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We study the momentum-integrated quasiparticle interference (QPI) in the FeSe-based superconductors.
This method was recently proposed theoretically and has been applied to determine the pairing symmetry in
these materials experimentally. Our findings suggest that, if the incipient bands and the superconducting
(SC) pairing on them are taken into consideration, then the experimentally measured bound states and
momentum-integrated QPI can be well fitted, even if the SC order parameter does not change sign on the
Fermi surfaces. Therefore, we offer an alternative explanation to the experimental data, calling for more
careful identification of the pairing symmetry that is important for the pairing mechanism.
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The superconducting (SC) mechanism and pairing sym-
metry in the FeSe-based superconductors, e.g., AxFe2−ySe2
(A ¼ Rb, Cs, K) [1–3], Li1−xFexOHFe1−ySe [4–8],
LixðNH2ÞyðNH3Þ1−yFe2Se2 [9], as well as monolayer
FeSe grown on SrTiO3 [10], remain hotly debated ever
since their discovery. The hole bands sink below the Fermi
level and become incipient in these materials while there
are only electronlike Fermi surfaces, contrary to the
electron- and holelike ones in the usual iron pnictides
[11–22]. However, the transition temperature in these
materials is the highest among all the iron pnictides, the
reason of which is still unclear.
To resolve the SC mechanism, various pairing sym-

metries have been proposed, including the nodeless d-wave
[23–27], sign-preserving s wave [27–29], hidden s� wave
[27,30–33], and in&out s� wave [34,35]. Among them, the
nodeless d- and in&out s�-wave symmetries show appar-
ent sign reversal of the SC order parameter (Δk) on the
Fermi surfaces, while the sign-preserving s- and hidden
s�-wave symmetries exhibit no such sign reversal.
However for the hidden s�-wave symmetry, there is a
hidden sign change of Δk between the incipient bands and
the electron bands which cross the Fermi level.
Numerous experiments have been performed to distin-

guish the pairing symmetries. The SC gap magnitude
measured by angle-resolved photoemission spectroscopy
(ARPES) [11,15–18,20–22], the density of states (DOS)

measured by scanning tunneling microscopy (STM)
[10,36–40], as well as the temperature dependence of
the London penetration depth [41], all suggest a nodeless
SC gap; thus the nodeless d-wave symmetry seems to be
ruled out since it would be nodal in the realistic Brillouin
zone (BZ) where the Fermi surface warps along z [34].
Inelastic neutron scattering (INS) has observed a spin
resonance, which is interpreted as a sign-reversing Δk
on the Fermi surfaces [42–49]. The in-gap bound states
induced by nonmagnetic impurities, which are usually
believed to indicate a sign-changing Δk on the Fermi
surfaces, have been observed in Ref. [40], but not in
Refs. [37] and [39]; therefore the former claimed that Δk
must change sign on the Fermi surfaces while the latter
reached the opposite conclusion.
Furthermore, by measuring the quasiparticle interference

(QPI) in the presence of magnetic vortices, Refs. [37]
and [39] claimed a sign-preserving s-wave symmetry.
However, recently, Refs. [50] and [51] pointed out that
the above conclusion may be model dependent and unre-
liable. Instead Hirschfeld, Altenfeld, Eremin, and Mazin
proposed a so-called HAEMmethod to process the QPI data
and this method has been applied to bulk FeSe [52] and
Li1−xFexOHFe1−ySe [40]. Based on this method, Ref. [40]
implied a sign-reversing Δk on the Fermi surfaces.
In this work, we show that, when the incipient bands are

present, nonmagnetic impurity-induced in-gap bound states
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can appear even if Δk does not change sign on the Fermi
surfaces. In addition, the quantity based on the HAEM
method shows similar behavior between the hidden s�- and
in&out s�-wave symmetries. Therefore, we offered an
alternative explanation to the pairing symmetry drawn from
the QPI measurement in Ref. [40].
We adopt a two-dimensional tight-binding model of the

iron lattice, where each unit cell accommodates two
inequivalent sublattices A and B [see Fig. 1(a)]. The
coordinate of the sublattice A in the unit cell ði; jÞ is rij ¼
ði; jÞ while that for the sublattice B is rij þ d, with d being

(0.5,0.5). Here we have taken
ffiffiffi

2
p

a as the length unit, where
a is the distance between the nearest-neighbor iron atoms.
The Hamiltonian can be written as H ¼ P

kψ
†
kAkψk,
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Here c†kA1↑=c
†
kA2↑ creates a spin-up electron with momen-

tum k on the dxz=dyz orbital of the sublattice A. ϵA;k¼
−2ðt3coskxþt4coskyÞ−μ, ϵB;k¼−2ðt3coskyþt4coskxÞ−μ,
ϵxy;k ¼ −2t5ðcos kx þ cos kyÞ, ϵT1;k ¼ −t1½1þ e−iðkxþkyÞ�−
t2ðe−ikx þ e−ikyÞ and ϵT2;k ¼ −t2½1þ e−iðkxþkyÞ�−
t1ðe−ikx þ e−ikyÞ. Throughout this work, the momentum
k is defined in the 2Fe/cell BZ and the energies are in units
of 0.1 eV. In the following we set t1−5 ¼ 1.6, 1.4, 0.4, −2,
0.04 and μ ¼ −1.8673 to fit the band structure measured by
ARPES. Under this set of parameters, the average electron
number is n ≈ 2.12 (the system is about 12% electron
doped). The band structure and Fermi surfaces in the
normal state are plotted in Figs. 1(b) and 1(c). The top
of the incipient bands at Γ and the bottom of the electron
bands at M are both located at about 80 meV below the
Fermi level, while the Fermi momentum is kF=π ≈ 0.25,
agreeing qualitatively with the ARPES measurements
[11,16]. The band structure and the pairing function in
the band basis can be obtained through a unitary trans-
formation Qk as

Q†
kMkQk ¼
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and Δk ¼ Q†
kDkQ�

−k ¼ Q†
kDkQk. Here E1k, E2k are the

energies of the two incipient bands and E3k, E4k are those
of the two electron bands (E1k ≤ E2k ≤ E3k ≤ E4k). The
diagonal components in Δk represent the pairing function
on each band while the off-diagonal ones signify the
interband pairing, which we ignore for simplicity.
For the SC pairing, we consider two cases. The first one

is the in&out s� pairing, where we set

Δk ¼

0
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with Δ1 ¼ 0.14 and Δ2 ¼ 0.08. It will lead to a sign-
changing gap between the inner and outer electron pockets,
as shown in Fig. 1(c). This pairing symmetry was suggested
when the hybridization between the electron bands is
strong enough [34,35]. Another one is the hidden s�
pairing, where we set
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FIG. 1. (a) The iron lattice. The blue and red dots represent the
A and B sublattices, respectively. The black cross denotes the
position of the impurity, while the gray dashed square indicates
the area we use to perform the Fourier transformation. (b) Calcu-
lated band structure along the high-symmetry directions in the
2Fe/cell BZ. The energy is defined with respect to the Fermi level
(the black dashed line). The green arrow denotes schematically an
off-shell scattering process that contributes to δρ−ðωÞ in the
hidden s�-pairing state. (c) The normal-state Fermi surfaces and
the sign of the SC order parameter on them, for the in&out s�
pairing. Here the black and red color indicates that the order
parameter is positive and negative, respectively. (d) Similar to (c),
but is for the hidden s� pairing.
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Contrary to the in&out s� pairing, the hidden s� pairing
will not lead to any sign change of the gap along the Fermi
surfaces, as shown in Fig. 1(d). However, the sign of the
order parameter on the incipient bands is opposite to that
on the electron bands. This pairing symmetry is predicted
by the spin-fluctuation theory in the strong coupling limit
[32,33]. In both cases, we have neglected the orbital
selective renormalization effects [52,53] by assuming a
k-independent Δk. A k-dependent Δk may affect the
momentum dependence of the QPI signal, but since we
are focusing on the momentum-integrated QPI signal in the
following, we believe this assumption is reasonable and
will not change the results qualitatively.
For a single nonmagnetic impurity located at the A

sublattice of the unit cell R ¼ ð0; 0Þ, the impurity
Hamiltonian can be expressed asHimp ¼

P

2
α;β¼1

P

σ¼↑;↓ ×

Vαβc
†
RAασcRAβσ. Since it is a multiorbital system, the

scattering may consist of both the intraorbital
(Vα¼β ¼ V1) and interorbital (Vα≠β ¼ V2) components.
Following the standard T matrix procedure [54], we can
obtain ρA=Bðrij;ωÞ, which is the local density of states
(LDOS) on the sublattice A=B of the unit cell ði; jÞ. After
that, we follow the same procedure in Ref. [40] and select
an area enclosed by the dashed square in Fig. 1(a). The
location of the impurity is at the center of the square and is
set to be the origin. Using this area (contains 2572 atoms in
our calculation), we perform the Fourier transformation
to get the FT-QPI as ρðq;ωÞ ¼ P

r ρðr;ωÞeiq·r. The anti-
symmetrized FT-QPI is calculated as δρ−ðωÞ ¼
P

q∈A Re½ρðq;ωÞ − ρðq;−ωÞ�, where the area A is defined
as 0.13π=a ≤ jqj ≤ 0.55π=a, which is exactly the same
area used in the experiment [40]. According to the HAEM
theory [40,50,51], δρ−ðωÞ should change sign when Δ2 ≤
ω ≤ Δ1 if the SC order parameter does not exhibit any sign
reversal on the Fermi surfaces. Otherwise it will maintain
the same sign whenΔ2 ≤ ω ≤ Δ1 if the SC order parameter
changes sign on the Fermi surfaces.
In the following, we show our calculated results and

compare them with the experiment. In Fig. 2(a), we plot the
LDOS at the impurity site for the two pairing symmetries.
As can be seen from the inset, in the clean system, the two
pairing symmetries exhibit identical DOS close to the
Fermi level, with two pairs of SC coherence peaks located
at �Δ1 and �Δ2. At the impurity site, with appropriate
scattering potential [ðV1; V2Þ ¼ ð6;−1Þ=ð10; 5Þ for the
in&out and hidden s� pairing], clear in-gap bound states
show up, which are located at ω ¼ �0.04 and �0.055
for the in&out s� and hidden s� pairings, respectively.
Furthermore, the intensity of the bound states at positive ω

is much larger than that at negative ω. The two-gap DOS in
the clean system, as well as the location and the asymmet-
rical height of the impurity bound states, are all qualitatively
consistent between our theoretical results and the exper-
imental measurements (see Fig. 1 in Ref. [40]). In Figs. 2(b)
and 2(c), we plot the difference of the FT-QPI δρ−ðq;ω ¼
0.085Þ ¼ Re½ρðq;ω ¼ 0.085Þ − ρðq;ω ¼ −0.085Þ�. The
results of the two pairing symmetries show no qualitative
difference and both agree with the experiment [see Fig. 3(a)
in Ref. [40]. Here we show the results in the first BZ].
Then we come to δρ−ðωÞ. In Fig. 2(d) we plot the data

extracted from Ref. [40]. As mentioned in Ref. [40], the
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FIG. 2. (a) The LDOS at the impurity site in the SC state. The
red dotted curve is for the in&out s� pairing (V1 ¼ 6,
V2 ¼ −1), while the black solid one is for the hidden s�
pairing (V1 ¼ 10, V2 ¼ 5). The inset shows the DOS in the
clean system. (b) The difference of the FT-QPI δρ−ðq;ω ¼
0.085Þ ¼ Re½ρðq;ω ¼ 0.085Þ − ρðq;ω ¼ −0.085Þ�, for the
in&out s� pairing. (c) Similar to (b), but is for the hidden
s� pairing. (d) δρ−ðωÞ extracted from Figs. 3(b) and 3(c) of
Ref. [40]. The black solid and red dotted curves are the original
and filtered δρ−ðωÞ, respectively. (e) and (f) Both similar to (d),
but are our calculated results for the in&out s� and the hidden
s� pairings, respectively. The gray dotted lines in (a),(d),(e),
and (f) indicate the position of the SC coherence peaks at
ω ¼ Δ1 and Δ2.
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sharp peak at 4 meV is due to the impurity bound state
and is unrelated to the phase-dependent analysis of QPI.
Therefore they used a filtering scheme from 3 to 5.5 meV
and the filtered δρ−ðωÞ is shown as the red curve. In
Ref. [40], they considered only the two electron bands and
neglected the incipient bands. They claimed that, if the SC
order parameter changes sign between the electron pockets
(i.e., the s� pairing state defined in their paper), then
δρ−ðωÞ will not change sign between Δ1 and Δ2, while it
will change sign if the pairing state is sþþ (the SC order
parameter does not change sign between the electron
pockets). Since the experimental data show no sign change
of δρ−ðωÞ between Δ1 and Δ2, therefore they concluded
that there should exist a sign reversal of the SC order
parameter on the electron pockets. The results of δρ−ðωÞ
from our calculation are plotted in Figs. 2(e) and 2(f). The
black solid curve in Fig. 2(e) shows δρ−ðωÞ for the in&out
s� pairing and we can see that there is a sharp peak at
ω ¼ 0.04, which is due to the impurity bound state. To
eliminate the effect of the bound state, we use a parabolic
function δρ−ðωÞ ¼ Aω2 þ Bω to substitute the original one
from ω ¼ 0.03 to 0.06, as has been done in the experiment,
and show the filtered δρ−ðωÞ as the red dotted curve.
Similarly, for the hidden s� pairing, since the impurity
bound state is located at jωj ¼ 0.055, therefore we employ
the same filtering scheme from ω ¼ 0.045 to 0.075, and the
results are shown in Fig. 2(f). We then rescale the filtered
δρ−ðωÞ from our calculation and plot it with the exper-
imental data in Fig. 3(a). Our theoretical results for the two
pairings are both qualitatively consistent with the exper-
imental data, that is, δρ−ðωÞ exhibits no sign change
between Δ1 and Δ2. In the hidden s� pairing, the off-shell
scattering process denoted by the green arrow in Fig. 1(b),
which connects states with sign-reversed order parameter,
contributes significantly to δρ−ðωÞ and makes δρ−ðωÞ in
this case similar to that in the in&out s�-pairing case.

Therefore, the experimental data do not exclusively imply a
sign-changing order parameter on the electron Fermi
surfaces. A detailed derivation of the HAEM theory in
the presence of incipient bands can be found in Ref. [55].
References [32] and [33] suggest that the location of the

incipient bands may affect the SC pairing. In order to
further elucidate the effects of the incipient bands on the
QPI analysis, we then ignore them and repeat the above
calculations. In our band structure, the top of the incipient
bands is located at about −0.77, then we consider only
those bands satisfying jξlkj ≤ 0.7, where ξlk is the lth
eigenvalue of Ak in Eq. (1). In this way, the contribution
from the incipient bands can be completely removed. We
have verified that the DOS in the clean system calculated
this way is not affected and is identical to those shown in
the inset of Fig. 2(a). Then we show δρ−ðωÞ in Fig. 3(b).
Now the results are consistent with the HAEM theory. For
the in&out s� pairing, δρ−ðωÞ still shows no sign change
between ω ¼ Δ1 and Δ2, since there still is a sign reversal
of the SC order parameter on the Fermi surfaces. On the
contrary, for the hidden s� pairing, since there is no longer
the scattering process that can connect the sign-reversed
order parameter as denoted by the green arrow in Fig. 1(b),
δρ−ðωÞ exhibits a sign change between ω ¼ Δ1 and Δ2.
A detailed evolution of δρ−ðωÞ with respect to the location
of the incipient bands can be found in Ref. [55].
In summary, we have investigated the momentum-

integrated QPI in the FeSe-based superconductors, by
taking the incipient bands into consideration. We found
that if there is SC pairing on the incipient bands, then
special caution has to be taken when interpreting the
pairing symmetry from the experimental data. For example,
naively people may expect that the in-gap bound states
induced by nonmagnetic impurities should suggest a sign-
reversing order parameter on the Fermi surfaces, while
our theoretical calculation indicates that this is not the
case [57,58]. In addition, the HAEM theory proposed in
Refs. [50] and [51], which has been used to process the
experimental data in Ref. [40], may be unable to determine
the pairing symmetry in these materials. In this work, the
strength of the scattering potential (V1, V2) is chosen so as
to fit the location and asymmetrical height of the bound
states observed in experiment. We have also verified that,
for other scattering potentials, e.g., if we set the interorbital
scattering potential V2 to be zero, the main conclusions still
hold [55]. The comparison between our results and the
experimental data implies that the QPI measurement cannot
distinguish the hybridization-induced in&out s� pairing
from the strong-coupling-spin-fluctuation-induced hidden
s� pairing. Finally, we would like to comment on the spin
resonance observed in INS. For example, in Refs. [42]
and [43], the energy of the spin resonance is at 21 meV.
However in Li1−xFexOHFe1−ySe, 2Δ2 ≈ 17 meV, as deter-
mined by the STM data in Ref. [40]. Therefore the spin
resonance energy is actually above 2Δ2 and this can happen
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pairings, respectively.
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even if the SC order parameter preserves its sign on
the Fermi surfaces [59–61]. Therefore, the sign of the
SC order parameter in the FeSe-based superconductors is
far from settled.
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