SCIENCE ADVANCES | RESEARCH ARTICLE

'.) Check for updates

CONDENSED MATTER PHYSICS

Correlation between unconventional superconductivity
and strange metallicity revealed by operando

superfluid density measurements

Ruozhou Zhang'*t, Mingyang Qin'31*, Chenyuan Li*t, Zhanyi Zhao'*t, Zhongxu Wei ",
Juan Xu', Xingyu Jiang1'5, Wenxin Cheng"s, Qiuyan Shi'>, Xuewei Wang"s, Jie Yuan
Yangmu Li1'5, Qihong Chen1'5'7, Tao Xiang1'8, Subir Sachdev4*, Zi-Xiang Li

Kui Jin"57*, Zhongxian Zhao'*’

Copyright © 2025 The
Authors, some rights
reserved; exclusive
licensee American
Association for the
Advancement of
Science. No claim to
original U.S.
Government Works.
Distributed under a
Creative Commons
Attribution
NonCommercial
License 4.0 (CC BY-NC).

1,57
I
1,55
I

Strange-metal behavior has been observed in superconductors ranging from cuprates to pressurized nickelates,
but its relationship to unconventional superconductivity remains elusive. Here, we perform operando superfluid
density measurements on ion-gated FeSe films. We observe a synchronized evolution of the superconducting
condensate and the strange-metal phase with electron doping, from which a linear scaling between zero-
temperature superfluid density and strange-metal resistivity coefficient is further established. The scaling also
applies to different iron-based and cuprate superconductors despite their distinct electronic structures and pair-
ing symmetries. Such a correlation can be reproduced in a theoretical calculation on the two-dimensional Yukawa-
Sachdev-Ye-Kitaev model by considering a cooperative effect of quantum critical fluctuation and disorder. These
findings suggest that a common mechanism may govern both the Cooper pair condensation and the normal-state

strange metallicity in unconventional superconductors.

INTRODUCTION

In the search for the microscopic mechanism of unconventional su-
perconductors, a concerted effort has been directed toward under-
standing their normal states and how they link to superconductivity.
It has been found that the normal state of various unconventional
superconductors, e.g., cuprates (I-3), iron-based materials (4, 5),
magic-angle graphene (6), and nickelates (7-9) exhibits a linear-in-
temperature (T-linear) resistivity extending to the low temperature.
Such an anomalous transport behavior (10), termed as the strange
metal, is acknowledged to be intimately related to unconventional
superconductivity (1-3, 5, 11). However, despite extensive investiga-
tions over the past decades (12-15), the microscopic mechanism of
strange-metal transport and the interplay between strange metal and
superconductivity remain actively debated. One of the central ques-
tions is what the fundamental correlation between the strange-metal
normal state and superconductivity is. To find clues for solving the
puzzle, inspecting the crucial ingredient governing superconductiv-
ity across the strange-metal regime is immensely required.

One key parameter characterizing the superconducting state is the
superfluid density, ps (= }\;bz « n, / m %, with Ay, the in-plane mag-
netic penetration depth, n, the superconducting carrier density, and
m* the effective electron mass), which encodes the phase rigidity of

'Beijing National Laboratory for Condensed Matter Physics, Institute of Physics,
Chinese Academy of Sciences, Beijing 100190, China. *State Key Laboratory of Sur-
face Physics and Department of Physics, Fudan University, Shanghai 200433, China.
3Department of Materials Science and Engineering, Southern University of Science
and Technology, Shenzhen 518055, China. 4Department of Physics, Harvard Univer-
sity, Cambridge, MA 02138, USA. *School of Physical Sciences, University of Chinese
Academy of Sciences, Beijing 100049, China. ®Department of Physics, Southern
University of Science and Technology, Shenzhen 518055, China. “Songshan Lake
Materials Laboratory, Dongguan, Guangdong 523808, China. ®Beijing Academy of
Quantum Information Sciences, Beijing 100193, China.

*Corresponding author. Email: ginmy@sustech.edu.cn (M.Q.); sachdev@g.harvard.
edu (S.S.); zixiangli@iphy.ac.cn (Z.-X.L.); kuijin@iphy.ac.cn (K.J.)

tThese authors contributed equally to this work.

Zhang et al., Sci. Adv. 11, eadu0795 (2025) 22 August 2025

Cooper pairs, reflecting the resilience of pairing condensate against phase
fluctuations. It has been widely observed in cuprates that the supercon-
ducting transition temperature (T) scales with pg [= p(T — 0)]
[see, e.g.,(16-20)], which is beyond the standard Barden-Cooper-
Schrieffer (BCS) scenario in which T is determined by the pairing
strength (16, 17, 21). More intriguingly, in overdoped cuprates such
as T1,Ba,CuQOg,s (T12201) and La,_,Sr,CuO,4 (LSCO), the normal-
state carrier density increases with hole doping, but both pyy and the
T-linear resistivity coefficient A; decrease (12, 22), suggesting a pivotal
role of the strange-metal scattering in the pairing condensate. Conse-
quently, establishing a quantitative relationship between py and A,
and exploring to what extent it can be applied to unconventional su-
perconductors are of vital importance in understanding the essential
physics underlying the connection between unconventional super-
conductivity and the strange metallicity and establishing a unified
theoretical framework of unconventional superconductors. However,
the great challenges involve manipulating superconductivity minutely
across the strange-metal regime and obtaining precise py data in an
efficient way.

For LSCO, the systematic evolution of ps with T¢ in the over-
doped regime has been revealed by Bozovi¢ et al. (20), based on data
from more than 2000 films prepared over about 12 years. Other than
chemical substitution methods, the ionic-liquid gating (ILG) tech-
nique is an approach that can continuously tune T of a single sample
by virtue of either electrostatic or electrochemical effects (23). FeSe, a
prototype iron-based superconductor with the simplest crystal struc-
ture containing only the Fe-Se layer, has shown its unique compati-
bility with the ILG technique, i.e., the almost fivefold enhancement of
T, under gating (24). The strange-metal state of FeSe films with T-
linear resistivity, linear-in-field (H) magnetoresistance, and H/T
scaling of magnetoresistance was unambiguously identified, and its
evolution with ILG was also disclosed in our previous work (5).

Here, we perform operando ps measurements by the two-coil mu-
tual inductance (TCMI) technique on the ion-gated FeSe films, with
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T, finely tuned in a wide range of 11 to 43 K in a single sample. With
this high-efficiency approach, we uncover a systematic dependence of
T on py for the iron-based superconductors, i.e., T, « pg(')s 5+011 1.
triguingly, we find that the superfluid condensate keeps in lockstep
with the strange-metal phase during the gating process. A linear cor-
relation between psy and Ay, i.e., pso ~ Ay, is further quantified, which
also works for iron pnictides and overdoped cuprates. Such a relation
is in good agreement with the calculations on the two-dimensional
Yukawa-Sachdev-Ye-Kitaev (2D-YSYK) model (25-27), which de-
scribes fermions coupled to nearly critical bosonic modes with spa-
tially disordered Yukawa interactions, taking into account the possible
variation of quantum critical fluctuations and disorder strength during
the gating or doping in experiments. Our findings reveal the quantita-
tive connection between unconventional superconductivity and the
strange metallicity, which may be common to the physics of different
unconventional superconductors. (In this text, the symbols “x” and
“~” denote a proportional relationship and a generic linear relation-
ship allowing for a constant intercept, respectively.)

RESULTS

Operando superfluid density measurements

FeSe films (T, ~ 11 K) with thicknesses of 60 + 5nm were deposited on
(001)-oriented LiF substrates with a size of 5 mm by 5 mm by the
pulsed laser deposition technique. The x-ray diffraction measurements
confirm the high-quality (00]) oriented growth of the film (Supplemen-
tary Text 1 and fig. S1). The pristine films were loaded in our ILG device
as schematically shown in Fig. 1A. An ionic liquid N,N-diethyl-N-
(2-methoxyethyl)-N-methyl ammonium bis(trifluoromethylsulfonyl)
imide (DEME-TESI) was used as the dielectric, covering both the FeSe
film and the gate electrode. Under a positive gate voltage, the H" ions in
the ionic liquid enter the FeSe film, which has been evidenced by the
time-of-flight secondary ion mass spectroscopy (TOF-SIMS) measure-
ments (5). Such an electron doping effect brings forth a transition in the
carrier type of FeSe from the coexistence of electrons and holes to high-
density electrons only (Supplementary Text 2 and fig. S3), which is ac-
companied by an enhancement of T, to x40 K (5, 24).

The superfluid density, p;= 7\;;, is difficult to be accurately mea-
sured because A, is typically thousands of angstroms. The TCMI
technique is a suitable method to obtain the absolute value of p, of
superconducting films, which has attracted increasing attention due
to its high sensitivity and flexibility (20). To in situ monitor the
evolution of ps of FeSe films, the ILG device was integrated into a
homemade transmission-type TCMI apparatus (Materials and Methods
and fig. S4) that consists of a drive coil and a pickup coil (28).
Figure 1C shows the temperature-dependent real component of
the pickup coil voltage, V. for the pristine state (red line) and the
gated state with T, & 43 K (blue line). The rapid drop in V, around
T originates from the diamagnetic effect of the screening super-
current js. The spatial distribution of j, is associated with the abso-
lute value of ps according to the self-consistent London equation
(Materials and Methods). Using a self-developed fast wavelet col-
location (FWC) method (29), we have solved the distributions of js
for different ps values (Fig. 1B) and then calculated the values of V.
by integrating the vector potential from the drive-coil current and
js around each loop of the pickup coil. The absolute value of ps can
be accurately extracted by interpolating the measured V, into the
calculated Vi-p; relation (Supplementary Text 3 and fig. S5), as
shown in Fig. 1D.
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By minutely tuning the superconductivity of the FeSe film via
the ILG technique, a systematic evolution of V is obtained. It is
shown that the diamagnetic signals exhibit a quasiparallel shift to
high temperature with gating (Supplementary Text 4 and fig. S6).
Each curve exhibits only a single transition (see also the inset
of Fig. 1C, demonstrating the absence of the diamagnetic transi-
tion near the original T, of 11 K), confirming the homogeneous
modulation of the superconductivity by ILG (28). In other words,
the H ions have penetrated throughout the entire film thickness
of 60 nm, consistent with their relatively large protonation length of
up to 250 nm revealed by the TOF-SIMS measurements (5). Figure 2A
shows the extracted temperature dependence of superfluid densi-
ty, ps(T), for all gated states. A common feature is the flattening of p;
at low temperatures, which becomes more prominent for higher-
T. states. Such a feature has been observed in iron-based super-
conductors, e.g., Ba;_K,Fe,As, (30), noted as an indication of the
nodeless pairing gap. We fit the py(T) data with a nodeless gap
equation, i.e., ps(T) = pso(1— Ce2mn/ksT), where A, is the mini-
mum gap size, kg is the Boltzmann constant, C is the numerical
parameter, and py is the superfluid density at zero-temperature
limit, which works well at low temperatures (see Fig. 2B). We note
that the py value of the pristine FeSe film (1.09 + 0.09 pm™2) is
consistent with the value of FeSe;_,Te, film (1.29 + 0.11 pm_z)
measured by the scanning SQUID microscope (31) but is about
1/6 of the bulk FeSe [6.25 pm_z; (32)]. Such a relatively low ratio
of thin film to bulk crystal seems ubiquitous in unconventional su-
perconductors, e.g., 1/5 for Ba(Fe;_Coy)As (33, 34) and 1/9 for
YBa,Cu3Ogy4y (35, 36), which was attributed to the relatively
strong quantum phase fluctuations (37) and/or disorder effect
(38) in thin films.

Dependence of critical temperature on superfluid density
With the systematic ps data, we explore the dependence of T, on

pso> which exhibits a simple power-law behavior (Fig. 2C), that is,

_ 0.55+0.11
Te= TPy

in the power-law exponent is mainly caused by the error bars of the
T. value, i.e., AT, which may be associated with the strong super-
conducting fluctuations of FeSe (32). T. and AT, are the position
and the full width at half maximum of the dip of V), respectively,
following the definitions in (35). Such a relationship between T
and pso holds well against different gap symmetries used to extract
pso (Supplementary Text 5 and fig. S7). This study emphasizes the
systematic Tc(pso) scaling established in iron-based superconduc-
tors, benefiting from our high-efficiency operando measurements.

It was suggested that a power-law index of ~0.5 might occur in
the dirty limit of a d-wave BCS superconductor (39, 40). However,
such a simple “dirty” BCS picture could not quantitatively explain
our observations because our data unambiguously violate the
Homes' law, i.e., psg 64, T, (where 6, is the normal-state conduc-
tivity measured close to T.) (fig. S8), that typically holds for a dirty
BCS superconductor owing to the Glover-Ferrell-Tinkham sum
rule (20, 41, 42). Notably, such a power-law behavior is in contrast
to the linear relationship expected for a pure 2D superconductor
without the effect of competing order and away from the supercon-
ducting quantum critical point (QCP) (2I), suggesting that the
T<(pso) scaling in actual thin films may not be governed by the stan-
dard Kosterlitz-Thouless theory in two dimensions. Future super-
fluid density measurements on FeSe films with different thicknesses
could help clarify this issue.

, where y is a numeric parameter. Here, the uncertainty
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Fig. 1. Operando superfluid density measurements on the ion-gated FeSe film. (A) Schematic of a typical ILG device and the TCMI measurement scheme. The ILG
device consists of an FeSe film and a gate electrode, with the ionic liquid DEME-TFSI covered. A positive gate voltage (Vg) is applied between the gate electrode and the
film to induce the electrochemical protonation. A drive coil and a pickup coil are mounted on opposite sides of the ILG device for in situ measurements of the diamag-
netic response of the sample. Under a positive Vg, the cations in the DEME-TFSI will enter the FeSe film, resulting in an enhancement of the superfluid density. Conse-
quently, the diamagnetic response becomes stronger, from which the evolution of superfluid density with ILG can be extracted. (B) Top view of the magnitude of the
induced screening current density, ji, for the pristine state with T. = 11 K (left column) and the gated state with T. ~ 43 K (right column), calculated using the FWC method
(29). The red dashed line denotes the position of the drive coil. The bottom panels show the cuts at y = 0. (C) Temperature dependence of the real component of the
pickup coil voltage, V,, for the pristine state (red line) and the gated state (blue line). The sudden drop in V, around T reflects the strong diamagnetism of the supercon-
ducting state. Inset: Zoom-in of the Vj versus T curve for the gated state. The absence of the diamagnetic transition near the original T, of 11 Kindicates bulk modulation
of the superconductivity by ILG (28). (D) Temperature-dependent superfluid density, ps(T), for the pristine state (left) and the gated state (right), extracted from the data
in (C). The inset shows the temperature-dependent in-plane magnetic penetration depth, Az(7).

We noticed that the T, o« p%” relation was also observed near the
critical doping where superconductivity vanishes (20, 43) and was
attributed to the critical quantum phase fluctuations (36, 44, 45).
Besides, a similar scaling relation is found by our 2D-YSYK model-
ing of a quantum critical metal with fermion-scalar Yukawa cou-
plings and potential disorder (fig. S16B). Although further studies
are needed to determine the mechanism responsible for the Tc(pso)
scaling observed here, the strong correlation between T. and py
demonstrates that phase rigidity plays a dominant role in determin-
ing T, of ion-gated FeSe, in contrast to the standard BCS paradigm
where T. is bounded by the temperature at which Cooper pairs
form. This is corroborated by large ratios of (T/ T, A,/ Er) = (0.11,
0.23) for samples with T, > 39 K (Eg = kpTy is the effective Fermi
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energy derived from py), indicating that ion-gated FeSe locates in
the BCS-Bose-Einstein condensation (BEC) crossover regime (32)
(Fig. 2D).

Scaling of the superfluid density with T-linear

resistivity coefficient

By displaying the systematic p, data in the phase diagram with vary-
ing electron doping and temperature, we are able to trace the evolu-
tion of the superconducting condensate with the normal-state
transport (Fig. 3A). Intriguingly, we find that the magnitude of the
superfluid density and the strength of the T-linear resistivity are
synchronously enhanced with electron doping, which is accompa-
nied by the similar increasing trends for T (see the gray circles and
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Fig. 2. Evolution of the superfluid density in the ion-gated FeSe film. (A) Temperature-dependent superfluid density, ps(7), for the ion-gated FeSe film with T, system-
atically tuned from ~11 to 43 K. The dashed lines are the nodeless-gap fits to the first 10% drop in p,(T) / p(T — 0), as depicted in the expanded view of the p, data at low
temperatures in (B). arb. units, arbitrary units. (C) Dependence of T. on the zero-temperature superfluid density, p,, = p,(T — 0), where p is determined from the nodeless-
gap fit. The blue squares represent the experimental data; the red solid line is the fitto T, = ypg('fs, where y is the fit parameter. (D) Uemura plot: T versus Fermi temperature,
Tr, for various superconductors (59). The ion-gated FeSe with T. > 39 K, as well as other FeSe-based superconductors, i.e.,, monolayer FeSe on SrTiO3 substrate [1 unit cell (uc)
FeSe] and (Lip gFeq2)OHFeSe (FeSe-11111) are located closer to the BEC limit for 3D bosonic gas (T. = 0.218T, the dashed line) than cuprate and heavy-fermion superconduc-

tors (the shaded region). The large ratio of A/Er =~
from pso using the formula given in (32), i.e., Er = kgT¢ =

2

gray squares) and the upper bound temperature of T-linear resistiv-
ity (T} defined in the inset of fig. S8). These observations provide
strong evidence that the formation of superfluid condensation is
linked with the strange-metal normal state, which is compatible
with the scenario recently proposed in overdoped cuprates that
superfluid condensation originates from incoherent carriers con-
tributing to the strange-metal transport (12, 22). To the best of our
knowledge, such a visualized description of the interplay between
unconventional superconductivity and the strange metallicity has
not been established before.

Figure 3B shows both py and A1 as a function of electron dop-
ing for the ion-gated FeSe film, where A, is the T-linear resistivity
coeflicient normalized by the dlstance between adjacent supercon-
ducting layers. Notably, py tracks A, closely for all gated states,
Wthh unamblguously points to a linear correlation between pso and
AT ie., pyo = aA, P with o = 0.43 + 0.02 pm‘2 ohms™' K (F1g 3C)
Here, a constant has been subtracted from A;", namely, AP=4"-
Ag, where Ay = 17.5 ohms K™! represents the nonzero extrapolation
of A to pgo = 0 pm~2 or T, = 0 K (5). With the error bars taken into

Zhang et al., Sci. Adv. 11, eadu0795 (2025) 22 August 2025

0.23 for |on gated FeSe also indicates that it lies in the BCS-BEC crossover regime (see the inset). T and Er are obtained
pso, where d is the interlayer distance. The values of A are obtained from the nodeless-gap fits in (B).

account, the linear relationship is the best fit to the py versus AP
data (Supplementary Text 6 and fig. S10). Note that the Drude mod-
el provides A,” o T'm*/n, where I is the scattering rate for the T-
linear resistivity and # is the carrier density. Considering that the
change in the residual resistivity py with doping can prov1de area
sonable estimate of the change in n (46), the change in (A1 )k = AP
po(0)/po(p) [po(0) and py(p) are the residual resistivities of the pris-
tine state and the gated state, respectively] could reflect the variation
of the scattering strength. As shown in fig. S11, the relat1ve change in
pso (R 433%) is comparable with the relative change in (A1 )* (~317%),
suggesting that the growth rates of the superfluid density and the
scattering strength under ILG are almost consistent.

To figure out to what extent the linear scaling of ion-gated FeSe
is applied to other superconducting materials, we collect the ps and
A;H data from previous reports (see the original data in fig. S12).
Systematic AH data of electron-doped cuprate La, ,Ce,CuOy
(LCCO) have been obtained on composition-spread films (3), but
corresponding pyo data are lacking due to the difficulty of accurately
characterizing the local superfluid density. The calculated upper bound
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Fig. 3. Correlation between unconventional superconductivity and the strange metallicity in the ion-gated FeSe film. (A) Synchronized evolution of the strange—

metal phase and the superfluid condensate with ILG. The strength of the strange-metal resistivity, (p — po)/T, and the magnitude of the superfluid density, p;= A2

5 Versus

temperature T and election doping level are shown by the contour plot. The gray circles, gray triangles, and gray squares represent the upper bound temperature of T-
linear resistivity (T;), the onset temperature of superconducting transition (T onset), and T, respectively. The definitions of Ty and T onset can be found in the inset of fig. S8.
It is shown that the strange-metal phase [characterized by (p — p)/T and T;] and the superfluid condensate (characterized by ps and T¢) change synchronously with dop-
ing. Here, py is the residual resistivity obtained by fitting the resistivity at low temperatures with the function p = po + A1 T. The normal state data are extracted from fig. S9.
The doping levels are extracted from the T, versus doping relation in (5). (B) Zero-temperature superfluid density, pso, (blue squares) and the T-linear coefficient per Fe-Se

layer, AF, (red circles) versus electron doping in the ion-gated FeSe film. Here, A1D

tracks A"
normal state. (C) pso as a function ofA1':I

of pso and measured AID of magic-angle graphene follow the similar
trend as doping varies (6, 47), but systematic superfluid measure-
ments are required to obtain a quantitative relation. In spite of large
error bars, the data of iron-pnictide superconductors BFCA reside in
the linear trend. For overdoped T12201, pyy and A" were found to
decrease in tandem with the increase in hole doping, as pointed out
by Phillips et al. (22), which is similar to our finding and implies a
linear relation despite the relatively scarce data points. For over-
doped LSCO, although the strong correlation between py, and A1
still persists, a quantitative relatlonshlp cannot be pinned down due
to the large uncertainty of the A,™ data (fig. $13). The data points of
A" and pso are well fitted by a linear relation within the error bar,
particularly in the regime of T, < 12 K. To summarize, we plot the
peol (ps0)™ versus A,7/(A,7)™ relationship in Fig. 4A (the super-
script max refers to the maximum values in the literature), which
suggests a linear scahng behavior that captures the common relation
between pgy and A;~ among different superconducting systems.

DISCUSSION

The similarity of ion-gated FeSe and overdoped cuprates revealed by
the pyo versus AID relation is unexpected because they are distinct in
many aspects. In overdoped cuprates, the normal-state carrier

Zhang et al., Sci. Adv. 11, eadu0795 (2025) 22 August 2025

= A1/dre-se, Where dre-se is the distance between adjacent Fe-Se layers. Evidently, pso
closely with electron doping, demonstrating a direct link between the formation of the superfluid in the ground state and the strange-metal behavior in the
in the ion-gated FeSe film. Raw data can be found in table S1.

density exhibits an anticorrelation with py as the hole doping varies
(12, 20), whereas in FeSe, the ILG gives rise to the enhancement in
pso» accompanied by an increase in the electron density and a de-
crease in the hole density (Supplementary Text 2 and fig. S3). FeSe’s
nodeless gap [see, e.g., (32) and Fig. 2B] also indicates that it differs
from the cuprates in the pairing symmetry. Hence, the universal
scaling shown in Fig. 4A indicates a fundamental link between su-
perconducting condensation and the strange metallicity in uncon-
ventional superconductors.

It has been suggested that the strong electron pairing is always
linked with the large A" in the strange-metal normal state (2, 15).
Within this framework, the impurity scattering due to disorder i is
expected to reduce the pairing interaction, thereby reducing A,".
Meanwhile, it will suppress the long-range phase coherence and/or
induce pair breaking, leading to the decrease in py. Therefore, the
effects of disorder may play an important role in the correlation
between pg and A", For the ion- gated state with T, ~ 40 K, the
electronic mean free path (I = 3.6 nm) deduced from the in situ
Seebeck and Hall measurements (48) is comparable to the zero-
temperature in-plane coherence length [£,,(0) = 2.3 nm] derived
from the upper critical field (Supplementary Text 7 and fig. S14),
pointing to the relatively dirty nature of FeSe films. For overdoped
cuprates, recent studies also reveal the impact of the disorder on
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Fig. 4. Scaling of the zero-temperature superfluid density and the T-linear resistivity coefficient for unconventional superconductors. (A) Scaling of pso with AR
for different superconducting systems, where ps and A,F are normalized by their respective maximum values in the literature. Here, a constant has been subtracted from
A1D, namely, ZF = AF — Ao, Where Ag represents the nonzero extrapolation of A; to Tc = 0 K (5). Data for Ba(Fe;_4Co,),As, (BFCA) are extracted from (3, 34). Data for
Tl,Ba;CuOgs5 (TI2201) are obtained from (22) and references therein. Data for heavily overdoped La,_,SryCuO4 (LSCO; T, < 12 K) are extracted from (5, 20). The error bars
are reproduced from published data. The red shading is a guide to the eye. (B) pso versus A; relation calculated on the basis of the 2D-YSYK model (Materials and Methods
and Supplementary Text 8), where 7 is the reduced Planck’s constant and t is the fermion hopping.

both the normal-state transport and the superconducting proper-
ties [see, e.g., (49, 50)].

On the other hand, it has been believed that the T-linear resistiv-
ity, as well as the unconventional superconductivity, could stem
from the quantum fluctuations near a QCP (51-53). For FeSe, ap-
plying a small pressure can induce the emergence of a spin density
wave order (54), suggesting that FeSe is in the proximity of a mag-
netically ordered state, and the increase in T. by ILG may also be
associated with an approach to a putative magnetic QCP. As the sys-
tem moves away from the QCP, strange-metal scattering induced by
quantum critical fluctuation is presumably reduced, thus decreasing
A,". Simultaneously, the pairing interaction relative to impurity
scattering effects weakens further from the QCP, yielding the en-
hanced pair breaking and decreased ps. Consequently, we expect
that the quantum criticality is another key ingredient governing the
observed correlation between py and A"

To gain deeper theoretical insight into the observed correlation
between pyo versus Aj, we turn to the 2D-YSYK model (25-27), a
theoretical framework recently developed to capture universal fea-
tures of strange-metal behavior and unconventional superconduc-
tivity near a QCP in the presence of quenched spatial disorder. In
this model, fermions near a Fermi surface couple to nearly critical
bosonic modes through spatially random Yukawa couplings (Mate-
rials and Methods), giving rise to a strange-metal phase character-
ized by linear-in-T resistivity and a superconducting instability
depending on the interaction strength. Notably, by varying the re-
normalized boson mass M and the potential disorder stimulatingly
(Supplementary Text 8), a linear pyy versus A; relation is reproduced
(Fig. 4B). Here, tuning the renormalized boson mass M effectively
controls the distance to the putative QCP (26)—analogous to the
basic effect of doping or gating in experiments. Besides, such a choice
of model parameters is consistent with the fact that doping or gating
also alters the disorder strength. Disorder is a strongly relevant per-
turbation to clean quantum criticality, which can explain the appli-
cability of the 2D-YSYK theory to relatively clean samples (26, 55).
The agreement between the theoretical calculations and the experi-
mental data thus suggests the universal scaling we observe may

Zhang et al., Sci. Adv. 11, eadu0795 (2025) 22 August 2025

emerge from a fundamental mechanism involving the cooperative
effects of quantum critical fluctuations and spatial disorder.

In addition, a nonzero extrapolation of A1D to pso = 0 pm~ or
T. = 0 K is seemingly ubiquitous in overdoped cuprates including
LSCO and Bi2201 (13), which is witnessed from the difference be-
tween the boundaries of superconducting dome (ps.) and the
strange-metal phase (psm) in the T versus doping phase diagram, as
depicted in fig. S17. This may originate from the suppression of su-
perconductivity between p,. and pgy, due to pair breaking (56) or the
presence of competing orders (57). Besides, it was suggested that the
multiorbital effect in iron-based superconductors, which involves
orbital-dependent quasiparticle spectral weights in the normal state
and orbital-selective pairing in the superconducting state (58), could
contribute to the residual A;” (5). Whether these scenarios could
account for the residual A 1D remains to be investigated.

2

MATERIALS AND METHODS

Experiment

Device fabrication

An FeSe/LiF film with a size of 5 mm by 5 mm is placed next to a Si
substrate covered by the SiO; insulating layer. A gate electrode with
a size of 10 mm by 7 mm is fabricated on the SiO, layer by deposit-
ing Au/Ti (50 nm/5 nm) with electron beam evaporation. Electrical
contacts are made by indium (In) soldering on the side of the FeSe
film and a corner of the gate electrode. The ionic liquid DEME-TFSI
is covered by a 6-pum-thick Kapton foil to confine its coverage on the
sample and the gate electrode (fig. S4A).

In situ TCMI measurements

During the ILG, the ILG device is mounted inside a sapphire block
of the TCMI apparatus (fig. S4B). A drive coil and a pickup coil are
sealed in the sapphire block with epoxy and aligned axially with the
center of the FeSe film. The two coils are the same in size: The num-
ber of turns is 300, the inner diameter is 0.5 mm, the outer diameter
is 1.3 mm, and the length is 1.6 mm. The pickup coil is pressed
against the backside of the LiF substrate, whereas the drive coil is
about 0.4 mm away from the surface of the FeSe film. A plastic
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electric board is fastened on the sapphire block to provide a plat-
form for wiring. To reduce noise and interference, coils are con-
nected to coaxial cables. The apparatus is thermally connected to the
3-K platform of a Montana Instruments cryocooler. A Lakeshore
thermometer is mounted inside the sapphire block to measure the
sample temperature. A Keithley 2450 source meter is used to apply
the gate voltage and monitor the leakage current. A Stanford Re-
search SR830 lock-in amplifier is used to supply the alternating cur-
rent to the drive coil. The current amplitude is 0.2 mA, and the
frequency is 50 kHz, which is in the linear-response regime. The
induced pickup coil voltage, V = V, + iV, is probed by the same
lock-in amplifier with a reference phase of 90°.

A complete experiment includes a set of sequences, each of
which involves (i) warming up to a target temperature (T) under a
positive gate voltage (V), (ii) staying at the target temperature for a
given period of time (tg), and (iii) cooling down to measure the in-
duced pickup coil voltage.

Extracting the magnetic penetration depth using the

FWC method

When the films enter the Meissner state, two types of currents in the
system will contribute to V. One is the alternating current applied
to the drive coil, whose contribution can be calculated with the coil
parameters on the basis of classical electrodynamics. The other is
the screening current induced in the superconducting film, which is
related to A,y through (29)

. sinh(d/?»ab)
js(m+ “am, J

a’r —js ()

1
=01 o A0

pO}\ab

(1)

where j, is the screening current density, Q is the projection of the
film on the x-y plane (film surface), r = Xx + ¥y, d is the film thick-
ness, i, = 41 X 1077 N A~2is the vacuum permeability, and A is the
vector potential generated by the drive current. Using the FWC algo-
rithm, Eq. 1 can be accurately solved and j; is obtained (Fig. 1B).
Then, the real component of the pickup coil voltage, Vy, can be cal-
culated by integrating the vector potential of both the drive and
screening currents around each loop of the pickup coil. Last, the
absolute value of the superfluid density, ps Xub , can be extracted by
interpolating the measured Vy into the calculated relation between
Vy and p, (fig. S5). More details about this procedure can be
found in (29).

Theory
2D-YSYK model
This section will consider the 2D-YSYK model (25-27) with the po-

tential disorder v and the spatially random Yukawa coupling g’. We
start with the imaginary time action

=J dr Zk,c:tl 211 llljk(s(r) [0 +e0)] wio (x)
+ % J de Zq Zil ¢iq(T)[_ '()i +w2(q)] d)"’—q(’c)

V(1) )

+J drd*r ZZ=1 ZG " \/_\pw(r LD jo(T, T)
g

N zl
a3 Y
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where the potential disorder v;; and interaction disorder gl.’ﬂ satisfy

vi(0)=0, vi(©)vy; (') = V28 (r—1')8;8;,
—~_ 1 3)
I]Z(r) 0, g (r)gt,,l,(r) g 6(1’ r)6 /855y
The lattice dispersion is chosen as
e(k)= —2t(coskz +cosk},) -1,
4

©(q)=m; +2] (2—cosq, —cosq, )

where ¢ is the fermion hopping, p is the chemical potential, my, is the
bare boson mass, and J determines the boson dispersion. Details
about the calculations of the resistivity and the superfluid density in
the 2D-YSYK model can be found in Supplementary Text 8.
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