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Here, we use angle-resolved photoemission spectroscopy to study superconductivity that emerges in two

extreme cases, from a Fermi-liquid phase (LiFeAs) and an incoherent bad-metal phase (FeTe0.55Se0.45). We

find that although the electronic coherence can strongly reshape the single-particle spectral function in the

superconducting state, it is decoupled from the maximum-superconducting-gap and Tc ratio 2�max/kBTc, which

shows a universal scaling that is valid for all iron-based superconductors (FeSCs). Our observation excludes

pairing scenarios in the BCS and the BEC limit for FeSCs and calls for a universal strong-coupling pairing

mechanism for the FeSCs.

DOI: 10.1103/PhysRevB.98.020502

The interplay between superconductivity and its normal-

state electronic coherence remains a central puzzle in uncon-

ventional superconductors. In the cuprate and heavy fermion

superconductors, superconductivity emerges from a non-

Fermi-liquid normal state with nearly vanishing coherent

weight, Zk → 0, and thus motivated theoretical proposals of

superconducting (SC) pairing mechanisms beyond the BCS

paradigm [1–3]. In the multiorbital iron-based superconductors

(FeSCs), the electronic structure and the total carrier density

are highly sensitive to the Hund’s coupling and the height

of anion atoms (As/Se) that are alternatively placed above

and below the iron plane [4,5]. As a consequence, FeSCs

display diverse phase diagrams that ignite extensive debates

on the pairing mechanism mainly among BCS-like theories

that utilize coherent quasiparticles (QPs) near the Fermi level

[6–8], scenarios that emphasize localized electrons with large

short-ranged antiferromagnetic (AFM) interactions [9–13],

and strong-coupling approaches based on metallic continuum

and spin fluctuations [14]. In this Rapid Communication, we

use angle-resolved photoemission spectroscopy (ARPES) to

directly explore the evolution of the single-particle spectral

function A(k,ω) starting from two different phases: (i) a

coherent Fermi-liquid phase with a large carrier density in

LiFeAs and (ii) an incoherent bad-metal phase with a small

carrier density in FeTe0.55Se0.45. We find that while the change

of A(k,ω) in the SC phase strongly depends on Zk , supercon-

ductivity itself is very robust and shows a universal scaling

2�max
SC (k)/kBTc ∼ 7.2 for all FeSCs, where �max

SC (k) is the
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maximum SC gap in momentum space determined by ARPES.

The independence of 2�max
SC (k)/kBTc on the correlations and

Zk that varies significantly through different families, excludes

pairing scenarios in the BCS and the BEC limit and calls for a

unified theory for the iron pnictides and chalcogenides.

Here, we choose prototypical FeSCs, LiFeAs, and

FeTe0.55Se0.45 that have similar SC transition temperatures.

High-energy resolution ARPES data were recorded at the In-

stitute of Physics, Chinese Academy of Sciences with a Scienta

R4000 analyzer. We use the He Iα (hν = 21.2 eV) resonance

line of a helium discharge lamp. The angular and energy res-

olutions were set to 0.2◦ and 2 meV, respectively. All samples

were cleaved in situ and measured in a vacuum better than

3 × 10−11 Torr. The sample orientation and the experimental

geometry for the LiFeAs and FeTe0.55Se0.45 measurements

are the same. Our density functional theory plus dynamical

mean-field theory (DFT+DMFT) calculations were performed

at 116 K within the fully charge self-consistent combination

of DFT and embedded DMFT [18]. The DFT parts of these

calculations were performed with the WIEN2K package while

the DMFT impurity problem was solved by using continuous

time quantum Monte Carlo (CTQMC) calculations [19], with a

Hubbard U = 5.0 eV and Hund’s coupling J = 0.8 eV. We use

experimental lattice parameters for the calculation of LiFeAs

and the averaged anion height to model the FeTe0.55Se0.45 alloy

Our calculations were further confirmed with our in-house

package of COMDMFT [20].

We begin by establishing the distinct normal-state elec-

tronic coherence of LiFeAs and FeTe0.55Se0.45. As shown in

Fig. 1(a), the pristine LiFeAs has a SC ground state and a

Fermi-liquid normal state with T -quadratic resistivity up to

60 K. The experimentally determined Fermi surfaces (FSs)
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FIG. 1. Schematic phase diagram of LiFe1−xCoxAs and FeTe1−xSex . LiFe1−xCoxAs has a simpler phase diagram, where superconductivity

emerges in the pristine LiFeAs and the SC transition temperature Tc is linearly suppressed via electron doping. FeTe1−xSex , however, has

competing ground states, where superconductivity is induced by suppressing BC-AFM order and remains robust against Se substitutions. (a)

Temperature-dependent resistivity of LiFeAs. The dashed line is a power function a + bT n fitting of the data. n = 2 is found in LiFeAs,

demonstrating a Fermi-liquid behavior up to 60 K. (b) Experimentally determined FS topology of LiFeAs. The dashed orange ellipse at the

� point is moved from the M point to show the FS size difference δ that gives rise the incommensurate low-energy spin excitations [15]. (c)

BC-AFM order of FeTe that is better described by the strong-coupling J1-J2-J3 model and is not obtained by the FS nesting scenario. (d)

Temperature-dependent resistivity of SC FeTe0.55Se0.45 shows a bad-metal normal state with n = 0.5. The superconducting coherence lengths

ξSC of LiFeAs and FeTe0.55Se0.45 are 40 and 20 Å, respectively [16,17].

of LiFeAs are shown in Fig. 1(b): The mismatch δ between

the large hole FS at the � point and the two electron FSs at

the M point is found to give rise to incommensurate low-

energy spin excitations [15,21]. In FeTe0.55Se0.45, however,

superconductivity is induced by suppressing the bicollinear

antiferromagnetic (BC-AFM) phase [Fig. 1(c)]. Figure 1(d)

shows the resistivity of SC FeTe0.55Se0.45. The normal-state

resistivity, ρTc
= 0.56 m� cm, is two orders of magnitude

larger than that in LiFeAs and exhibits a saturation behavior

in the Mott-Ioffe-Regel limit [22], with a mean free path close

to the size of the unit cell. Similar bad-metal behavior has

also been observed in the pristine FeTe, thus proving that

the electronic incoherence is an intrinsic rather than disorder-

induced property [4,20,23,24].

The different normal-state properties between LiFeAs

and FeTe0.55Se0.45 are indeed captured by our DFT+DMFT

calculations without spin-orbit coupling. Figures 2(a) and

2(b) show the DFT+DMFT calculated A(k,ω) superimposed

with the ARPES determined band dispersion of LiFeAs and

FeTe0.55Se0.45, respectively [20]. As can be seen in these plots,

the overall band dispersion agrees quite well with ARPES

measurements without any adjustment such as band renor-

malization and shift. Compared with LiFeAs, the calculated

spectral excitation of FeTe0.55Se0.45 is broader and more inco-

herent, thus reflecting its larger scattering rate and smaller Zk .

These results are in excellent agreement with ARPES measured

energy distribution curves (EDCs) in the normal state (T = 20

K) as shown in Figs. 2(d) and 2(f). The resolution-limited

EDCs near the Fermi level in LiFeAs directly demonstrate

the existence of well-defined QPs while the linewidth in

FeTe0.55Se0.45 is significantly broader, especially for the most

correlated β band which, as we show in the light-blue-shaded

area of Fig. 2(f), appears as a weak shoulder on the tail

of the α′ band due to the small Z
β

k . In addition, we find that due

to the enhanced orbital-selective interaction in FeTe0.55Se0.45,

the bandwidth of the β band, that is mainly composed of

the dxy orbital character, is significantly reduced. This makes

FeTe0.55Se0.45 close to a semimetal with the total Fermi energy

Etot
F defined as the largest energy difference between the

bottom of the electron bands at the M point and the top of

the hole bands at the � point, being 25 meV to be compared

with the value of 200 meV in LiFeAs [20].

Having the normal state established, we now explore the

corresponding A(k,ω) response in the SC state. Figures 2(c)

and 2(e) show the same ARPES EDCs as in Figs. 2(d) and

2(f) but now measured in the SC phase (T = 6 K). We

find that in LiFeAs the resolution-limited peaks near EF are

shifted to higher binding energies due to the formation of

Bogoliubov QPs. In contrast, in FeTe0.55Se0.45, an intense and

sharp coherence peak suddenly develops in the SC phase. This

contrast is strongest in the shaded areas shown in Figs. 2(e) and

2(f). More strikingly, the SC coherent peaks extend to momenta

k > kF on the holelike β band, indicating a non-BCS spectral

function [20,31,32]. To quantitatively compare the ARPES

spectra change from the normal to SC state, we show EDCs at

k = k
β

F and k > k
β

F of LiFeAs and FeTe0.55Se0.45 in Fig. 3. In

the BCS theory, the SC spectral function is expressed as

A(k,ω) = 1

2

[
�k

(
1 + ξk

Ek

)
(ω − Ek)2 + �2

k

+
�k

(
1 − ξk

Ek

)
(ω + Ek)2 + �2

k

]
, (1)

with

Ek =
√

ξ 2
k + 
2

k, (2)
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FIG. 2. (a), (b) DFT+DMFT calculated A(k,ω) without spin-orbit coupling of LiFeAs and FeTe0.55Se0.45, respectively. The color scales of

(a) and (b) are the same. Colored circles are experimentally determined band dispersions along the �-M direction. The data point at k‖ < 0

is symmetrized from the data point at k‖ > 0. Orbital contributions of each band are shown in different colors. In the presence of spin-orbital

coupling, the α′ band will be pushed upward and cross EF near the � point [25,26]. We note that the shallow electron pocket at the � point

in FeTe0.55Se0.45 is not evident in our raw data, but has been clearly observed in laser-ARPES with improved momentum resolution [27,28].

ARPES measured EDCs below and above Tc in LiFeAs and FeTe0.55Se0.45 are shown in (c), (d) and (e), (f), respectively. The shaded areas in

(e) and (f) cover the dxy band near EF . The thick EDCs at 0.4π/a in LiFeAs and 0.1π/a in FeTe0.55Se0.45 are corresponding to their k
β

F . Due

to the intrinsic incoherence of the β band in FeTe0.55Se0.45, k
β

F is determined by the minimum gap position in the SC phase and consistent with

previous studies [24,27,29,30].

where Ek and ξk are the EDC peak positions in the SC and

normal states, respectively, and �k is the SC gap. In LiFeAs,

the change of EDCs is largest near kF and gets smaller when

ξk � �k , consistent with Eqs. (1) and (2). In addition, we find

that the total spectral weight of the symmetrized EDC at k = k
β

F

is nearly conserved, which, again, is in agreement with the BCS

spectral function. In FeTe0.55Se0.45, however, the change of

EDCs is very similar to those observed in the antinodal region

of cuprates, where the SC coherent peak develops from the

incoherent normal state and gains more spectral weight [34]. In

Fig. 3(e), we symmetrize EDCs at k
β

F at 6, 10, 14, and 20 K, and

then subtract the 20-K symmetrized intensity. Apparently, the

SC coherent spectral weight and the total integrated spectra I int

in the ±20 meV energy window are continuously increasing

as we cool to lower temperatures. As shown in Fig. 3(f), I int

indeed tracks the trend of the temperature-dependent superfluid

density extracted from Ref. [33].

Despite the dramatic differences on A(k,ω) and normal-

state electronic coherence, we find that both LiFeAs

and FeTe0.55Se0.45 have the same dimensionless quantity

2�max
SC (k)/kBTc ∼ 7.2, where �max

SC is the largest SC gap deter-

mined by ARPES. This value is twice larger than that predicted

by the BCS theory, confirming the strong pairing nature of

these two materials. More intriguingly, as shown in Fig. 4, this

relation is indeed ubiquitous for all FeSCs covering a wide

range of electron filling and distinct FS topologies, dimen-

sionality, impurity level, correlation strength, and proximity

to quantum criticality. This remarkable universality strongly

indicates that all FeSCs share a universal strong-coupling

pairing mechanism, where the 2�max
SC (k)/kBTc, at the lowest

order, is decoupled from the normal-state electronic coherence.

The large impact of the electronic coherence in the normal state

on A(k,ω) in the SC phase is therefore a consequence of the

universal and robust SC pairing: The formation of coherent

superconductivity, regardless of its microscopic mechanism,

reduces the kinetic energy [35] and hence increases the coher-

ent weight of the spectral function. This mechanism is expected

to be weak in LiFeAs as the condensed electron pairs mainly

originate from the coherent Fermi-liquid state. We also note

that in iron pnictides, the �max is observed on the hole bands

at the � point with dxz/dyz orbital characters, while in iron

chalcogenides, the�max is observed on the electron bands at the
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FIG. 3. (a), (b) EDCs at k = k
β

F and k > k
β

F (0.45π/a) in LiFeAs. The inset panels show the symmetrized EDCs in (a) and (b). (c), (d)

EDCs at k = k
β

F and k > k
β

F (0.2π/a) in FeTe0.55Se0.45 show enhanced total spectral weight in the SC phase. (e) Temperature-dependent

symmetrized EDCs at k = k
β

F . The 20-K data are subtracted from each symmetrized EDC. The inset shows the temperature-dependent raw data

at k = k
β

F . (f) The integrated intensity of the data in (e) follows the trend of temperature-dependent superfluid density in FeTe1−xSex [33]. The

temperature-dependent EDCs are normalized by their total counting time.

M point with mixed orbital characters. Finally, we do not find

a simple scaling relation for the minimal superconducting gap
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FIG. 4. Summary of 2�max
SC /kBTc in various FeSCs that are

determined by ARPES [29,43–52]. The dashed line is a linear function

fit of the data points.

�min, indicating the subdominant role of �min for the pairing

mechanism of FeSCs.

Very recently, the BCS-BEC crossover scenario has been

proposed as the possible pairing mechanism for FeTe0.55Se0.45

[27,30,36], as the SC gap near the � point is comparable to

the EF of the β band. As we have already shown in Fig. 2,

both FeTe0.55Se0.45 and LiFeAs have shallow holelike FSs

near the � point, and in LiFeAs, the Eα′
F is even smaller than

�α′
and can in fact be negative after electron doping [26].

However, no evidence of BCS-BEC crossover behaviors, such

as the pseudogap [37] or deviation of the BCS spectral function

[38], has been observed. We point out that in multiband

systems, such as the FeSCs, the relevant physical quantity

should be Etot that we defined before, rather than the EF for

an individual band. Indeed, using the experimentally deter-

mined values of �max = 4.2 meV [20,29] and Etot = 25 meV,

we can nicely reproduce the recently observed Caroli–de

Gennes–Martricon states in FeTe0.55Se0.45 [36]. Furthermore,

the BCS-BEC crossover scenario is not compatible with the

observed universal pairing amplitude with ten times different

Etot in LiFeAs and FeTe0.55Se0.45, and hence cannot be a key

ingredient of the SC pairing mechanism in FeSCs.

Finally, we compare our observations with the cuprate

superconductors. While the origin of the electronic interactions
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and consequently the nature of the normal states are different

between the cuprates and FeSCs, their SC response in the

charge and spin excitations is remarkably similar. Spin reso-

nance �res has been observed in both high-Tc families [39–41].

The quantity�res/kBTc ∼ 5.3 in the cuprates [39] is larger than

�res/kBTc ∼ 4.4 in the FeSCs [42], reflecting a globally larger

superconducting energy scale in the cuprate. In addition, the

shape of A(k,ω) in the SC phase is also strongly affected by

its normal state Zk in the cuprates, where a BCS-like spectral

function is observed near the nodal region and a non-BCS

spectral function emerges from the antinodal region [31,32].

All these similarities suggest unconventional superconductors,

including the cuprates and FeSCs, may share a common

thread where both the short-ranged AFM spin fluctuations and

itinerant carriers are crucial for the pairing mechanism.
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