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Interplay between superconductivity and 
the strange-metal state in FeSe

Xingyu Jiang1,2,8, Mingyang Qin1,2,8, Xinjian Wei1,8, Li Xu1,2, Jiezun Ke3,4, 
Haipeng Zhu3,4, Ruozhou Zhang1,2, Zhanyi Zhao1,2, Qimei Liang5, Zhongxu Wei1,2, 
Zefeng Lin1,2, Zhongpei Feng1,6, Fucong Chen1,2, Peiyu Xiong1, Jie Yuan1,2,6, 
Beiyi Zhu1, Yangmu Li    1,2, Chuanying Xi5, Zhaosheng Wang5, Ming Yang    3,4, 
Junfeng Wang3,4, Tao Xiang1,2,7, Jiangping Hu    1,2, Kun Jiang    1,2, 
Qihong Chen    1,2,6 , Kui Jin    1,2,6  & Zhongxian Zhao1,2,6

In contrast to conventional Fermi liquids where resistivity scales 
quadratically with temperature, unconventional superconductors 
usually exhibit a normal-state resistivity that varies as a linear function of 
temperature (T-linear) in the low-temperature limit. This phenomenon, 
termed as the strange metal, has been extensively studied in cuprates and 
is thought to be intimately linked to superconductivity. A quantitative 
description of its relationship with superconductivity is, therefore, of great 
importance for developing further theoretical understanding; however, 
so far, comprehensive studies are scarce due to the difficulties in realizing 
a systematic control of the superconducting state. Here we report the 
observation of a typical strange-metal behaviour in FeSe, namely, T-linear 
resistivity, linear-in-field magnetoresistance and universal scaling of 
magnetoresistance. More importantly, when we tune the superconductivity 
by ionic-liquid gating, t he s up er co nd ucting transition temperature 
increases from approximately 10 to 45 K, and the T-linear resistivity 
coefficient exhibits a quadratic dependence on the critical temperature. 
This is a ubiquitous feature that describes the relation between these 
parameters in various systems including overdoped cuprates and Bechgaard 
salts. This suggests that there may be a universal mechanism underlying the 
T-linear resistivity and u nc on ve nt ional s  u p  er  c o  nd  u c tivity.

Shortly after the discovery of high-temperature superconductivity in 
cuprates, it was found that their normal states exhibit non-Fermi-liquid 
transport behaviours, such as a linear-in-temperature (T-linear) resis-
tivity1–5 and a linear-in-field (H-linear) magnetoresistance (MR)6–9. This 
unusual normal state, called a strange metal, has been observed in many 

unconventional superconductors including cuprates and Bechgaard 
salts. In the phase diagram, the strange-metal state often appears in 
the neighbourhood of the unconventional superconducting dome, 
indicating that studying the strange-metal state may provide clues 
towards understanding the microscopic mechanism of unconventional 

Received: 26 April 2022

Accepted: 24 November 2022

Published online: xx xx xxxx

 Check for updates

1Beijing National Laboratory for Condensed Matter Physics, Institute of Physics, Chinese Academy of Sciences, Beijing, China. 2School of Physical 
Sciences, University of Chinese Academy of Sciences, Beijing, China. 3Wuhan National High Magnetic Field Center, Huazhong University of Science 
and Technology, Wuhan, China. 4School of Physics, Huazhong University of Science and Technology, Wuhan, China. 5Anhui Province Key Laboratory of 
Condensed Matter Physics at Extreme Conditions, High Magnetic Field Laboratory of the Chinese Academy of Sciences, Hefei, China. 6Songshan Lake 
Materials Laboratory, Dongguan, China. 7Beijing Academy of Quantum Information Sciences, Beijing, China. 8These authors contributed equally:  
Xingyu Jiang, Mingyang Qin, Xinjian Wei.  e-mail: qihongchen@iphy.ac.cn; kuijin@iphy.ac.cn; 

http://www.nature.com/naturephysics
https://doi.org/10.1038/s41567-022-01894-4
http://orcid.org/0000-0003-0886-2919
http://orcid.org/0000-0001-6717-1582
http://orcid.org/0000-0002-4837-7742
http://orcid.org/0000-0003-1136-2472
http://orcid.org/0000-0002-6039-0456
http://orcid.org/0000-0003-2208-8501
http://crossmark.crossref.org/dialog/?doi=10.1038/s41567-022-01894-4&domain=pdf
mailto:qihongchen@iphy.ac.cn
mailto:kuijin@iphy.ac.cn


Nature Physics

Article https://doi.org/10.1038/s41567-022-01894-4

A1 and Tc (refs. 1, 7,15), which is of great importance towards a further 
theoretical understanding. However, establishing a clear quantitative 
picture has been experimentally challenging due to the lack of system-
atic data to map across the phase diagrams. Only very recently16, an 
explicit expression between A1 and Tc, namely, (A1�)0.5 = αTc + β, was 
uncovered in an electron-doped cuprate LCCO employing a unique 
composition-spread film fabrication technique. Here, A1� is the T-linear 
coefficient normalized by the distance between adjacent superconduct-
ing layers, and α and β are numeric parameters. A key question is to what 
extent the power-law dependence between A1 and Tc can be applied to 
other systems. It has been found that several other materials, for exam-
ple, hole-doped cuprates and Bechgaard salts16, also follow the same 
trend. However, due to relatively scarce data points, it is hard to conclu-
sively resolve the power-law index for them. Expanding our knowledge 
of quantitative dependence in different unconventional superconduct-
ing systems is highly desired for establishing a unified picture and 
furthermore promoting our understanding of unconventional 
superconductivity.

In this work, we investigate this phenomenon in iron-based super-
conductors—another major class of high-Tc superconductors—in which 
apart from some fragmented evidence for the strange-metal behav-
iour in iron pnictides6,15,17, a comprehensive study of the interplay 

superconductivity10–12. Nevertheless, despite extensive experimen-
tal and theoretical efforts over the past decades, the origin of the 
strange-metal state and its connection with superconductivity remain 
major puzzles in condensed-matter physics.

Early on, the strange-metal state was considered to be associated 
with quantum critical physics13,14; yet, in many material families, it was 
found that T-linear resistivity at low temperatures remains robust over 
a wide doping range1,2,11. Such an extended strange-metal regime was 
further identified by the recent observations of H-linear MR at different 
doping levels in unconventional superconductors such as BaFe2(As1–xPx)2 
(ref. 6), La2–xCexCuO4 (LCCO) (ref. 8), Tl2Ba2CuO6+δ and (Pb/La)-doped 
Bi2Sr2CuO6+δ (ref. 11). Intriguingly, a specific H/T scaling of MR was identi-
fied in these systems6,8,11, implying a scale-invariant region where tem-
perature and magnetic field play a similar role in setting an energy scale 
in transport. Figure 1a summarizes the typical features of strange-metal 
state and superconductivity in cuprates (in the overdoped regime) as 
a function of temperature, magnetic field and chemical doping. Impor-
tantly, in the strange-metal regime, the T-linear resistivity coefficient 
(namely, A1 from ρ = ρ0 + A1T) is positively correlated with the supercon-
ducting transition temperature (Tc) (refs. 2,15), implying a close relation-
ship between T-linear resistivity and superconductivity. Since then, 
there has been concerted effort to quantify the relationship between 
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Fig. 1 | Strange metallicity of FeSe. a, Schematic of the general features of the 
strange-metal state in cuprates as a function of temperature, field and doping. 
The evolution of linear resistivity as a function of doping is the main subject of 
this work. b, Temperature dependence of the resistance at zero field (solid line) 
and high field (33 T; red dots). The black dashed line is a guide for T-linear 
resistivity. c, Resistivity as a function of magnetic field at different temperatures. 
The resistivity is normalized by the value at 250 K: ρ̃ = ρ/ρ (250K). The data from 
2.8 to 15.0 K are measured in a pulsed magnet. The data at 20 K (pink squares at 

the top) are from another sample measured in a steady magnet. As temperature 
increases, the normal-state MR undergoes a crossover from linear- to quadratic-
in-H dependence. The black dashed and blue solid lines are fits using linear and H2 
dependences, respectively. d, Scaling plot of the MR curves in c, where 
ρ̃0 = ρ(0,0)/ρ (250K,0T) is the residual resistivity obtained by extrapolating 
H-linear ρ̃ at finite temperatures to H = 0 and T = 0. The normal-state resistivity is 
well described by a trendline (black dashed line) proportional to 1 + b(µ0H/T), 
where b is a numeric parameter.
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between strange-metal state and superconductivity has been lacking. 
By studying the zero- and high-field electrical transport properties of 
the iron chalcogenide superconductor FeSe, we obtain clear evidence 
for strange metallicity in this system, including T-linear resistivity, 
H-linear MR and linear scaling of MR between T and H. An advantage 
of FeSe is that its superconductivity can be substantially boosted by 
electron doping, such as surface K dosing18, alkali metal/molecule 
interlayer intercalation19,20 and ionic-liquid gating21,22, providing a 
unique opportunity to explore the evolution of strange metallicity 
and superconductivity across the phase diagram. Accordingly, we tune 
the superconductivity of FeSe films employing the ionic-liquid gating 
technique, which allows a systematic control of the superconducting 
phase. With the enhancement in Tc from approximately 10 to 45 K, the 
normal-state resistivity above Tc always exhibits a T-linear characteristic 
and A1 shows a quadratic dependence on Tc. A comparison with other 
systems, including overdoped cuprates (both electron and hole doped) 
and Bechgaard salts, suggests that a quadratic relation between A1 and 
Tc is ubiquitous in unconventional superconductors.

FeSe has the simplest crystal structure in iron-based superconduc-
tors, which consists of stacked Fe–Se monolayers. FeSe films (Tc ≈ 10 K) 
used in this work, with thicknesses of approximately 200 nm, were 
grown on LiF or CaF2 substrates by pulsed laser deposition23 (Supple-
mentary Section 1). Figure 1b,c shows the in-plane resistivity as a func-
tion of temperature and magnetic field, respectively, which exhibit 
typical features of strange metallicity, namely, T-linear and H-linear 
resistivity. With superconductivity suppressed by a magnetic field of 
33 T, the T-linear resistivity persists to the lowest-measured tempera-
ture of 2 K (Fig. 1b). At low temperatures (2.8–6.0 K) the normal-state 
MR exhibits an H-linear dependence without signs of saturation to the 
highest-measured field (Fig. 1c). At elevated temperatures (7–15 K), an 
H2-dependent MR progressively develops and eventually occupies the 
whole measured field range (20 K), resembling what is expected in a 
conventional metal where MR is proportional to H2. Here, the resistivity 
is normalized to the value at 250 K (that is, ρ̃ = ρ(T,H)/ρ(250K,0T)) 
to remove the influence of geometric factors, which does not influence 
any of our analysis.

A scaling analysis is performed for the MR of FeSe similar to previ-
ous studies6,8,11. Figure 1d shows (ρ̃ − ρ̃0)/T versus µ0H/T, where ρ̃0 is the 
residual resistivity obtained by extrapolating the H-linear ρ̃(H,T) to zero 
field and from finite to zero temperature. Evidently, the normal-state 
resistivity collapses onto a single curve, which is adequately described 
by the dashed line with the formula (ρ̃ − ρ̃0)/T ∝ 1 + b(μ0H/T), where b 
is a numeric parameter. The dashed line agrees well with the experimen-
tal data at high H/T values, whereas some deviations occur at very low 
H/T values. This is because, as mentioned above, there are two compo-
nents in MR, namely, a linear term (proportional to H) and a quadratic 
term (proportional to H2), similar to the observations in FeSe1–xSx (ref. 
9). The scaling only accounts for the H-linear MR at low temperatures 
and high fields, whereas the H2 component at high temperatures and 
low fields cannot be captured by this analysis. This observation is in 
excellent agreement with the report in LCCO (ref. 8). Consequently, the 
resistivity can be written as ρ – ρ0 ∝ AkBT + CµBµ0H ≡ ε(T, H), which means 
that the resistivity is proportional to the linear sum of thermal and 
magnetic field energies. This suggests that there is a scale-invariant 
region (Fig. 1a) where the temperature and magnetic field combine to 
set an energy scale ε(T, H) in transport. In other words, the lack of an 
intrinsic energy scale provides a general mechanism for the relaxation 
rate to scale with external parameters, implying a close relationship 
between the H-linear and T-linear resistivity behaviours. Overall, the 
T-linear resistivity, H-linear resistivity and scaling of MR between field 
and temperature confirm the presence of strange metallicity in the 
normal state of FeSe, similar to that of cuprates.

To study the interplay between strange metallicity and super-
conductivity, we tune the superconductivity of FeSe via ionic-liquid 
gating, which can realize continuous electron doping in a single sample 

without changing the crystal structure and can be easily integrated 
with various characterization techniques to probe the evolution of 
electronic states. The device configuration is shown in Fig. 2a (inset). 
More details about the device configurations and dimensions can be 
found in Supplementary Section 2. A gating experiment on a sample 
includes a set of gating sequences. One sequence includes (1) increasing 
the gate voltage (Vg) to the desired value, (2) warming up to the gating 
temperature (Tg), (3) waiting for certain duration time (tg) and (4) cool-
ing down to measure the superconducting properties.

By adjusting Vg, Tg and tg, the superconductivity of an FeSe film 
can be effectively tuned. Figure 2a shows the ρ(T) curves for successive 
gating sequences of an FeSe film. With gating, the superconducting 
transition gradually moves to higher temperatures (Tc increases from 
approximately 10 to 45 K). There are two different scenarios for the 
gating effect of ionic liquid depending on the gating conditions and 
materials systems. One is the electrostatic scenario, namely, charge 
carriers are accumulated near the sample surface due to the electric 
field effect24,25, like in a field-effect transistor. In this scenario, only 
the surface layers are modulated due to the Thomas–Fermi screening 
effect, where the length scale is about 1 nm. If this is the case, for our 
100-nm-thick FeSe films, the inner bulk of the sample remains in the 
ungated state, which would lead to phase separation. The other sce-
nario involves the electrochemical intercalation of some ionic species 
throughout the volume of the gated sample26–28, which results in the 
bulk modulation of the electronic properties. The actual mechanism 
would have considerable influence on our analyses of the normal-state 
resistivity. Therefore, to clarify this issue, we built an in situ two-coil 
mutual inductance (TCMI) device combined with ionic gating to detect 
the magnetic response of the sample29. Making the TCMI measurement 
quantitative and operating in situ with ionic-liquid gating have shown 
great advances in extracting some key information of the supercon-
ducting state30–32. The variation in mutual inductance, signified by the 
real part of voltage in the pick-up coil ReVp(T), reflects the diamagnetic 
response of the superconducting state, and therefore, information of 
the superconducting volume can be extracted. Figure 2b shows the evo-
lution of ReVp(T) in successive gating sequences of FeSe (Extended Data 
Fig. 1 shows the imaginary part of the pick-up voltage). The diamagnetic 
transition shows a quasi-parallel shift to higher temperatures and each 
curve exhibits only a single transition, which clearly demonstrates that 
the gating effect comes from the electrochemical intercalation and 
whole-sample volume rather than only the surface being modulated. 
More discussions on the TCMI measurement and the mechanism of 
ionic-liquid gating can be found in Supplementary Sections 3 and 4.

To examine the strange-metal state with the enhancement in super-
conductivity, we performed in situ high-field transport measurements 
with ionic-liquid gating. As shown in Fig. 2c, for the ion-gated state with 
Tc ≈ 35 K, under a high field of 50 T, the T-linear resistivity extends to 
low temperatures, similar to the behaviour in a pristine FeSe film. Data 
for the high-field measurement of a gated state with Tc ≈ 43 K can be 
found in Extended Data Figs. 2 and 3. Here, the magnetic field of 50 T 
is not enough to completely suppress the superconductivity. It is note-
worthy that for another FeSe-based superconductor—(Li,Fe)OHFeSe 
(Tc ≈ 40.0 K)33 that exhibits very similar superconducting properties 
to ion-gated FeSe, the resistivity shows a T-linear dependence down 
to 1.4 K when superconductivity is suppressed by a magnetic field of 
70 T (Supplementary Section 5), corroborating the T-linear resistivity 
of FeSe-based superconductors.

For all the ρ(T) curves during gating (Fig. 2a), the normal-state 
resistivity exhibits a linear dependence on temperature above the 
superconducting transition. The dashed grey lines (Fig. 2a) are fits for 
the T-linear resistivity with the function ρn = ρ0 + A1T. Figure 2d shows 
the difference (colour map) between experimental data ρ and linear 
fit ρn as a function of electron doping level and temperature. Here, 
the electron doping level is defined as the electron density induced by 
ionic-liquid gating, which is roughly estimated via the temporal integral 

http://www.nature.com/naturephysics


Nature Physics

Article https://doi.org/10.1038/s41567-022-01894-4

of leakage current (Supplementary Section 6). The evolutions of Tc and 
T1 are also shown in Fig. 2d. Tc is defined as the onset temperature of 
the superconducting transition, obtained by the intersection of the 
extrapolation of normal-state resistivity and superconducting transi-
tion (Fig. 2a). T1 is the upper-bound temperature of T-linear resistivity, 
determined as the temperature above which the difference between 
ρ and ρn exceeds 0.4%. As Tc gradually increases from approximately 
10 to 45 K, T1 also increases from about 55 to 85 K. Namely, the super-
conducting regime is enclosed by the T-linear resistivity region. Such 

an extended electron doping region of T-linear resistivity in FeSe is 
consistent with the observation of the strange-metal state in a wide 
doping range of overdoped cuprates, such as hole-doped La2–xSrxCuO4 
(LSCO) and electron-doped LCCO.

To acquire a quantitative understanding of the relation between 
the strange-metal state and superconductivity, we extract the T-linear 
coefficient A1� from the ρ(T) curves (Fig. 2a) and plot it as a function 
of Tc (Fig. 3a). Here, A1� is the slope of the T-linear coefficient normal-
ized by the distance between adjacent Fe–Se layers. As evident from 
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d, Colour plot of the difference between experimental data and linear fits of 
resistivity (that is, (ρ – ρn)/ρ) versus temperature T and electron doping level. 
The blue squares and red dots show the evolutions of Tc and T1 as a function 
of electron doping level, respectively. Tc is obtained by the intersection of the 
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roughly indicated by the inverted triangles in a. The error bars for Tc reflect the 
uncertainty in determining the extrapolation of the superconducting transition. 
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error bars for T1 reflect the value where (ρ – ρn)/ρ exceeds 0.6%.
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the systematic data, the relation between A1� and Tc is approximately 
described by a quadratic function (Fig. 3a, red curve). This is reminis-
cent of the scaling between A1� and Tc first observed in LCCO, that is, 
(A1�)0.5 = αTc + β, which has been shown to be a common relation in 
several systems16. Notably, following the trendline in Fig. 3a, there is 
an evident non-zero residue for A1� when extrapolated to Tc = 0 K. With 
a constant (A0) subtracted, that is, Ã1� ≡ A1� − A0, and fitting with the 
formula ( Ã1�)n = αTc + β, the extracted value for n is 0.49 ± 0.03, in line 
with a quadratic dependence between A1� and Tc. Figure 3b summarizes 
the exponents extracted for FeSe and several other materials (data 
from the literature), all of which reside close to 0.5. In particular, the 
exponent of 0.5 in LCCO has been unambiguously confirmed by a 
ternary relationship among Tc, A1� and doping (x), that is, 
Tc ∝ (A1�)0.5 ∝ (x – xc)0.5 (ref. 16). Here, xc is the critical doping at the 
overdoped side where superconductivity disappears. A very similar 
value is obtained in its hole-doped counterpart, LSCO, in which the 
data extracted from a comprehensive study34 yield an exponent of 
0.51 ± 0.03.

For LCCO and LSCO, superconductivity is modulated by carrier 
doping via chemical substitution that takes place in the charge res-
ervoir (La–O) blocks without affecting the Cu–O conducting layers. 
Likewise, ionic-liquid gating provides a relatively clean method that 
achieves carrier doping without modifying the Fe–Se conducting 
layers. As a result, FeSe, LCCO and LSCO show highly consistent expo-
nents close to 0.5 with small uncertainties. It has been discussed16 
that for a hole-doped cuprate YBa2Cu3O7–δ, electron irradiation sub-
stantially affects Tc but barely changes the slope of T-linear resistivity, 
indicating that disorder can introduce additional effects that result in 
deviation from the relation obtained in clean compounds. This issue 
can have a considerable impact on Tl2Ba2CuO6+δ (Tl2201) and (Pb/
La)-doped Bi2Sr2CuO6+δ (Bi2201), where Tc is tuned by annealing in 
oxygen/nitrogen environment that influences the oxygen level of both 
charge reservoir and conducting layers. It may be one of the reasons 
that n shows larger uncertainties for these systems. Pressure effectively 
tunes the superconductivity of (TMTSF)2PF6, whereas it also modifies 
lattice parameters that may induce additional electronic states that 
interact with the strange-metal state and lead to larger uncertainties 

in determining n. This effect is more evident in high-pressure stud-
ies of FeSe, in which magnetic order emerges with the application of 
small pressures35, manifested as the anomalies in the ρ(T) curves that 
obscure the T-linear resistivity, and thus, a comprehensive study of 
the strange-metal state is hindered. Taking these complex facts into 
account, the overall distribution of n around 0.5 provides adequate 
evidence that a quadratic dependence is a common feature describ-
ing the relation between strange-metal state and superconductivity.

It has been suggested that the T-linear resistivity could stem 
from antiferromagnetic (AF) spin fluctuations36,37, which has been 
supported by the experimental findings in Bechgaard salts38 and 
electron-doped cuprates2. These systems share a similar phase dia-
gram where the superconducting dome emerges at the boundary of 
the AF regime. Although FeSe does not show any static magnetic order 
at ambient pressure, the fact that the AF order emerges with the appli-
cation of a small pressure35 suggests that the system is in the proximity 
of a magnetically ordered state and strong AF fluctuations may play 
an essential role. Indeed, inelastic neutron scattering has revealed 
that FeSe has a large fluctuating magnetic moment39,40. Therefore, 
the strange-metal behaviours and superconductivity of FeSe could 
be similarly driven by spin fluctuations associated with short-range 
AF exchange interactions. This naturally explains the striking similari-
ties between the strange-metal behaviours of overdoped cuprates, 
Bechgaard salts and ion-gated FeSe in this study. On the other hand, 
it is widely believed that quantum fluctuations near a quantum criti-
cal point could give rise to T-linear (H-linear) resistivity. However, 
no signs for magnetic phase transitions have been identified in ionic 
gating experiments, either in our work or in the literature21,22,41–43, 
and therefore, how these phenomena in FeSe are correlated with the 
quantum critical dynamics remains to be conclusively determined. 
Besides, there are other scenarios, such as Planckian dissipation4,10, 
that have been proposed to explain the strange metallicity. Although 
the present data do not allow us to distinguish among the various 
proposed scenarios, the striking similarities found in ion-gated FeSe, 
overdoped cuprates and Bechgaard salts, are suggestive of a universal 
mechanism underlying the T-linear resistivity and unconventional 
superconductivity.
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error bars originate from the uncertainty in the film thickness and linear fit. b, 
Exponent n extracted for the relationship ( Ã1�)n = αTc + β as a function of Tc

max for 

different unconventional superconductors (bottom). Tc
max corresponds to the 

maximum value of Tc in each system. Span of Tc for extracting n of the 
corresponding materials (top). The error bars reflect the fitting uncertainty. The 
range of (TMTSF)2PF6 has been multiplied by a factor of 10 for better 
visualization. The data for LCCO, Tl2Ba2CuO6+δ (Tl2201) and (TMTSF)2PF6 are 
extracted from ref. 16 and the references therein; those for LSCO, from ref. 34; 
and those for (Pb/La)-doped Bi2Sr2CuO6+δ (Bi2201), from ref. 44. The data and fits 
can be found in Extended Data Fig. 4 and Extended Data Table 1.
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A non-zero extrapolation of A1 to Tc = 0 K is seemingly ubiquitous 
in overdoped cuprates including LCCO (ref. 16), LSCO (ref. 11) and 
Bi2201 (ref. 44), in which the coefficient of T-linear resistivity retains 
a finite value when extrapolated to the right-side boundary of the 
superconducting dome. Taking LCCO as an example, on approaching 
the right-side boundary of the superconducting dome, Tc decreases 
more rapidly (that is, Tc ∝ (xc – x)0.5), possibly due to strong pairing 
fluctuations and/or other quantum fluctuations, whereas the T-linear 
coefficient decreases linearly with doping (that is, A1 ∝ x) without show-
ing obvious departure from this trend around xc. As a result, A1 retains 
a finite value close to xc. However, the magnitude of the extrapolated 
value for FeSe is seemingly larger than those of cuprates, and after 
deducting a constant from A1, FeSe exhibits highly consistent behav-
iours with LCCO and LSCO. Seemingly, in FeSe, there are T-linear terms 
in resistivity that are not related to superconductivity and these terms 
contribute to the large intercept. The origin may lie in the specific 
electronic structure of FeSe. In contrast to the single-band character of 
cuprates, for iron-based superconductors, the orbital physics, multiple 
Fermi surfaces and nematicity have been shown to play important roles 
in determining their electronic properties45. In particular, previous 
studies have revealed orbital-selective pairing in the superconducting 
state, and strong orbital-dependent quasiparticle weights in the normal 
phase46,47, which are correlated with the enhancement in Tc on electron 
doping48. These effects may lead to the large non-zero A1 extrapolated 
to Tc = 0 K. Although further investigations are certainly required to 
understand all these phenomena, the experimental discovery of the 
common behaviours in T-/H-linear resistivity, MR scaling, and a quad-
ratic dependence between A1 and Tc in unconventional superconduc-
tors has brought us closer to a unified picture.

Online content
Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author contri-
butions and competing interests; and statements of data and code avail-
ability are available at https://doi.org/10.1038/s41567-022-01894-4.
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Methods
Film growth and characterization
β-FeSe films were grown on (00l)-oriented LiF or CaF2 substrates 
by the pulsed laser deposition technique using a KrF excimer laser 
(λ = 248 nm). The substrates were maintained at 350 °C during growth. 
The film thicknesses are approximately 200 nm. More details about the 
fabrication of FeSe films can be found in a previous report23. The X-ray 
diffraction pattern and atomic force microscopy image are shown in 
Supplementary Section 1.

Ionic-liquid gating and electrical transport measurement
The ionic-liquid gating experiments were performed either in a com-
mercial physical property measurement system or in a Montana cry-
ostation. Generally, the FeSe film was placed at the bottom of a small 
quartz glass cup and immersed by the ionic liquid N,N-diethyl-N-(
2-methoxyethyl)-N-methylammonium bis(trifluoromethylsulfonyl)
imide. A platinum slice as the gate electrode was fixed to the side-
wall of the quartz glass cup, which was mounted on the sample puck 
and transferred to the physical property measurement system/
Montana cryostation. Electrical contacts were made by indium 
soldering and protected by GE varnish to avoid corrosion by elec-
trochemical reaction. Schematic of the ionic-liquid gating configu-
ration and dimensions of the device are shown in Supplementary 
Section 2. The sample resistance was measured with a four-terminal 
geometry, using a Keithley 6221 source meter to supply current and 
a Keithley 2182 voltage meter to measure the voltage. An external 
Keithley 2400 source meter was used to apply a bias voltage between 
the gate electrode and sample and simultaneously monitor the  
leakage current.

In situ TCMI measurement
To characterize the superconducting volume with ionic-liquid gat-
ing, we carried out in situ TCMI measurement29. Schematic of the 
TCMI device can be found in Supplementary Section 3. Both the 
drive and pick-up coils are sealed in a sapphire block with epoxy 
and axially aligned with the centre of the FeSe film. The two coils are 
of the same size: the number of turns is 300, the inner diameter is 
0.5 mm and the length is 1.6 mm. The drive and pick-up coils are 1.0 
and 0.5 mm, respectively, away from the surface of the FeSe film. An 
alternating current, with a frequency of 10 kHz and amplitude of 2 mA, 
is applied to the drive coil using a Stanford Research SR830 lock-in 
amplifier. The drive current induces a voltage in the pick-up coil, Vp, 
which is detected using the same lock-in amplifier with a reference 
phase of 90°. The ReVp (real part of the pick-up signal) undergoes 
a sudden drop when the sample becomes superconducting at low 
temperatures, corresponding to the diamagnetic response of the 
superconducting state.

Determination of electron doping level
The leakage current is used for estimating the electron doping level. 
The amount of charge (qi) injected in each gating sequence (i) can be 
obtained by integrating the leakage current (Ig) as a function of time (t) 
in this process: qi = ∫Igdt. The electron doping level (nm) for sequence 
m is defined as the sum of the charge accumulated in earlier gating 
sequences divided by the electron charge (e) and volume (V) of the 

gated sample: nm = Qm

eV
= ∑i≤m qi

eV
. More details of this calculation can be 

found in Supplementary Section 6.

Data availability
Source data are provided with this paper. All other data that support 
the findings of this study are available from the corresponding authors 
upon reasonable request.
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Extended Data Fig. 1 | The imaginary part of the pick-up signal. ImVp as a function of temperature in successive gating sequences, with one-to-one correspondence 
(same colour coding) to the data in Fig. 2b of the main text.
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Extended Data Fig. 2 | Linear- to quadratic-in-H crossover of MR. Normalized 
resistivity [ ρ̃ = ρ(T,H)/ρ (250K,0T)] as a function of field at different 
temperatures for a gated FeSe film with a, Tc ≈ 35 K and b, Tc ≈ 43 K. From the 

bottom to the top curve in each panel, the temperatures are a, 30, 33, 36, 39, 42, 
46 and 50 K, and b, 36, 39, 42, 45, 48, 51, 55, 60, 65 and 70 K. The black dashed and 
blue dashed lines are fits using linear- and H2-dependence, respectively.
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Extended Data Fig. 3 | Normal-state transport of an ion-gated FeSe film. Temperature dependence of resistivity for an ion-gated state with Tc ≈ 43 K, at 0T (solid 
line) and 50 T (red dots). The dashed line is a linear guide.
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Extended Data Fig. 4 | Tc versus A1� plots for different unconventional 
superconductors. Symbols are data extracted from literature and solid curves 
are fits with the formula ( Ã1�)n = αTc+β, where n is a fitting parameter. Data for 
La2–xSrxCuO4, are extracted from ref. 34; data for (TMTSF)2PF6 and Tl2Ba2CuO6+δ 

(Tl2201) are from ref. 16 and references therein; data for (Pb/La)-doped 
Bi2Sr2CuO6+δ (Bi2201) are extracted from ref. 44. The error bars are reproduced 
from published data and reflect the uncertainty in determining Tc and the T-linear 
coefficient.
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Extended Data Table 1 | Fitting parameters for different unconventional superconductors
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