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Hund’s superconductor Li(Fe,Co)As
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We combine transport, angle-resolved photoemission spectroscopy, and scanning tunneling spectroscopy to
investigate several low-energy manifestations of the Hund’s coupling in a canonical FeSC family Li(Fe,Co)As.
We determine the doping dependence of the coherent-incoherent crossover temperature and the quasiparticle
effective mass enhancement in the normal state. Our tunneling spectroscopy result in the superconducting
state supports the idea that superconductivity emerging from Hund’s metal state displays a universal maximal
superconducting gap vs transition temperature (2�max/kBTc) value, which is independent of doping level and Tc.
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I. INTRODUCTION

A decade after the first discovery of the high-Tc iron-
based superconductors (FeSCs), the pairing mechanism and
the interplay between the normal and superconducting state
in these materials remain elusive [1–3]. While the phase dia-
gram of the FeSCs shares some similarities with the cuprate
high-Tc superconductors, FeSCs are multiorbital semimetals
rather than doped Mott insulators with an effective single
orbital [4]. The increased orbital degree of freedom is found to
qualitatively change the underlying electronic dynamics [5,6].
In particular, dynamical mean-field theory (DMFT) studies
have shown that strong electron-electron correlations in the
FeSCs originate from the interorbital Hund’s coupling, JH ,
rather than the on-site intraorbital Coulomb interaction, U
[7–15]. Consequently, FeSCs are often dubbed as Hund’s
metals [9,12].

Evidence of Hund’s metals has been found in the para-
magnetic state (PM) of several FeSC families, including
doping-dependent effective mass [13], and orbital differ-
entiations [16–19]. More recently, theoretical analysis of
the Hundness on superconductivity is linked to the ratio
2�max/kBTc in FeSCs [20,21], where �max is the largest
superconducting gap in the momentum space. Despite this
important experimental and theoretical progress, justification
of Hund’s superconductivity requires synergetic transport and
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spectroscopy studies of the Hundness that covers the whole
superconducting dome as well as their normal state. Here,
using transport, angle-resolved photoemission spectroscopy
(ARPES), scanning tunneling spectroscopy (STM), and nu-
merical calculations, we demonstrate that the canonical FeSC,
Li(Fe,Co)As, is a Hund’s superconductor, where the Hund-
ness controls the entire temperature (T ) vs doping (x) phase
diagram. Our results place strong experimental evidence to
support a pairing mechanism driven by the Hundness-induced
critical spin fluctuations for the FeSCs [21].

We choose Li(Fe,Co)As for this study as its phase diagram
is not intervened by any magnetic or nematic long range or-
ders [22]. This condition is crucial as the Hund’s metal physics
is essentially a description of the PM phase. Another reason
to study Li(Fe,Co)As is that the Hund’s coupling induced
characteristic orbital differentiation in the dynamical charge
and magnetic excitations are observed in the parent compound
LiFeAs [17–19].

II. RESULT

We first explore the PM state of electron- and hole-
doped LiFeAs via transport measurements (see Supplemental
Material [22] and Refs. [23–31] therein for experimental
and computational methods). Figure 1(a) shows the normal-
ized resistivity of Li(Fe,TM)As (TM=V, Co) that cover a
wide doping range, corresponding to the occupation num-
ber, n, from 5.97 to 6.4 [22,32]. For comparison, we also
include the normalized resistivity of Ba0.6K0.4Fe2As2 (K40)
and KFe2As2 (K122) that correspond to n = 5.8 and 5.5,
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FIG. 1. Doping-dependent coherent-incoherent crossover. (a) Normalized resistivity of LiFe0.6Co0.4As (Co40), LiFe0.75Co0.25As (Co25),
LiFe0.88Co0.12As (Co12), LiFeAs (Li111), LiFe0.9V0.1As (V10), Ba0.6K0.4Fe2As2 (K40), and KFe2As2 (K122). Resistivity (red curve) of K122,
LiFeAs, Co12, and Co40 are shown in (b)–(e). Dashed lines are polynomial fittings, ρFIT(T ) = ∑9

n=0 anT n, of the resistivity. Cyan curves in
(b)–(e) are the first derivative ( dρFIT

dT ) of the fitted resistivity. The dashed vertical line marks the maximum of dρFIT
dT , which is defined as the

coherent-incoherent crossover temperature, T ∗ [8]. The error bars determined by this method are smaller than the symbol size. (f) Extracted
n-dependent T ∗ is remarkably consistent with theoretical predictions for Hund’s metal [7,8,11]. Here n is converted from the Co concentration
x (%) [22]. The background colors in (b)–(f) represent the electronic coherence determined by the resistivity curvature.

respectively [33,34]. From the electron-doped side to the hole-
doped side, the resistivity curvature undergoes a qualitative
change: it remains positive in the entire temperature range in
LiFe0.6Co0.4As (Co40) but changes sign at high temperature
in LiFeAs. Previous DMFT studies have shown that the cur-
vature change in resistivity represents a coherent-incoherent
crossover of the electronic system [8]. To quantify this change,
we show the resistivity of K122, LiFeAs, LiFe0.88Co0.12As
(Co12), and Co40 in Figs. 1(b)–1(e). First of all, we no-
tice that the room temperature resistivity ρ300 decreases by
a factor of 4 from K122 to Co40 despite a larger number of
impurities in Co40, suggesting reduced electronic interaction
via electron doping. We then fit the resistivity curves above Tc

with ninth-order polynomial and use the maximum of the first
derivative to characterize the coherent-incoherent crossover
temperature, T ∗ [Figs. 1(b)–1(e)]. Figure 1(f) summarizes T ∗
as a function of n, where the T ∗ increases from 80 K in K122
to room temperature in Co40, remarkably consistent with
previous LDA+DMFT calculations [8,11] and in agreement
with our resistivity calculations for LiFeAs (see Supplemental
Material [22]).

The evolution of coherent-incoherent crossover in resistiv-
ity mirrors the n-dependent electronic interactions. To directly
show this trend, we plot the doping-dependent electronic
structure measured by ARPES at the � and M points in
Figs. 2(a)–2(f). The dashed lines are parabolic fittings of the
band structure with their colors representing the main orbital
characters. Figure 2(g) summarizes the extracted band and
orbital-resolved effective mass, m∗, as a function of n. We find
that m∗ of all bands are reduced by a factor of 2 from LiFeAs
to Co40. This is in agreement with the bandwidth evolution
of the β band [Fig. 2(h)], which is determined by the energy
difference between the top of the β band and the bottom of the
γ band.

The profound doping-dependent T ∗ and m∗ strongly
indicate that the entire superconducting dome (6 < n <

6.16) of Li(Fe,Co)As is emerging from the Hund’s metal
normal state, where both T ∗ and m∗ are primarily de-
termined by JH rather than U [8,11,22]. To uncover the
Hundness in the superconducting state, we extract the
doping-dependent superconducting (SC) gap from scanning
tunneling microscopy/spectroscopy (STM/STS) measure-
ments of Li(Fe,Co)As at 400 mK, deep in the superconducting
state [35]. Figure 3(b) shows a typical atomically resolved
STM topography image of LiFe0.99Co0.01As. The spatially
averaged STS spectra of eight different doping levels with Tc

ranging from 18 to 4 K are shown in Fig. 3(a). The dashed
lines mark the zero-intensity value for each doping. The ex-
tracted �max as a function of doping is plotted on top of the
Tc vs n diagram in Fig. 3(c). The perfect overlap of these
two plots demonstrates a universal 2�max/kBTc ∼ 7.7 scaling
in the entire Li(Fe,Co)As superconducting phase. This value
is nicely consistent with a recent model study, where a uni-
versal 2�max/kBTc ∼ 7.2 is derived by assuming the Cooper
pairs are “glued” by the Hundness-induced local spin fluctua-
tions with a characteristic χ ′′

sp(ω) ∝ ω−6/5 scaling [21,22,36].
χ ′′

sp(ω) is the imaginary part of the local dynamical suscepti-
bility. The nearly perfect agreement between the theory and
experiment in the entire phase diagram firmly establishes the
Hund’s superconductivity in Li(Fe,Co)As.

III. DISCUSSION

Our results have significant implications on the pairing
mechanism of FeSCs. Figure 3(d) shows the 2�max vs kBTc

plot of a large number of FeSCs including Li(Fe,Co)As.
The ubiquitous 2�max/kBTc scaling over a large set of
FeSCs suggests a common pairing mechanism for all FeSCs.
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FIG. 2. Doping-dependent band structure of Li(Fe,Co)As. The ARPES intensity plot near the � (a)–(c) and M (d)–(f) points. Dashed lines
are parabolic fitting of the band dispersion (peak intensity). The extracted doping-dependent effective mass of the α′, β, γ , and δ bands is
shown in (g). (h) shows the n-dependent bandwidth of the β band, determined by the band top of the β band and the band bottom of the γ

band. Since the β and γ bands are degenerate at the M point, the energy difference between the top of β and the bottom of γ (g) is equivalent
to the bandwidth of the β band, which is broadened by a factor of 2 from LiFeAs to Co40, consistent with the doping-dependent effective mass
of the β band in (g).

The consistent 2�max/kBTc value between the experimental
data and model calculation strongly indicates that the lead-
ing pairing interaction is the Hundness-induced local spin

fluctuations. This conclusion explains early experimental ob-
servations where the SC gap function �(k) follows simple
local form factors and involves electronic state away from

FIG. 3. Doping-dependent SC gap and universal 2�max/kBTc scaling. (a) Averaged STS spectra measured at T = 400 mK. The dashed
lines centered in the zero bias voltage represent zero dI/dV . (b) The STM topography of LiFe0.99Co0.01As. (c) The Tc and extracted �max

as a function of doping are shown in red circles and blue squares. Data shown in (a) and (c) are adapted from Ref. [35]. (d) shows the
universal 2�max/kBTc scaling of FeSCs [20]. The black and green dashed lines correspond to Hund’s superconductor and BCS superconductor,
respectively. The red dashed line is a fit to 2�max/kBTc extracted from FeSe monolayer.
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the Fermi energy EF [37–39]. It should be noted, however,
the theoretically derived 2�max/kBTc is based on a simpli-
fied model that neglects several material-specific details such
as the proximity to electronic nematicity in Ba(Fe,Co)2As2

and bulk FeSe [40–42] and strong electron-phonon coupling
in FeSe monolayer [43]. In addition, the presence of non-
local interaction can induce moderate gap variations on the
Fermi surface [44–46]. However, the large number of FeSCs
with a similar 2�max/kBTc ratio suggests that the Hund-
ness is robust even in the presence of various low-energy
modifications.

In summary, using transport and spectroscopic techniques,
we synergistically uncovered signatures of Hundness from the
normal to SC state of Li(Fe,Co)As. Our result establishes the
Hund’s superconductivity in canonical FeSC Li(Fe,Co)As and
indicates that the Hundness-induced critical spin fluctuation is
the leading pairing interaction in FeSCs.
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