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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

(FeTeo.555€0.45).

We find that although the electronic coherence can strongly reshape the sin-

gle particle spectral function in the superconducting state, it is decoupled from the maximum-
superconducting-gap and T¢ ratio, 2A ez /kpT., which shows a universal scaling that is valid for
all 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.

The interplay between superconductivity and its nor-
mal state electronic coherence remains a central puz-
zle in unconventional superconductors. In the cuprate
and heavy Fermion superconductors, superconductivity
emerges from a non-Fermi liquid normal state with nearly
vanishing coherent weight, Z;, — 0, and thus motivated
theoretical proposals of superconducting (SC) pairing
mechanisms beyond the BCS paradigm™ . In the multi-
orbital iron-based superconductors (FeSCs), the elec-
tronic structure and the total carrier density are highly
sensitive to the Hund’s coupling and the height of an-
ion atoms (As/Se) that are alternatively placed above
and below the iron-plane*®. As a consequence, FeSCs
display diverse phase diagrams that ignite extensive de-
bates on the pairing mechanism mainly among BCS-
like theories that utilize coherent quasi-particles (QPs)
near the Fermi level®®, scenarios that emphasize local-
ized electrons with large short-ranged antiferromagnetic
(AFM) interactions?™9, and strong coupling approach
based on metallic continuum and spin fluctuations™®. In
this paper, we use angle-resolved photoemission spec-
troscopy (ARPES) to directly explore the evolution of the
single-particle spectral function, A(k,w), starting from
two different phases: (i) a coherent Fermi-liquid phase
with large carrier density in LiFeAs and (ii) an inco-
herent bad metal phase with small carrier density in
FeTeg 555€0.45. We find that while the change of A(k,w)
in the SC phase strongly depends on Zj, superconduc-
tivity itself is very robust and shows a universal scaling
2A75" (k) / kT, ~ 7.2 for all FeSCs, where ATS” (k) is
the maximum SC gap in momentum space determined
by ARPES. The independence of 2ATS" (k)/kgT. on the
correlations and Zj, that vary significantly through dif-
ferent families, excludes pairing scenarios in the BCS and
the BEC limit and calls for a unified theory for the iron-
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pnictides and chalcogenides.

In this study, we choose prototypical FeSCs, LiFeAs
and FeTeq 555€q.45, that have similar SC transition tem-
perature. High-energy resolution ARPES data were
recorded at the Institute of Physics, Chinese Academy of
Sciences with a Scienta R4000 analyzer. We use the He
Ia (hv=21.2 V) resonance line of an helium discharge
lamp. The angular and energy resolutions were set to
0.2° and 2 meV, respectively. All samples were cleaved
in situ and measured in a vacuum better than 3x10~1!
Torr. Sample orientation and the experimental geometry
for the LiFeAs and FeTeq 55Seg 45 measurements are the
same. Our DFT+DMFT calculations were performed at
116 K within the fully charge self-consistent combina-
tion of DFT and embedded dynamical mean field theory
(DMFT)*. The DFT part of these calculations were
performed with the WIEN2k package while the DMFT
impurity problem was solved by using continous time
quantum Monte Carlo (CTQMC) calculations™®, with a
Hubbard U = 5.0 eV and Hund’s coupling J = 0.8 eV.
We use experimental lattice parameters for the calcula-
tion of LiFeAs and the averaged anion height to model
the FeTeg 555€0.45 alloy2l,

We begin by establishing the distinct normal state elec-
tronic coherence of LiFeAs and FeTeg 555eg.45. As shown
in Fig. [Th, the pristine LiFeAs has a SC ground state
and a Fermi liquid normal state with T-quadratic resis-
tivity up to 60 K. The experimentally determined Fermi
surfaces (FSs) of LiFeAs are shown in Fig. [Ip: the mis-
match, J§, between the large hole FS at the I' point and
the two electron FSs at the M point is found to give
rise to incommensurate low-energy spin excitations 21,
In FeTeq 555€0.45, however, superconductivity is induced
by suppressing the bicollinear antiferromagnetic (BC-
AFM) phase (Fig. [Tk). Figure shows the resistiv-
ity of SC FeTeg 555€9.45. The normal state resistivity,
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Figure 1. Schematic phase diagram of LiFe;_,Co;As and FeTe;_,Se,. LiFe;_,Co,As has simpler phase diagram, where
superconductivity emerges in the pristine LiFeAs and the SC transition temperature, T, is linearly suppressed via electron
doping. FeTe;_,Se;, 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", fitting of the data. n=2 is found in LiFeAs demonstrating a Fermi liquid behavior up to 60 K. (b)
Experimentally determined F'S topology of LiFeAs. The dashed orange ellipse at the I" point is moved from the M point to show
the FS size difference, §, that gives rise the incommensurate low-energy spin excitations™™. (c) BC-AFM order of FeTe that is
better described by strong coupling J1-J2-J3 model and is not obtained by FS nesting scenario. (d) Temperature dependent
resistivity of SC FeTeq.555€0.45 shows a bad metal normal state with n=0.5. The superconducting coherence length, £s¢c, of
LiFeAs and FeTeq 55Se0.45 are 40A and 20A7 respectivelyw’”.

pr,=0.56 mS2 cm, is two orders of magnitude larger than
that in LiFeAs and exhibits a saturation behavior in the
Mott-Toffe-Regel limit#2, 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 dis-
order induced property 2023524

The different normal state properties between LiFeAs
and FeTeq 555€(.45 are indeed captured by our DFT plus
dynamic mean field theory (DFT+DMFT) calculations
without spin-orbit coupling. Figures 2h and b show
the DFT+DMFT calculated A(k,w) superimposed with
the ARPES determined band dispersion of LiFeAs and
FeTeg.555€0.45, respectively?l. As can be seen in these
plots, the overall band dispersion agrees quite well with
ARPES measurements without any adjustment such as
band renormalization and shift. Compared with LiFeAs,
the calculated spectral excitation of FeTeg s555€ep.45 is
broader and more incoherent, thus reflecting its larger
scattering rate and smaller Zj. These results are in ex-
cellent agreement with ARPES measured energy distri-
bution curves (EDCs) in the normal state (T=20 K) as
shown in Figs. and f. The resolution-limited EDCs
near the Fermi level in LiFeAs directly demonstrate the
existence of well defined QPs while the linewidth in
FeTeg 555€q.45 is significantly broader especially for the
most correlated S band which, as we show in the light-
blue-shaded area of Fig. [2f, appears as a weak shoulder on

the tail of the o’ band due to the small Z,f. In addition,
we find that due to the enhanced orbital-selective inter-
action in FeTeq 555€9 45, the band width of the  band,
that is mainly composed of the d, orbital character, is
significantly reduced. This makes FeTeq 555€eq 45 close to
a semi-metal with the total Fermi energy, E4?*, 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 I' point, being 25 meV to be compared with
the value of 200 meV in LiFeAs2,

Having the normal state established, we now explore
the corresponding A(k,w) response in the SC state. Fig-
ures 2k and e show the same ARPES EDCs as in Figs.
and f but now measured in the SC phase (T=6 K). We
find that in LiFeAs the resolution limited peaks near Er
are shifted to higher binding energies due to the forma-
tion of Bogoliubov QPs. In contrast, in FeTeq 555€¢.45,
an intense and sharp coherence peak suddenly develops
in the SC phase. This contrast is strongest in the shaded
areas shown in Figs. |2k and f. More strikingly, the SC co-
herent peaks extend to momenta k > kg on the hole-like
B band, indicating a non-BCS spectral function231432]
To quantitatively compare the ARPES spectra change
from the normal to SC state, we show EDCs at k = kf;

and k > szﬁ; of LiFeAs and FeTeg 555€ep.45 in Fig. In
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Figure 2. (a), (b) DFT+DMFT calculated A(k,w) without spin-orbit coupling of LiFeAs and FeTeq 55Se0.45, respectively. The
colorscales of (a) and (b) are the same. Colored circles are experimentally determined band dispersions along the I'-M direction.
The data point at k,, < 0 is symmetrized from the data point at k,, > 0. Orbital contributions of each band are showing in
different colors. In the presence of spin-orbital coupling, the o’ band will be pushed upward and cross Er near the I' pointlmm‘
We note that the shallow electron pocket at the I' point in FeTeq.555€0.45 is not evident in our raw data, but has been clearly
observed in laser-ARPES with improved momentum resolution®”®8, ARPES measured EDCs below and above T. in LiFeAs
and FeTeg 55Se0.45 are shown in (c), (d) and (e), (f) respectively. The shaded area in (e) and (f) cover the d., band near
Er. The thick EDC at 0.4 w/a in LiFeAs and 0.1 7/a in FeTeg.555€e9.45 are corresponding to their k? Due to the intrinsic
incoherence of the 8 band in FeTeq 555e0.45, kl'BJ is determined by the minimum gap position in the SC phase and consistent

with previous studie

the BCS theory, the SC spectral function is expressed as:

n w)_l Tr(1+ 35) Di(1—35) 1)
U2 [(w— Ee)2+ T (w Ep)? + 17
with

Ey =\/& + A} (2)

where Fj and & are the EDC peak position in the SC
and normal states, respectively, and Ay is the SC gap.
In LiFeAs, the change of EDCs is largest near kr and
get smaller when &, >> Ay, consistent with Eq. [T]and [2}
In addition, we find that the total spectral weight of the
symmetrized EDC at k = k’g is nearly conserved, which,
again, is in agreement with the BCS spectral function. In
FeTeq 555€eq.45, however, the change of EDCs is very simi-
lar to those observed in the anti-nodal region of cuprates,

where the SC coherent peak develops from the incoher-
ent normal state and gains more spectral weight®®. In
Fig. , we symmetrize EDCs at k? at 6 K, 10 K, 14 K
and 20 K, and then subtract the 20 K symmetrized in-
tensity. Apparently, the SC coherent spectral weight and
the total integrated spectra, I'"*, in + 20 meV energy
window are continuously increasing as we cool to lower
temperature. As shown in Fig. , I'™t indeed tracks the
trend of the temperature dependent superfluid density
extracted from ref33,

Despite the dramatic differences on A(k,w) and nor-
mal state electronic coherence, we find that both LiFeAs
and FeTeq 555€0.45 have the same dimensionless quantity
2AT8% (k) /kgT, ~ 7.2, where AYS" is the largest SC
gap determined by ARPES. This value is twice larger
than that predicted by the BCS theory, confirming the

strong pairing nature of these two materials. More in-
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Figure 3. (a), (b) EDCs at k = kb and k > k% (0.457/a) in LiFeAs. Inset panels show the symmetrized EDCs in (a) and
(b). (c), (d) EDCs at k = k% and k > k% (0.27/a) in FeTep 559€0.45 show enhanced total spectral weight in the SC phase.
(e) Temperature dependent symmetrized EDCs at k = kf, The 20 K data is subtracted from each symmetrized EDCs. Inset

shows the temperature dependent raw data at k = kb. (f) The integrated intensity of the data in (e) follows the trend of
temperature dependent superfluid density in FeTe;_,Se,*. The temperature dependent EDCs are normalized by their total

counting time.

triguingly, as shown in Fig. [ this relation is indeed
ubiquitous for all FeSCs covering a wide range of electron
filling and distinct FS topologies, dimensionality, impu-
rity level, correlation strength and proximity to quantum
criticality. This remarkable universality strongly indi-
cates that all FeSCs share a universal strong coupling
pairing mechanism, where the 2AT4" (k)/kpT., at the
lowest order, is decoupled from the normal state elec-
tronic coherence. The large impact of the electronic co-
herence in the normal state on A(k,w) 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 ki-
netic energy®® and hence increases the coherent 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 A,,,. is observed on the
hole bands at the I" point with dg./d,. orbital characters,
while in iron-chalcogenides, the A, is observed on the
electron bands at the M point with mixed orbital charac-
ters. Finally we do not find a simple scaling relation for
the minimal superconducting gap, A.m,in, indicating the
sub-dominant role of A,,;, for the pairing mechanism of
FeSCs.

Very recently, the BCS-BEC crossover scenario has
been proposed as the possible pairing mechanism for

FeTeg 555€0.45203036 ag the SC gap near the I' point is

comparable to the Fr of the 5 band. As we have already
shown in Fig. 2, both FeTeg55S€ep.45 and LiFeAs have
shallow hole-like FSs near the I'" point, and in LiFeAs,
the EI%/ is even smaller than A®" and can in fact be neg-
ative after electron doping?®. However, no evidence of
BCS-BEC crossover behaviors, such as the pseudogap®’
or deviation of BCS spectral function®, have been ob-
served. We point out that in multi-band systems, like
the FeSCs, the relevant physical quantity should be Et°t
that we defined before, rather than the Er for an individ-
ual band. Indeed, using the experimentally determined
values of Aqz=4.2 meV2Y¥2Y and Et°'=25 meV, we can
nicely reproduce the recently observed Caroli-de Gennes-
Martricon states in FeTeg s555€0.4520. Furthermore, the
BCS-BEC crossover scenario is not compatible with the
observed universal pairing amplitude with 10 times differ-
ent B! in LiFeAs and FeTeg 55S¢¢.45, and hence cannot
be a key ingredient of SC pairing mechanism in FeSCs.

Finally we compare our observations with the cuprate
superconductors. While the origin of the electronic inter-
actions and consequently the nature of the normal states
are different between the cuprates and FeSCs, their SC
response in the charge and spin excitations are remark-
ably similar. Spin resonance, 2,5, has been observed in
both high-T, families®® %!, The quantity Q..,/kpT. ~
5.3 in the cuprates®? is larger than Qpes/kpTe. ~ 4.4 in
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Figure 4. Summary of 2A%S% /kpT. in various FeSCs that
are determined by ARPES2%43722  The dashed line is a linear
function fit of the data points.

the FeSCs*2 reflecting a globally larger superconduct-
ing energy scale in the cuprate. In addition, the shape
of A(k,w) in the SC phase is also strongly affected by

its normal state Zj in the cuprates, where a BCS-like
spectral function is observed near the nodal region and a
non-BCS spectral function emerges from the anti-nodal
region31¥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 carrier are crucial
for the pairing mechanism.
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