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The optical properties of KCa2Fe4As4F2 (K12442, Tc = 33.5 K) and KCa2(Fe0.95Ni0.05)4As4F2 (Ni-K12442,
Tc = 29 K) have been examined at a large number of temperatures. For both samples, a nodeless supercon-
ducting gap is clearly observed in the optical conductivity at 5 K. The superconducting gap � � 8.7 meV
(2�/kBTc � 6.03) in K12442, pointing towards strong-coupling Cooper pairs, but in sharp contrast, � �
4.6 meV (2�/kBTc � 3.68) in Ni-K12442, which agrees with the BCS weak-coupling pairing state. More
intriguingly, below T ∗ � 75 K, the optical conductivity of K12442 reveals a pseudogap that smoothly evolves
into the superconducting gap below Tc, while no such behavior is detected in the electron-doped Ni-K12442. The
comparison between the two samples suggests that the pseudogap and strong-coupling Cooper pairs in K12442
may be intimately related to the shallow and incipient bands. We provide arguments supporting a preformed
pairing mechanism of the pseudogap, but at the moment a magnetic scenario cannot yet be excluded.
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I. INTRODUCTION

The recently discovered 12442-type Fe-based super-
conductors (FeSCs) ACa2Fe4As4F2 (A = K, Rb, or Cs)
with a Tc � 28–33.5 K have attracted considerable atten-
tion [1–15]. These compounds consist of double Fe2As2

layers separated by insulating Ca2F2 layers, resulting in a
quasi-two-dimensional (quasi-2D) layered structure with a
resistivity anisotropy of ρc(T )/ρab(T ) ∼ 103 at low tem-
peratures [4,5], which is significantly larger than that of
FeSe (∼3–4) [16], LiFeAs (∼1–3) [17] and the BaFe2As2

family (∼2–6) [18–20], but comparable to that of the
high-Tc cuprates [21,22]. Angle-resolved photoemission
(ARPES) measurements on KCa2Fe4As4F2 (K12442) have
observed bilayer band splitting [10] analogous to that in
Bi2Sr2CaCu2O8+δ [23,24]. An inelastic neutron scattering
study has revealed a 2D spin resonant mode with downward
dispersion in K12442 [8], also resembling the behavior in
cuprates.

More interestingly, as schematically shown in Fig. 1(a),
near the M point of the Brillouin zone, K12442 has a very
shallow electron band, whose bottom barely touches EF, and
four incipient hole bands with their tops being very close
to but not crossing EF [10]. This kind of band topology
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places the system near a Lifshitz transition, which may induce
an s + is pairing state with broken time-reversal symme-
try [25–28]. In addition, the shallow and incipient bands
lead to very large �/EF ratios. Here, � and EF correspond
to the superconducting (SC) gap and the Fermi energy, re-
spectively. A large �/EF ratio (�/EF ∼ 1) may drive the
system into the crossover regime between the weak-coupling
Bardeen-Cooper-Schrieffer (BCS) and the strong-coupling
Bose-Einstein condensation (BEC) limits [29–36]. One of the
most intriguing phenomena in the BCS-BEC crossover regime
is the opening of a pseudogap due to preformed Cooper pairs
between the pairing temperature T ∗ and the critical temper-
ature Tc at which the pairs condense into a phase-coherent
quantum state [29–32,37,38]. Although pseudogap behavior
has been widely reported in FeSCs [39–46], its relation to the
shallow or incipient band is still unclear.

Elucidating the role of the shallow and incipient bands in
K12442 may shed new light on the pairing mechanism in
FeSCs. This can be achieved by comparing the spectroscopic
properties of K12442 and the electron-doped compound, in
which EF is shifted away from the bottom of the shallow
electron band and the tops of the incipient hole bands due
to electron doping. Here, we report on a detailed optical
study of K12442 (Tc = 33.5 K) and the electron-doped Ni-
K12442 (Tc = 29 K). In the SC state, the optical conductivity
of both samples reveals a nodeless SC gap. While the SC
gap � � 8.7 meV (2�/kBTc � 6.03) in K12442, suggesting
strong-coupling Cooper pairs, the electron-doped Ni-K12442
exhibits � � 4.6 meV (2�/kBTc � 3.68), falling into the
BCS weak-coupling pairing regime. More interestingly, a
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FIG. 1. (a) The schematic band structure of K12442 near the M
point of the Brillouin zone. (b) and (c) show ρ(T )/ρ(300 K) from
transport measurements (blue solid curve) which is compared to the
values extracted from our optical data (open circles) for K12442 and
Ni-K12442, respectively. (d) and (e) The reflectivity of K12442 and
Ni-K12442, respectively, at several representative temperatures.

pseudogap opens below T ∗ � 75 K and evolves into the SC
gap below Tc in K12442, whereas such pseudogap behavior is
absent in Ni-K12442. The comparison between the two sam-
ples indicates that the shallow and incipient bands may play
an important role in the formation of the pseudogap and the
strong-coupling SC gap in the quasi-2D K12442. While we
argue that precursor superconductivity may be the origin of
the pseudogap, we cannot, at the moment, rule out a magnetic
mechanism.

II. RESULTS AND DISCUSSION

Single-crystalline KCa2Fe4As4F2 (K12442) with Tc =
33.5 K and KCa2(Fe0.95Ni0.05)4As4F2 (Ni-K12442) with Tc =
29 K were synthesized using the self-flux method [6–8]. The
sample characterization and details about the experimental
method can be found in the Supplemental Material [47] and
Refs. [48,49]. Figure 1(d) displays the reflectivity R(ω) of
K12442 in the far-infrared range at nine selected temperatures
above and below Tc. The normal-state R(ω) has a high value
in this range and rises with decreasing T , which is the opti-
cal characteristic of metallic materials. Below Tc, an upturn
emerges in the low-frequency R(ω), indicating the opening
of an SC gap. R(ω) at 5 K exhibits a flat response at unity
below ∼130 cm−1, suggesting that the SC gap does not have
nodes [50–54]. Similar behavior is observed in R(ω) of Ni-
K12442, as shown in Fig. 1(e), but the upturn and the flat
response in R(ω) at 5 K shift to lower energy, implying a
smaller SC gap in Ni-K12442.

Figure 2(a) depicts the real part of the optical conduc-
tivity σ1(ω) of K12442 at a variety of temperatures below
and above Tc. In the normal state, e.g., T = 150 K, σ1(ω)
is characterized by a pronounced Drude peak centered at

FIG. 2. σ1(ω) for K12442 (a) and Ni-K12442 (b) at several se-
lected temperatures above and below Tc. The spectra at different
temperatures are shifted by 1500 �−1 cm−1 to avoid overlap. The
dashed lines are fitting results. The inset of each panel shows an
enlarged view of σ1(ω) at 5 K in the low-frequency range.

zero frequency, which is the optical fingerprint of a metal.
The width of the Drude peak at half maximum represents
the quasiparticle scattering rate. Upon cooling, the Drude
peak narrows, indicating a reduction of the quasiparticle
scattering rate. In the SC state, for example T = 5 K, the
low-frequency Drude response in σ1(ω) is completely sup-
pressed due to the opening of the SC gap. σ1(ω) drops to
zero below ∼130 cm−1, as shown in the inset of Fig. 2(a).
This is a clear signature of a nodeless SC gap [50–54].
Furthermore, it is noteworthy that a gap feature, indicated
by the arrows in Fig. 2(a), develops in σ1(ω) below T ∗ �
75 K. Such a normal-state gap (pseudogap) intensifies as T
is lowered, and finally evolves into the SC gap below Tc. By
comparison, the normal-state σ1(ω) for Ni-K12442 [Fig. 2(b)]
exhibits standard Drude behavior down to 30 K without an
evident pseudogap feature. Moreover, as displayed in the inset
of Fig. 2(b), σ1(ω) of Ni-K12442 at 5 K vanishes below
∼70 cm−1, suggesting that the SC gap in Ni-K12442 is
also nodeless, but much smaller than that in K12442. Here,
we should mention that while ARPES [10], optical spec-
troscopy [53], scanning tunneling microscopy (STM) [12],
and heat transport [55] studies have revealed multiple node-
less SC gaps in the 12442 compounds, nodes in the SC gaps
have been suggested by muon-spin rotation (μSR) [11,56] and
specific heat [57] measurements. These inconsistencies may
be interpreted by the existence of accidental nodes in some kz

planes in the Brillouin zone [58].
We fit the normal-state σ1(ω) to the Drude-Lorentz

model [47]. The orange curve in Fig. 3(a) is σ1(ω) of K12442
at 150 K, and the black dashed line represents the fit, which
consists of a narrow Drude D1 (blue hatched area), a broad
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FIG. 3. (a) The orange curve is σ1(ω) of K12442 at 150 K. The
dashed line represents the fit which is decomposed into a narrow
Drude D1 (blue hatched area), a broad Drude D2 (red hatched area),
and a Lorentz component L (green hatched area). (b) shows the same
curves for Ni-K12442. (c) and (d) The modeling results at T = 5 K
for K12442 and Ni-K12442, respectively. Both consist of an SC gap
(red hatched area) and the same L as that in the normal-state fit.

Drude D2 (red hatched area), and a Lorentz component L
(green hatched area). A similar fit is obtained for σ1(ω) of
Ni-K12442 at 150 K as shown in Fig. 3(b). The fitting pa-
rameters for both compounds are listed in Table S1 in the
Supplemental Material [47]. Such a two-Drude model has
been widely used to describe the low-frequency σ1(ω) of
FeSCs in the normal state [53,54,59–61]. In the SC state,
σ1(ω) of FeSCs is usually modeled by replacing the two
Drude components with two SC gaps [52,62,63] given by the
Mattis-Bardeen formalism [47,64]. However, as depicted in
Fig. 3(c), σ1(ω) of K12442 at 5 K (cyan solid curve) can
be well described by the superposition (black dashed line)
of a single SC gap (red hatched area) formed in D2 and the
same Lorentz term from the normal state (green hatched area);
D1 vanishes in the SC state. This behavior, which has been
discussed in CsCa2Fe4As4F2 [53] and LiFeAs [54], signifies
the coexistence of clean- and dirty-limit superconductivity in
K12442, and D1 corresponds to the clean-limit SC bands.
The gap values in the clean-limit bands cannot be determined
from σ1(ω) [65], because upon the SC condensate, clean-limit
bands disappear from the finite-frequency σ1(ω), leaving no
observable feature at the energy of the SC gap [53,54,65]. The
SC gap in D2 (� � 8.7 meV) leads to a ratio of 2�/kBTc �
6.03 that is much larger than the weak-coupling BCS value
3.52, pointing to strong-coupling Cooper pairs. Since the
value of the SC gap in D2 is close to the large gap observed by
other probes [10–12], the small gaps are likely to be hidden in
the clean-limit bands (D1). Figure 3(d) shows the fit of σ1(ω)
at 5 K for Ni-K12442, which is essentially the same as that
for K12442. Interestingly, the SC gap value � � 4.6 meV
in Ni-K12442 yields a ratio of 2�/kBTc � 3.68 close to the
BCS value. This suggests that doping electrons into K12442
significantly reduces the pairing strength in some bands.

We next examine the T dependence of σ1(ω) for both
materials. We apply the Drude-Lorentz analysis to σ1(ω) for

FIG. 4. (a) and (b) T dependence of the difference between
σ1(ω) and the Drude-Lorentz fit. T ∗ denotes the pseudogap opening
temperature. (c) and (d) T dependence of the spectral weight S. The
black lines are linear guides to the eyes.

all temperatures above Tc. The fitting results at several repre-
sentative temperatures are traced out as black dashed lines in
Figs. 2(a) and 2(b) for K12442 and Ni-K12442, respectively.
The inverse of the zero-frequency value of the fit 1/σ Fit

1 (ω =
0) [open circles in Figs. 1(b) and 1(c)] agrees with transport
measurements for both samples. While the two-Drude model
describes σ1(ω) of K12442 quite well above 75 K, below this
temperature, such as 50, 40, and 35 K, a striking deviation
between σ1(ω) and the fit occurs due to the development of
the pseudogap as indicated by the black arrows in Fig. 2(a). In
contrast, such a pseudogap is absent in Ni-K12442 [Fig. 2(b)],
and σ1(ω) can be well described by the two-Drude model at
all temperatures above Tc. Figures 4(a) and 4(b) display the
T dependence of the difference D between σ1(ω) and the fit
σ Fit

1 (ω), defined as

D =
∫ ωb

ωa

[
σ1(ω) − σ Fit

1 (ω)
]
dω, (1)

where ωa = 40 cm−1 and ωb = 1000 cm−1 represent the
lower and upper cutoff frequencies, respectively. For Ni-
K12442 [Fig. 4(b)], D � 0 at all temperatures, indicating a
good agreement between σ1(ω) and σ Fit

1 (ω), whereas a de-
crease in D occurs below T ∗ � 75 K for K12442 [Fig. 4(a)],
signaling the opening of the pseudogap.

To further attest to the formation of the pseudogap above
Tc in K12442, it is informative to track the T dependence of
the spectral weight

S =
∫ ωc

0+
σ1(ω)dω, (2)

where ωc is a cutoff frequency; 0+ means that the superfluid
weight, represented by a zero-frequency δ function in σ1(ω),
is not included. Figure 4(c) depicts the T dependence of S with
ωc = 1000 cm−1 for K12442. As T is lowered from 300 K, S
increases continuously, following the black solid line (a linear
guide to the eyes). This behavior is a direct consequence of the
narrowing of the Drude response. Below Tc, a sharp drop of S
sets in, which is a clear signature of the SC gap opening [52].
Moreover, a noteworthy phenomenon is that S deviates from
the high-temperature trend and starts to decrease below T ∗ �
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FIG. 5. (a) σ1(ω) of K12442 at different temperatures showing
the evolution of the pseudogap into the SC gap. The dashed lines are
fits using an SC gap. (b) The optical response of an SDW gap. (c) The
evolution of an SC gap (� = 8 meV) with temperature. (d) The cyan
curve is σ1(ω) of K12442 at 35 K. The dashed line denotes the fit
which is obtained by replacing D2 in the Drude-Lorentz model with
a Mattis-Bardeen term with � = 8.4 meV and T/Tc = 0.95. (e) The
values of the SC gap (red solid circles) and the pseudogap (blue open
circles) as a function of temperature. The dashed line represents the
BCS mean-field behavior. (f) ω2

ps determined from σ2(ω) (red solid
diamonds) and from the missing area in σ1(ω) (blue solid circles).
The dashed line is a BCS calculation assuming an s-wave gap with
� = 8.7 meV.

75 K, suggesting that a pseudogap starts to open below T ∗. For
Ni-K12442 [Fig. 4(d)], while both the continuous increase of
S upon cooling in the normal state and the suppression of S
below Tc are clearly observed, the signature of the pseudogap
is absent.

Having established the existence of the pseudogap below
T ∗ in K12442, we next discuss its origin. Previous optical
studies have shown that disorder causes carrier localization,
creating a similar feature in the low-frequency σ1(ω) [66–69].
In the KCa2(Fe1−xNix )4As4F2 system, since Ni doping intro-
duces disorder into the FeAs layers, the Ni-doped compound
has a higher degree of disorder than the stoichiometric
K12442. While the pseudogap is observed in K12442, it is
absent in the more disordered Ni-K12442. This rules out
the disorder effect as a possible origin of the pseudogap in
K12442. The parent and underdoped compounds of FeSCs
often exhibit a spin-density-wave (SDW) phase or SDW fluc-
tuations, which also open a gap in σ1(ω) [61,70–72]. K12442,
with the Fe valence being +2.25, is intrinsically self-doped
to a level of 0.25 holes/Fe [1,2]. This doping level corre-
sponds to the slightly overdoped Ba1−xKxFe2As2 with x =
0.5, where no SDW order or fluctuations are expected [71].
In addition, no SDW phase has been experimentally detected
in K12442 or electron-doped compounds [2]. Furthermore, an
SDW gap, as schematically illustrated in Fig. 5(b), depletes
the low-frequency σ1(ω) and transfers the spectral weight to
a higher-frequency range [61,70–72]. In K12442, as shown in
Fig. 5(a), the pseudogap suppresses the low-frequency σ1(ω),
but no spectral weight is transferred to the higher-frequency
range. These facts suggest that the pseudogap in K12442
is unlikely to be associated with an SDW order or SDW
fluctuations.

Since the pseudogap smoothly evolves into the SC gap
below Tc [Fig. 5(a)] and its evolution with T mimics the T
dependence of the SC gap as illustrated in Fig. 5(c), it is
most likely to be a precursor of the SC gap. Driven by this
possibility, we replace D2 in the Drude-Lorentz model with
an SC gap to describe σ1(ω) of K12442 between T ∗ � 75 K
and Tc = 33.5 K. As shown in Fig. 5(d), the superposition
(dashed line) of a Mattis-Bardeen term with � = 8.4 meV
and T/Tc = 0.95 (red hatched area), D1 (blue hatched area),
and L (green hatched area) describes σ1(ω) of K12442 at
35 K quite well. The same approach also reproduces σ1(ω) at
40 K (� = 8.2 meV, T/Tc = 0.96) and 50 K (� = 8.0 meV,
T/Tc = 0.97), as shown by the dashed lines in Fig. 5(a).
Figure 5(e) plots the T dependence of the SC gap (red solid
circles) and the pseudogap (blue open circles) extracted from
the Mattis-Bardeen fit. The SC gap barely changes with T ,
deviating from the BCS mean-field theory (dashed line) in
the vicinity of Tc, which is consistent with ARPES measure-
ments [10] and resembles the behavior of the large gap in
Ba1−xKxFe2As2 [52,73]. Above Tc, the SC gap evolves into
the pseudogap which has a similar value and disappears at
T ∗ � 75 K. The fact that the pseudogap feature in σ1(ω) can
be described by the Mattis-Bardeen profile not only lends
credence to the precursor scenario, but also implies the ex-
istence of superfluid weight below T ∗. From the viewpoint
of the sum rule [74,75], the presence of superfluid weight
which lies at zero frequency is compatible with the loss of
finite-frequency spectral weight induced by the opening of the
pseudogap as observed in Fig. 4(c). The superfluid plasma fre-
quency ωps (ω2

ps = Z0Ns/π
2 where Ns is the superfluid weight)

can be determined from the imaginary part of the optical
conductivity σ2(ω) or the missing area in σ1(ω) due to the
formation of SC condensate (see Supplemental Material [47]
and Refs. [74–79]). Figure 5(f) displays the T dependence
of ω2

ps determined from σ2(ω) (red diamonds) and from the
missing area in σ1(ω) (blue circles), which in general agrees
with the calculation (dashed line) assuming an s-wave gap
with � = 8.7 meV. Interestingly, a nonzero ω2

ps is obtained
between Tc and T ∗, indicating the emergence of precursor su-
perconductivity below T ∗. Such a precursor superconducting
state has been observed in cuprates far above Tc but below
the pseudogap temperature [78–80]. Furthermore, a recent
pump-probe study reported a pseudogap below T ∗ � 50 K
associated with a precursor of superconductivity [81].

Theoretical calculations [31] have shown that in the 2D
case, when EF is small (BCS-BEC crossover), the system
displays pseudogap behavior due to preformed pairs above
Tc. Given that K12442 is quasi-2D, and has shallow and
incipient bands (very small EF), the pseudogap probably orig-
inates from preformed Cooper pairs related to the BCS-BEC
crossover [29,31–36]. This scenario seems compatible with
the doping dependence of the optical response as well. The
substitution of Ni for Fe introduces electrons to the system
and shifts EF up, resulting in a decrease of �/EF, which
moves the system towards the BCS direction, accounting for
the absence of the pseudogap in Ni-K12442. Moreover, our
optical data have shown that doping electrons into K12442
reduces the pairing strength in some bands. This result can
also be understood in the framework that K12442 is in the
BCS-BEC crossover regime which is characterized by strong
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pairing, while Ni doping drives the system towards the BCS
direction, where weak-coupling Cooper pairs dominate. A
recent specific heat study places K12442 in the BCS-BEC
crossover regime based on the fact that the onset point of the
SC transition is almost unchanged under a magnetic field as
high as 9 T [57].

Nevertheless, we would like to remark that challenges to
the BCS-BEC crossover scenario also exist. For example,
in a multiband system, whether �/EF can be defined indi-
vidually for each band is unclear, and evidence of strong
SC fluctuations expected for the BCS-BEC crossover is
still elusive. While recent Nernst, Hall effect, and NMR
studies on CsCa2Fe4As4F2 have revealed anomalous be-
havior below ∼90 K which may be related to fluctuating
SC [82], signatures of strong SC fluctuations on such a
high-temperature scale are absent from specific heat and trans-
port measurements [4,5,7,57]. There are similar controversies
over FeSe, a well-known BCS-BEC crossover superconductor
candidate [36,41,83–85]. On the one hand, giant SC fluctu-
ations and a pseudogap have been detected well above Tc

in FeSe by multiple techniques including transport, suscep-
tibility, magnetic torque, NMR, Hall effect, Seebeck, and
Nernst effect [36,41]. On the other hand, BCS-like behav-
ior is found in other transport, magnetization, specific heat,
and Nernst measurements [83]; a recent magnetic torque
measurement on FeSe points to the absence of fluctuating
diamagnetism [84]; a scanning tunneling microscopy (STM)
study of FeSe fails to detect a pseudogap [85], at vari-
ance with the BCS-BEC crossover. Hence, whether K12442
is a BCS-BEC crossover superconductor calls for further
investigations.

Strong pairing and pseudogap behavior are observed in
K12442 which has shallow and incipient bands, whereas in
Ni-K12442, with the shallow and incipient bands being elim-
inated by electron doping, our optical study reveals BCS-like
weak-coupling Cooper pairs without a pseudogap. These re-
sults imply that the pseudogap and strong pairing in K12442
are closely related to the shallow and incipient bands. A pseu-
dogap seems to also exist in σ1(ω) of CsCa2Fe4As4F2 [53], as
evidenced by the discrepancy between the measured σ1(ω) at
35 K and the Drude-Lorentz fit near 200 cm−1, but it is much
weaker than that in KCa2Fe4As4F2. Although the calculated
band structures of ACa2Fe4As4F2 (A = K, Rb, or Cs) are sim-
ilar [86–88], in real materials it is natural that the difference
in the alkali-metal atom may lead to a slight difference in EF.
If the shallow and incipient bands play an important role in
the formation of the pseudogap, a relatively small difference
in EF may have a noticeable impact on the behavior of the
pseudogap in ACa2Fe4As4F2. A similar pseudogap feature
is visible in σ1(ω) of the optimally doped Ba1−xKxFe2As2

reported by Refs. [89,90], but absent in the data measured by
other groups [51,52,60,91]. Such a discrepancy may also arise
from the difference in EF.

In FeSCs, it has been generally accepted that super-
conductivity stems from spin-fluctuation mediated interband
pairing interactions, which give rise to an s± gap symme-
try [92,93]. The SC gaps in different bands follow �1/�2 =
−√

N2/N1 [94], where Ni is the total density of states con-

tributed by the ith band. This equation indicates that a shallow
or incipient band exhibits a large SC gap, but can only make
a small contribution to superfluidity. Furthermore, previous
work on FeSCs has revealed that shallow and incipient bands
usually host strong pairing [31,33,95–97]. Considering these
facts, we propose that in K12442, the interband pairing in-
teraction involving the shallow and incipient bands induces
strong pairing and a large gap near M with very small su-
perfluid weight, leading to a pseudogap that behaves as a
precursor of an SC gap. In Ni-K12442, as the shallow and
incipient bands near M are eliminated, the interband pairing
interaction between the hole pockets at 	 and the electron
pocket at M induces a moderate SC gap with finite superfluid
weight. In this case, no pseudogap is expected. Finally, we
would like to point out that while our results are consistent
with the precursor superconductivity scenario for the pseudo-
gap, we cannot completely exclude a magnetic mechanism,
such as SDW fluctuations.

III. CONCLUSIONS

To summarize, we investigated the optical properties of
K12442 (Tc = 33.5 K) and Ni-K12442 (Tc = 29 K) at numer-
ous temperatures. In both compounds, a nodeless SC gap is
clearly observed in σ1(ω) at 5 K. The SC gap � � 8.7 meV
(2�/kBTc � 6.03) in K12442, indicating strong pairing, but
in sharp contrast, � � 4.6 meV (2�/kBTc � 3.68) in Ni-
K12442, consistent with the BCS weak-coupling pairing state.
More interestingly, below T ∗ � 75 K, a pseudogap devel-
ops in σ1(ω) of K12442, and smoothly evolves into the SC
gap below Tc, while no pseudogap behavior is detected in
Ni-K12442. The pseudogap and strong-coupling SC gap in
K12442 may be intimately related to the shallow and incip-
ient bands. We argue that the pseudogap may be associated
with preformed Cooper pairs, but at the moment a magnetic
mechanism cannot yet be ruled out.

ACKNOWLEDGMENTS

We thank I. Eremin, I. I. Mazin, Q. H. Wang, H. Miao,
B. Xu, K. Y. Gao, J. B. Qi, and P. Zhang for helpful dis-
cussions, and Q. Li and C. P. He for assistance with the
EDS analysis. We acknowledge financial support from the
National Key Research and Development Program of China
(Grants No. 2016YFA0300400, No. 2015CB921202, and No.
2018YFA0704200), the National Natural Science Founda-
tion of China (Grants No. 11874206, No. 12174180, No.
12061131001, No. 11822411, and No. 11961160699), the
Jiangsu Shuangchuang program, and the Strategic Priority
Research Program (B) of the Chinese Academy of Sciences
(CAS) (Grant No. XDB25000000 and No. XDB07020300).
H.L. is grateful for the support from the Youth Innovation
Promotion Association of CAS (Grant No. Y202001) and the
Beijing Natural Science Foundation (Grant No. JQ19002).

014523-5



JIAHAO HAO et al. PHYSICAL REVIEW B 106, 014523 (2022)

[1] Z.-C. Wang, C.-Y. He, S.-Q. Wu, Z.-T. Tang, Y. Liu, A. Ablimit,
C.-M. Feng, and G.-H. Cao, J. Am. Chem. Soc. 138, 7856
(2016).

[2] J. Ishida, S. Iimura, and H. Hosono, Phys. Rev. B 96, 174522
(2017).

[3] Z. Wang, C. He, Z. Tang, S. Wu, and G. Cao, Sci. China Mater.
60, 83 (2017).

[4] Z.-C. Wang, Y. Liu, S.-Q. Wu, Y.-T. Shao, Z. Ren, and G.-H.
Cao, Phys. Rev. B 99, 144501 (2019).

[5] S. Pyon, Y. Kobayashi, A. Takahashi, W. Li, T. Wang, G. Mu, A.
Ichinose, T. Kambara, A. Yoshida, and T. Tamegai, Phys. Rev.
Materials 4, 104801 (2020).

[6] T. Wang, J. Chu, H. Jin, J. Feng, L. Wang, Y. Song, C. Zhang,
X. Xu, W. Li, Z. Li et al., J. Phys. Chem. C 123, 13925 (2019).

[7] T. Wang, C. Zhang, L. Xu, J. Wang, S. Jiang, Z. Zhu, Z. Wang,
J. Chu, J. Feng, L. Wang et al., Sci. China: Phys. Mech. Astron.
63, 227412 (2020).

[8] W. Hong, L. Song, B. Liu, Z. Li, Z. Zeng, Y. Li, D. Wu, Q. Sui,
T. Xie, S. Danilkin, H. Ghosh, A. Ghosh, J. Hu, L. Zhao, X.
Zhou, X. Qiu, S. Li, and H. Luo, Phys. Rev. Lett. 125, 117002
(2020).

[9] A. B. Yu, T. Wang, Y. F. Wu, Z. Huang, H. Xiao, G. Mu, and T.
Hu, Phys. Rev. B 100, 144505 (2019).

[10] D. Wu, W. Hong, C. Dong, X. Wu, Q. Sui, J. Huang, Q. Gao,
C. Li, C. Song, H. Luo, C. Yin, Y. Xu, X. Luo, Y. Cai, J. Jia, Q.
Wang, Y. Huang, G. Liu, S. Zhang, F. Zhang, F. Yang, Z. Wang,
Q. Peng, Z. Xu, X. Qiu, S. Li, H. Luo, J. Hu, L. Zhao, and X. J.
Zhou, Phys. Rev. B 101, 224508 (2020).

[11] M. Smidman, F. K. K. Kirschner, D. T. Adroja, A. D. Hillier, F.
Lang, Z. C. Wang, G. H. Cao, and S. J. Blundell, Phys. Rev. B
97, 060509(R) (2018).

[12] W. Duan, K. Chen, W. Hong, X. Chen, H. Yang, S. Li, H. Luo,
and H.-H. Wen, Phys. Rev. B 103, 214518 (2021).

[13] X. Chen, W. Duan, X. Fan, W. Hong, K. Chen, H. Yang, S.
Li, H. Luo, and H.-H. Wen, Phys. Rev. Lett. 126, 257002
(2021).

[14] X. Yi, M. Li, X. Xing, Y. Meng, C. Zhao, and Z. Shi, New J.
Phys. 22, 073007 (2020).

[15] J. Chu, T. Wang, H. Zhang, Y. Liu, J. Feng, Z. Li, D. Jiang, G.
Mu, Z. Di, and X. Xie, Chin. Phys. Lett. 37, 127401 (2020).

[16] S. I. Vedeneev, B. A. Piot, D. K. Maude, and A. V. Sadakov,
Phys. Rev. B 87, 134512 (2013).

[17] Y. J. Song, J. S. Ghim, B. H. Min, Y. S. Kwon, M. H. Jung, and
J.-S. Rhyee, Appl. Phys. Lett. 96, 212508 (2010).

[18] M. A. Tanatar, N. Ni, C. Martin, R. T. Gordon, H. Kim, V. G.
Kogan, G. D. Samolyuk, S. L. Bud’ko, P. C. Canfield, and R.
Prozorov, Phys. Rev. B 79, 094507 (2009).

[19] M. A. Tanatar, N. Ni, G. D. Samolyuk, S. L. Bud’ko,
P. C. Canfield, and R. Prozorov, Phys. Rev. B 79, 134528
(2009).

[20] M. Nakajima, M. Nagafuchi, and S. Tajima, Phys. Rev. B 97,
094511 (2018).

[21] S. Komiya, Y. Ando, X. F. Sun, and A. N. Lavrov, Phys. Rev. B
65, 214535 (2002).

[22] T. Watanabe, T. Fujii, and A. Matsuda, Phys. Rev. Lett. 79, 2113
(1997).

[23] D. L. Feng, N. P. Armitage, D. H. Lu, A. Damascelli, J. P. Hu, P.
Bogdanov, A. Lanzara, F. Ronning, K. M. Shen, H. Eisaki, C.
Kim, J.-I. Shimoyama, K. Kishio, and Z. X. Shen, Phys. Rev.
Lett. 86, 5550 (2001).

[24] Y.-D. Chuang, A. D. Gromko, A. Fedorov, Y. Aiura, K. Oka,
Y. Ando, H. Eisaki, S. I. Uchida, and D. S. Dessau, Phys. Rev.
Lett. 87, 117002 (2001).

[25] S. Maiti and A. V. Chubukov, Phys. Rev. B 87, 144511
(2013).

[26] J. Böker, P. A. Volkov, K. B. Efetov, and I. Eremin, Phys. Rev.
B 96, 014517 (2017).

[27] V. Grinenko, R. Sarkar, K. Kihou, C. H. Lee, I. Morozov, S.
Aswartham, B. Büchner, P. Chekhonin, W. Skrotzki, K. Nenkov
et al., Nat. Phys. 16, 789 (2020).

[28] V. Grinenko, D. Weston, F. Caglieris, C. Wuttke, C. Hess, T.
Gottschall, I. Maccari, D. Gorbunov, S. Zherlitsyn, J. Wosnitza
et al., Nat. Phys. 17, 1254 (2021).

[29] M. Randeria and E. Taylor, Annu. Rev. Condens. Matter Phys.
5, 209 (2014).

[30] Y. Nakagawa, Y. Kasahara, T. Nomoto, R. Arita, T. Nojima, and
Y. Iwasa, Science 372, 190 (2021).

[31] A. V. Chubukov, I. Eremin, and D. V. Efremov, Phys. Rev. B
93, 174516 (2016).

[32] T. Hashimoto, Y. Ota, A. Tsuzuki, T. Nagashima, A.
Fukushima, S. Kasahara, Y. Matsuda, K. Matsuura, Y.
Mizukami, T. Shibauchi et al., Sci. Adv. 6, eabb9052 (2020).

[33] Y. Lubashevsky, E. Lahoud, K. Chashka, D. Podolsky, and A.
Kanigel, Nat. Phys. 8, 309 (2012).

[34] K. Okazaki, Y. Ito, Y. Ota, Y. Kotani, T. Shimojima, T. Kiss, S.
Watanabe, C.-T. Chen, S. Niitaka, T. Hanaguri et al., Sci. Rep.
4, 4109 (2014).

[35] S. Rinott, K. B. Chashka, A. Ribak, E. D. L. Rienks, A. Taleb-
Ibrahimi, P. Le Fevre, F. Bertran, M. Randeria, and A. Kanigel,
Sci. Adv. 3, e1602372 (2017).

[36] S. Kasahara, T. Yamashita, A. Shi, R. Kobayashi, Y.
Shimoyama, T. Watashige, K. Ishida, T. Terashima, T. Wolf, F.
Hardy et al., Nat. Commun. 7, 12843 (2016).

[37] H. Tajima, Y. Yerin, A. Perali, and P. Pieri, Phys. Rev. B 99,
180503(R) (2019).

[38] H. Tajima, Y. Yerin, P. Pieri, and A. Perali, Phys. Rev. B 102,
220504(R) (2020).

[39] Y. M. Dai, B. Xu, B. Shen, H. H. Wen, J. P. Hu, X. G.
Qiu, and R. P. S. M. Lobo, Phys. Rev. B 86, 100501(R)
(2012).

[40] T. Mertelj, V. V. Kabanov, C. Gadermaier, N. D. Zhigadlo, S.
Katrych, J. Karpinski, and D. Mihailovic, Phys. Rev. Lett. 102,
117002 (2009).

[41] A. Shi, T. Arai, S. Kitagawa, T. Yamanaka, K. Ishida, A. E.
Böhmer, C. Meingast, T. Wolf, M. Hirata, and T. Sasaki, J. Phys.
Soc. Jpn. 87, 013704 (2018).

[42] T. Shimojima, T. Sonobe, W. Malaeb, K. Shinada, A. Chainani,
S. Shin, T. Yoshida, S. Ideta, A. Fujimori, H. Kumigashira, K.
Ono, Y. Nakashima, H. Anzai, M. Arita, A. Ino, H. Namatame,
M. Taniguchi, M. Nakajima, S. Uchida, Y. Tomioka, T. Ito, K.
Kihou, C. H. Lee, A. Iyo, H. Eisaki, K. Ohgushi, S. Kasahara, T.
Terashima, H. Ikeda, T. Shibauchi, Y. Matsuda, and K. Ishizaka,
Phys. Rev. B 89, 045101 (2014).

[43] H. Yang, J. Xing, Z. Du, X. Yang, H. Lin, D. Fang, X. Zhu, and
H.-H. Wen, Phys. Rev. B 93, 224516 (2016).

[44] A. Charnukha, D. Pröpper, N. D. Zhigadlo, M. Naito, M.
Schmidt, Z. Wang, J. Deisenhofer, A. Loidl, B. Keimer, A. V.
Boris, and D. N. Basov, Phys. Rev. Lett. 120, 087001 (2018).

[45] A. Charnukha, J. Phys.: Condens. Matter 26, 253203 (2014).
[46] A. A. Kordyuk, Low Temp. Phys. 41, 319 (2015).

014523-6

https://doi.org/10.1021/jacs.6b04538
https://doi.org/10.1103/PhysRevB.96.174522
https://doi.org/10.1007/s40843-016-5150-x
https://doi.org/10.1103/PhysRevB.99.144501
https://doi.org/10.1103/PhysRevMaterials.4.104801
https://doi.org/10.1021/acs.jpcc.9b04624
https://doi.org/10.1007/s11433-019-1441-4
https://doi.org/10.1103/PhysRevLett.125.117002
https://doi.org/10.1103/PhysRevB.100.144505
https://doi.org/10.1103/PhysRevB.101.224508
https://doi.org/10.1103/PhysRevB.97.060509
https://doi.org/10.1103/PhysRevB.103.214518
https://doi.org/10.1103/PhysRevLett.126.257002
https://doi.org/10.1088/1367-2630/ab9427
https://doi.org/10.1088/0256-307X/37/12/127401
https://doi.org/10.1103/PhysRevB.87.134512
https://doi.org/10.1063/1.3435472
https://doi.org/10.1103/PhysRevB.79.094507
https://doi.org/10.1103/PhysRevB.79.134528
https://doi.org/10.1103/PhysRevB.97.094511
https://doi.org/10.1103/PhysRevB.65.214535
https://doi.org/10.1103/PhysRevLett.79.2113
https://doi.org/10.1103/PhysRevLett.86.5550
https://doi.org/10.1103/PhysRevLett.87.117002
https://doi.org/10.1103/PhysRevB.87.144511
https://doi.org/10.1103/PhysRevB.96.014517
https://doi.org/10.1038/s41567-020-0886-9
https://doi.org/10.1038/s41567-021-01350-9
https://doi.org/10.1146/annurev-conmatphys-031113-133829
https://doi.org/10.1126/science.abb9860
https://doi.org/10.1103/PhysRevB.93.174516
https://doi.org/10.1126/sciadv.abb9052
https://doi.org/10.1038/nphys2216
https://doi.org/10.1038/srep04109
https://doi.org/10.1126/sciadv.1602372
https://doi.org/10.1038/ncomms12843
https://doi.org/10.1103/PhysRevB.99.180503
https://doi.org/10.1103/PhysRevB.102.220504
https://doi.org/10.1103/PhysRevB.86.100501
https://doi.org/10.1103/PhysRevLett.102.117002
https://doi.org/10.7566/JPSJ.87.013704
https://doi.org/10.1103/PhysRevB.89.045101
https://doi.org/10.1103/PhysRevB.93.224516
https://doi.org/10.1103/PhysRevLett.120.087001
https://doi.org/10.1088/0953-8984/26/25/253203
https://doi.org/10.1063/1.4919371


PSEUDOGAP AND STRONG PAIRING INDUCED BY … PHYSICAL REVIEW B 106, 014523 (2022)

[47] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/PhysRevB.106.014523 for details about sample char-
acterization, optical measurements and data analysis.

[48] C. C. Homes, M. Reedyk, D. A. Cradles, and T. Timusk, Appl.
Opt. 32, 2976 (1993).

[49] M. Dressel and G. Grüner, Electrodynamics of Solids (Cam-
bridge University Press, Cambridge, U.K., 2002).

[50] L. Degiorgi, E. J. Nicol, O. Klein, G. Grüner, P. Wachter, S.-M.
Huang, J. Wiley, and R. B. Kaner, Phys. Rev. B 49, 7012 (1994).

[51] G. Li, W. Z. Hu, J. Dong, Z. Li, P. Zheng, G. F. Chen, J. L. Luo,
and N. L. Wang, Phys. Rev. Lett. 101, 107004 (2008).

[52] Y. M. Dai, B. Xu, B. Shen, H. H. Wen, X. G. Qiu, and R. P. S. M.
Lobo, Europhys. Lett. 104, 47006 (2013).

[53] B. Xu, Z. C. Wang, E. Sheveleva, F. Lyzwa, P. Marsik,
G. H. Cao, and C. Bernhard, Phys. Rev. B 99, 125119
(2019).

[54] Y. M. Dai, H. Miao, L. Y. Xing, X. C. Wang, C. Q. Jin, H. Ding,
and C. C. Homes, Phys. Rev. B 93, 054508 (2016).

[55] Y. Y. Huang, Z. C. Wang, Y. J. Yu, J. M. Ni, Q. Li, E. J.
Cheng, G. H. Cao, and S. Y. Li, Phys. Rev. B 99, 020502(R)
(2019).

[56] F. K. K. Kirschner, D. T. Adroja, Z.-C. Wang, F. Lang, M.
Smidman, P. J. Baker, G.-H. Cao, and S. J. Blundell, Phys. Rev.
B 97, 060506(R) (2018).

[57] T. Wang, J. Chu, J. Feng, L. Wang, X. Xu, W. Li, H. Wen, X.
Liu, and G. Mu, Sci. China: Phys. Mech. Astron. 63, 297412
(2020).

[58] Y. Zhang, Z. R. Ye, Q. Q. Ge, F. Chen, J. Jiang, M. Xu, B. P.
Xie, and D. L. Feng, Nat. Phys. 8, 371 (2012).
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