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We combine transport, angle-resolved photoemission spectroscopy and scanning tunneling spec-
troscopy to investigate several low energy manifestations of the Hund coupling in a canonical FeSC
family Li(Fe,Co)As. We determine the doping dependence of the coherent-incoherent crossover
temperature and the quasi-particle effective mass enhancement in the normal state. Our tunnelling
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 tempera-
ture (2∆max/kBTc) value, which is independent of doping level and Tc.

A decade after the first discovery of the high-Tc iron-
based superconductors (FeSCs), the pairing mechanism
and the interplay between the normal and superconduct-
ing state in these materials remain elusive [1–3]. While
the phase diagram of the FeSCs shares some similari-
ties with the cuprate high-Tc superconductors, FeSCs are
multi-orbital semimetals rather than doped Mott insula-
tors with an effective single orbital [4]. The increased or-
bital degree of freedom is found to qualitatively change
the underlying electronic dynamics [5, 6]. In particu-
lar, dynamical mean-field theory (DMFT) studies have
shown that strong electron-electron correlations in the
FeSCs originate from the inter-orbital Hund’s coupling,
JH , rather than the on-site intra-orbital Coulomb inter-
action, U [7–15]. Consequently, FeSCs are often dubbed
as Hund’s metals [9, 12].

Evidences of Hund’s metals have been found in the
paramagnetic state (PM) of several FeSC families, in-
cluding doping dependent effective mass [13], and orbital
differentiations [16–19]. More recently, theoretical anal-
ysis 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 these important experimental and the-
oretical progresses, justification of Hund’s superconduc-
tivity requires a synergetic transport and spectroscopy
studies of the Hundness that covers the whole supercon-
ducting dome as well as their normal state. Here, us-
ing transport, angle-resolved photoemission spectroscopy
(ARPES), scanning tunneling spectroscopy (STM) and
numerical calculations, we demonstrate that the canon-
ical FeSC, Li(Fe,Co)As, is a Hund’s superconductor,
where the Hundness 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 dia-
gram is not intervened by any magnetic or nematic long
range orders [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 ob-
served in the parent compound LiFeAs [17–19].

We first explore the PM state of electron and hole
doped LiFeAs via transport measurements (see ref. [22]
for experimental and computational methods). Fig-
ure 1a shows the normalized resistivity of Li(Fe,TM)As
(TM=V, Co) that cover a wide doping range, corre-
sponding to the occupation number, n, from 5.97 to 6.4
[22, 23]. For comparison, we also include the normal-
ized resistivity of Ba0.6K0.4Fe2As2 (K40) and KFe2As2
(K122) that correspond to n = 5.8 and 5.5, respectively
[24, 25]. 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 curvature 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
Fig. 1b-e. First of all, we notice that the room temper-
ature resistivity ρ300 decreases by a factor of four from
K122 to Co40 despite a larger number of impurities in
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Fi g u r e 1.  D o pi n g d e p e n d e nt c o h e r e nt-i n c o h e r e nt c r o s s o v e r. ( a ) N o r m ali z e d r e si s ti vi t y of Li Fe 0 .6 C o 0 .4 A s ( C o 4 0 ),
Li Fe 0 .7 5 C o 0 .2 5 A s ( C o 2 5 ), Li Fe 0 .8 8 C o 0 .1 2 A s ( C o 1 2 ), Li Fe A s ( Li 1 1 1 ), Li Fe 0 .9 V 0 .1 A s ( V 1 0 ), B a 0 .6 K 0 .4 Fe 2 A s 2 ( K 4 0 ) a n d K Fe 2 A s 2

( K 1 2 2 ). R e si s ti vi t y ( r e d c u r v e ) of K 1 2 2, Li Fe A s, C o 1 2 a n d C o 4 0 a r e s h o w n i n ( b )- ( e ). D a s h e d li n e s a r e p ol y n o mi al fi t ti n g s,

ρ F I T ( T ) = 9
n = 0 a n T n , of t h e r e si s ti vi t y. C y a n c u r v e s i n ( b )- ( e ) a r e t h e fi r s t d e ri v a ti v e ( d ρ F I T

d T
) of t h e fi t t e d r e si s ti vi t y. T h e

d a s h e d v e r ti c al li n e m a r k s t h e m a xi m u m of d ρ F I T
d T

, w hi c h i s d e fi n e d a s t h e c o h e r e nt-i n c o h e r e nt c r o s s o v e r t e m p e r a t u r e, T ∗ [ 8]. (f )
E x t r a c t e d n - d e p e n d e nt T ∗ i s r e m a r k a bl y c o n si s t e nt wi t h t h e o r e ti c al p r e di c ti o n s f o r H u n d’ s m e t al [ 7, 8, 1 1]. H e r e n i s c o n v e r t e d
f r o m t h e C o c o n c e nt r a ti o n x ( % ) [ 2 2]. T h e b a c k g r o u n d c ol o r s i n ( b )- (f ) r e p r e s e nt t h e el e c t r o ni c c o h e r e n c e d e t e r mi n e d b y t h e
r e si si ti vi t y c u r v a t u r e.

C o 4 0, s u g g e sti n g r e d u c e d el e ctr o ni c i nt er a cti o n vi a el e c-
t r o n d o pi n g. We t h e n fit t h e r e si sti vit y c ur v e s a b o v e T c

wit h 9t h or d er p ol y n o mi al a n d u s e t h e m a xi m u m of t h e
fi r st d e ri v ati v e t o c h ar a ct e ri z e t h e c o h er e nt-i n c o h er e nt
c r o s s o v er t e m p er at ur e, T ∗ ( Fi g. 1 b- e). Fi g ur e 1f s u m-
m ari z e s T ∗ a s f u n cti o n of n , w h er e t h e T ∗ i n cr e a s e s fr o m
8 0 K i n K 1 2 2 t o r o o m t e m p er at ur e i n C o 4 0, r e m ar k-
a bl y c o n si st e nt wit h pr e vi o u s L D A + D M F T c al c ul ati o n s
[ 8, 1 1] a n d i n a gr e e m e nt wit h o ur r e si sti vit y c al c ul ati o n s
f or Li Fe A s ( s e e s u p pl e m e nt ar y m at eri al s [ 2 2]).

T h e e v ol uti o n of c o h er e nt-i n c o h e r e nt cr o s s o v er i n r e si s-
ti vit y mirr or s t h e n - d e p e n d e nt el e ctr o ni c i nt e r a cti o n s. T o
dir e ctl y s h o w t hi s tr e n d, w e pl ot t h e d o pi n g- d e p e n d e nt
el e ctr o ni c str u ct ur e m e a s ur e d b y A R P E S at t h e Γ a n d
M p oi nt i n Fi g. 2 a-f. T h e d a s h e d li n e s ar e p ar a b oli c fit-
ti n g s of t h e b a n d str u ct ur e wit h t h eir c ol or s r e pr e s e nti n g
t h e m ai n or bit al c h ar a ct er s. Fi g ur e 2 g s u m m ari z e s t h e
e xtr a ct e d b a n d a n d or bit al-r e s ol v e d e ff e cti v e m a s s, m ∗ ,
a s f u n cti o n of n . We fi n d t h at m ∗ of all b a n d s ar e r e-
d u c e d b y a f a ct or of t w o fr o m Li Fe A s t o C o 4 0. T hi s i s i n
a gr e e m e nt wit h t h e b a n d wi dt h e v ol uti o n of t h e β b a n d
( Fi g. 2 h), w hi c h i s d et er mi n e d b y t h e e n er g y di ff er e n c e
b et w e e n t h e t o p of t h e β b a n d a n d t h e b ott o m of t h e γ
b a n d.

T h e pr of o u n d d o pi n g- d e p e n d e nt T ∗ a n d m ∗ str o n gl y
i n di c at e t h at t h e e ntir e s u p e r c o n d u cti n g d o m e ( 6 < n <
6 .1 6) of Li( Fe, C o) A s i s e m er gi n g fr o m t h e H u n d’ s m et al
n or m al st at e. T o u n c o v er t h e H u n d n e s s i n t h e s u p er-
c o n d u cti n g st at e, w e e xtr a ct t h e d o pi n g- d e p e n d e nt S C
g a p fr o m s c a n ni n g t u n n eli n g mi cr o s c o p y / s p e ctr o s c o p y
( S T M / S T S) m e a s ur e m e nt s of Li( Fe, C o) A s at 4 0 0 m K,
d e e p i n t h e s u p er c o n d u cti n g st at e [ 2 6]. Fi g ur e 3 b s h o w s

a t y pi c al at o mi c all y r e s ol v e d S T M t o p o gr a p h y i m a g e of
Li Fe 0 .9 9 C o 0 .0 1 A s. T h e s p ati all y a v er a g e d S T S s p e ctr a of
ei g ht di ff er e nt d o pi n g l e v el s wit h T c r a n gi n g fr o m 1 8 t o
4 K ar e s h o w n i n Fi g. 3 a. T h e d a s h e d li n e s m ar k t h e z er o-
i nt e n sit y v al u e f or e a c h d o pi n g. T h e e xtr a ct e d ∆m a x a s a
f u n cti o n of d o pi n g i s pl ott e d o n t o p of t h e T c v s n di a gr a m
i n Fi g. 3 c. T h e p erf e ct o v erl a p of t h e s e t w o pl ot s d e m o n-
str at e s a u ni v er s al 2 ∆ m a x / k B T c ∼ 7 .7 s c ali n g i n t h e e n-
tir e Li( Fe, C o) A s s u p er c o n d u cti n g p h a s e. T hi s v al u e i s
ni c el y c o n si st e nt wit h r e c e nt m o d el st u d y, w h er e a u ni-
v er s al 2 ∆ m a x / k B T c ∼ 7 .2 i s d eri v e d b y a s s u mi n g t h e
C o o p er p air s ar e “ gl u e d ” b y t h e H u n d n e s s i n d u c e d l o c al
s pi n fl u ct u ati o n s wit h a c h ar a ct eri sti c χ s p (ω ) ∝ ω − 6 / 5

s c ali n g [ 2 1, 2 2, 2 7]. χ s p (ω ) i s t h e i m a gi n ar y p art of t h e
l o c al d y n a mi c al s u s c e pti bilit y. T h e n e arl y p erf e ct a gr e e-
m e nt b et w e e n t h e t h e or y a n d e x p eri m e nt i n t h e e ntir e
p h a s e di a gr a m fir ml y e st a bli s h e s t h e H u n d’ s s u p er c o n-
d u cti vit y i n Li( Fe, C o) A s.

O ur r e s ult s h a v e si g ni fi c a nt i m pli c ati o n s o n t h e p air-
i n g m e c h a ni s m of Fe S C s. Fi g ur e 3 d s h o w s t h e 2 ∆m a x

v s k B T c pl ot of a l ar g e n u m b er of Fe S C s i n cl u di n g
Li( Fe, C o) A s. T h e u bi q uit o u s 2 ∆ m a x / k B T c s c ali n g o v er a
l ar g e s et of Fe S C s s u g g e st s a c o m m o n p airi n g m e c h a ni s m
f or all Fe S C s. T h e c o n si st e nt 2 ∆m a x / k B T c v al u e b et w e e n
t h e e x p eri m e nt al d at a a n d m o d el c al c ul ati o n str o n gl y
i n di c at e s t h at t h e l e a di n g p airi n g i nt er a cti o n i s t h e
H u n d n e s s-i n d u c e d l o c al s pi n fl u ct u ati o n s. T hi s c o n cl u-
si o n e x pl ai n s e arl y e x p eri m e nt al o b s er v ati o n s w h er e t h e
S C g a p f u n cti o n ∆( k ) f oll o w s si m pl e l o c al f or m f a ct or s
a n d i n v ol v e s el e ctr o ni c st at e a w a y fr o m t h e Fer mi e n er g y
E F [ 2 8 – 3 0]. It s h o ul d b e n ot e d, h o w e v er, t h e t h e or eti-
c all y d eri v e d 2 ∆ m a x / k B T c i s b a s e d o n a si m pli fi e d m o d el
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Figure 2. Doping dependent band structure of Li(Fe,Co)As. The ARPES intensity plot near the Γ (a-c) and M (d-f) point.
Dashed lines are parabolic fitting of the band dispersion (peak intensity). The extracted doping dependent effective mass of
the α′, β, γ and δ band are shown in (g). (h) shows the n-dependent bandwidth of β band, determined by the band top of the
β band and band bottom of the γ band. Since the β and γ band are degenerate at the M point, the energy difference between
the top of β and the bottom of γg is equivalent to the band width of the β band, which is broadened by a factor of two from
LiFeAs to Co40, consistent with the doping dependent effective mass of β band in (g).

d

Figure 3. Doping-dependent SC gap and universal 2∆max/kBTc scaling. (a) Averaged STS spectra measured at T=400 mK.
The dashed lines centered the zero bias voltage represent zero dI/dV . (b) The STM topography of LiFe0.99Co0.01As. (c) The
Tc and extracted ∆max as function of doping are shown in red circles and blue squares. Data shown in (a) and (c) are adapted
from ref. [26]. (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.

that neglects several material specific details such as the
proximity to electronic nematicity in Ba(Fe,Co)2As2 and
bulk FeSe [31–33] and strong electron-phonon coupling
in FeSe monolayer [34]. In addition, the presence of non-
local interaction can induce moderate gap variations on
the Fermi surface [35–37]. However, the large number
of FeSCs with a similar 2∆max/kBTc ratio suggests that
the Hundness is robust even in the presence of various
low-energy modifications.

In summary, using transport and spectroscopic tech-

niques, we synergistically uncovered signatures of Hund-
ness from the normal to SC state of Li(Fe,Co)As. Our
result establishes the Hund’s superconductivity in canon-
ical 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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four, P. C. Canfield, S. Mukherjee, P. J. Hirschfeld, B. M.
Andersen, and J. C. S. Davis, Science 357, 75 (2017).

[34] J. J. Lee, F. T. Schmitt, R. G. Moore, S. Johnston, Y.-T.
Cui, W. Li, M. Yi, Z. K. Liu, M. Hashimoto, Y. Zhang,
D. H. Lu, T. P. Devereaux, D.-H. Lee, and Z.-X. Shen,
Nature 515, 245 (2014).

[35] K. Umezawa, Y. Li, H. Miao, K. Nakayama, Z.-H. Liu,
P. Richard, T. Sato, J. B. He, D.-M. Wang, G. F. Chen,
H. Ding, T. Takahashi, and S.-C. Wang, Phys. Rev. Lett.
108, 037002 (2012).

mailto:miaoh@ornl.gov
http://dx.doi.org/ 10.1021/ja800073m
http://dx.doi.org/ 10.1021/ja800073m
http://dx.doi.org/10.1088/0034-4885/74/12/124508
http://dx.doi.org/10.1103/RevModPhys.84.1383
http://dx.doi.org/10.1103/PhysRevB.37.3759
http://dx.doi.org/10.1103/PhysRevB.37.3759
http://dx.doi.org/10.1103/PhysRevLett.108.177007
http://dx.doi.org/10.1103/PhysRevLett.108.177007
http://dx.doi.org/ 10.1103/PhysRevB.82.024508
http://dx.doi.org/ 10.1103/PhysRevB.82.024508
http://dx.doi.org/ 10.1103/PhysRevLett.101.166405
http://dx.doi.org/ 10.1103/PhysRevLett.101.166405
http://stacks.iop.org/1367-2630/11/i=2/a=025021
http://stacks.iop.org/1367-2630/11/i=2/a=025021
http://dx.doi.org/10.1038/nmat3120 http://www.nature.com/nmat/journal/v10/n12/abs/nmat3120.html{#}supplementary-information
http://dx.doi.org/10.1038/nmat3120 http://www.nature.com/nmat/journal/v10/n12/abs/nmat3120.html{#}supplementary-information
http://dx.doi.org/10.1038/nphys1923 http://www.nature.com/nphys/journal/v7/n4/abs/nphys1923.html{#}supplementary-information
http://dx.doi.org/10.1038/nphys1923 http://www.nature.com/nphys/journal/v7/n4/abs/nphys1923.html{#}supplementary-information
http://dx.doi.org/10.1038/nphys2250 http://www.nature.com/nphys/journal/v8/n4/abs/nphys2250.html{#}supplementary-information
http://dx.doi.org/10.1146/annurev-conmatphys-020911-125045
http://dx.doi.org/10.1146/annurev-conmatphys-020911-125045
http://dx.doi.org/10.1103/PhysRevLett.112.177001
http://dx.doi.org/10.1103/PhysRevLett.112.177001
http://dx.doi.org/ 10.1103/PhysRevLett.115.136401
http://dx.doi.org/10.1103/PhysRevX.10.031052
http://dx.doi.org/10.1103/PhysRevX.10.031052
http://dx.doi.org/10.1103/PhysRevLett.110.067003
http://dx.doi.org/10.1103/PhysRevB.94.201109
http://dx.doi.org/10.1038/nphys3116
http://dx.doi.org/10.1038/nphys3116
http://dx.doi.org/10.1103/PhysRevLett.116.247001
http://dx.doi.org/10.1103/PhysRevLett.116.247001
http://dx.doi.org/10.1103/PhysRevB.98.020502
http://dx.doi.org/ 10.1103/PhysRevLett.121.187003
http://dx.doi.org/ 10.1103/PhysRevLett.121.187003
http://dx.doi.org/10.1038/ncomms14988
http://stacks.iop.org/0295-5075/83/i=4/a=47001
http://stacks.iop.org/0295-5075/83/i=4/a=47001
http://dx.doi.org/ 10.1103/PhysRevB.92.144513
http://dx.doi.org/ 10.1103/PhysRevLett.123.217004
http://dx.doi.org/ 10.1103/PhysRevLett.124.136406
http://dx.doi.org/ 10.1103/PhysRevLett.124.136406
http://dx.doi.org/10.1103/PhysRevB.85.094506
http://dx.doi.org/10.1103/PhysRevB.85.094506
http://dx.doi.org/10.1038/srep00381
http://dx.doi.org/10.1038/ncomms7056
http://dx.doi.org/ 10.1073/pnas.1015572108
http://dx.doi.org/ 10.1073/pnas.1015572108
http://dx.doi.org/10.1038/nphys2877
http://dx.doi.org/ 10.1126/science.aal1575
http://dx.doi.org/10.1038/nature13894
http://dx.doi.org/ 10.1103/PhysRevLett.108.037002
http://dx.doi.org/ 10.1103/PhysRevLett.108.037002


5

[36] S. V. Borisenko, V. B. Zabolotnyy, D. V. Evtushinsky,
T. K. Kim, I. V. Morozov, A. N. Yaresko, A. A. Kordyuk,
G. Behr, A. Vasiliev, R. Follath, and B. Büchner, Phys.
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