscillatory
spectra of quantum oscillations, we use both a fast Fourier
transform (after removing a smooth and monotonic polynomial background from the raw data) or directly fitting the
Lifshitz-Kosevich formalism to the raw data in field (with a
low-pass filter applied), as shown in Figs. 2C, S4 and S6 in the
SI. The frequencies of the quantum oscillations are related to
the extremal areas on the Fermi surface normal to the applied
magnetic field, Ak , via the Onsager relation, F = Ak ~/(2πe)
[29].
Data availability The experimental data in our
manuscript will be made available available through
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