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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., A, Fe,_,Se,
(A=Rb, Cs, K) [I-3], Li_Fe,OHFe,_,Se [4-8],
Li,(NH,),(NH;),_,Fe,Se, [9], as well as monolayer
FeSe grown on SrTiO; [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 (Ay) on the
Fermi surfaces, while the sign-preserving s- and hidden
sy-wave symmetries exhibit no such sign reversal.
However for the hidden s,-wave symmetry, there is a
hidden sign change of Ay 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)
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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 Ay
on the Fermi surfaces [42—49]. The in-gap bound states
induced by nonmagnetic impurities, which are usually
believed to indicate a sign-changing Ay on the Fermi
surfaces, have been observed in Ref. [40], but not in
Refs. [37] and [39]; therefore the former claimed that Ay
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 HAEM method to process the QPI data
and this method has been applied to bulk FeSe [52] and
Li;_,Fe,OHFe,_,Se [40]. Based on this method, Ref. [40]
implied a sign-reversing Ay on the Fermi surfaces.

In this work, we show that, when the incipient bands are
present, nonmagnetic impurity-induced in-gap bound states

© 2018 American Physical Society


https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.121.267005&domain=pdf&date_stamp=2018-12-28
https://doi.org/10.1103/PhysRevLett.121.267005
https://doi.org/10.1103/PhysRevLett.121.267005
https://doi.org/10.1103/PhysRevLett.121.267005
https://doi.org/10.1103/PhysRevLett.121.267005

PHYSICAL REVIEW LETTERS 121, 267005 (2018)

can appear even if Ay 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 (i, j) is r;; =
(i, ) while that for the sublattice B is r;; + d, with d being

(0.5,0.5). Here we have taken v/2a as the length unit, where
a is the distance between the nearest-neighbor iron atoms.

The Hamiltonian can be written as H = ZleT(Aka’
o T t T
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Here clt A1 / c]T( 24 Creates a spin-up electron with momen-
tum k on the d,,/d,, orbital of the sublattice A. €4 x=
—2(t3cosk, +1t4c08ky,)—p, € =—2(t3c08k, +14c08k, ) —p,
€k = —215(cosk, + cosk,), er = —t;[1 + e~ btk
tz(e_"k*‘ + e‘ik\’) and €T2,k = —t2[1 + e_"(kﬁk\’)} -
t,(e7* + ¢~ik). 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 t;_s = 1.6, 1.4, 0.4, -2,
0.04 and 4 = —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 I" 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 ky/z = 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 Q) as
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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 §p~(w) 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.

and Ay = QLDk Oy = QIT(Dk Ox. Here Eyy, E, are the
energies of the two incipient bands and Ej3y, Ey are those
of the two electron bands (Ejx < Ejx < Es < Eyi). The
diagonal components in Ay 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

A, O 0 O

0 A, O 0
Ak - g ’ (3)
0 0 A, O

0 0 0 -A

with A; =0.14 and A, = 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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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 Ay. A k-dependent A, 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 = (0,0), the impurity
Hamiltonian can be expressed as Hip,, = > 2 b1 Dot X

Va/,ycL AacCRAfo- Since it is a multiorbital system, the
scattering may consist of both the intraorbital
(Va—p = V1) and interorbital (V.5 = V,) components.
Following the standard 7" matrix procedure [54], we can
obtain p,,p(r;;, ), which is the local density of states
(LDOS) on the sublattice A/B of the unit cell (i, j). 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 p(q, w) = >, p(r,w)e™d". The anti-
symmetrized FT-QPI is calculated as &p (w) =
> qea Re[p(q, @) — p(q, —w)], where the area A is defined
as 0.13z/a < |q| <0.557/a, which is exactly the same
area used in the experiment [40]. According to the HAEM
theory [40,50,51], 6p~ (w) should change sign when A, <
o < A if the SC order parameter does not exhibit any sign
reversal on the Fermi surfaces. Otherwise it will maintain
the same sign when A, < w < A; 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 £A; and £A,. At the impurity site, with appropriate
scattering potential [(V,V,) = (6,—1)/(10,5) for the
in&out and hidden s pairing], clear in-gap bound states
show up, which are located at @ = £0.04 and +0.055
for the in&out s, and hidden s, pairings, respectively.
Furthermore, the intensity of the bound states at positive @
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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 (V; =6,
V, = —1), while the black solid one is for the hidden s.
pairing (V; = 10, V, =5). The inset shows the DOS in the
clean system. (b) The difference of the FT-QPI 8p~(q,® =
0.085) = Re[p(q, w = 0.085) — p(q, w = —0.085)], for the
in&out s, pairing. (c¢) Similar to (b), but is for the hidden
s4 pairing. (d) 8p~(w) extracted from Figs. 3(b) and 3(c) of
Ref. [40]. The black solid and red dotted curves are the original
and filtered 8p~ (), 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
w = Al and AQ.

is much larger than that at negative . 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 5p~(q, w =
0.085) = Re[p(q, @ = 0.085) — p(q, w = —0.085)]. 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 §p~ (). In Fig. 2(d) we plot the data
extracted from Ref. [40]. As mentioned in Ref. [40], the
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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 QPL.
Therefore they used a filtering scheme from 3 to 5.5 meV
and the filtered Sp~(w) 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
dp~ (w) will not change sign between A; and A,, while it
will change sign if the pairing state is s™" (the SC order
parameter does not change sign between the electron
pockets). Since the experimental data show no sign change
of 8p~(w) between A; and A,, therefore they concluded
that there should exist a sign reversal of the SC order
parameter on the electron pockets. The results of §p~(w)
from our calculation are plotted in Figs. 2(e) and 2(f). The
black solid curve in Fig. 2(e) shows 6p~ (w) for the in&out
s, pairing and we can see that there is a sharp peak at
@ = 0.04, which is due to the impurity bound state. To
eliminate the effect of the bound state, we use a parabolic
function §p~ (w) = Aw® + Bw to substitute the original one
from @ = 0.03 to 0.06, as has been done in the experiment,
and show the filtered 6p~(w) as the red dotted curve.
Similarly, for the hidden s, pairing, since the impurity
bound state is located at |w| = 0.055, therefore we employ
the same filtering scheme from w = 0.045 to 0.075, and the
results are shown in Fig. 2(f). We then rescale the filtered
8p~(w) 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, 8p~(w) exhibits no sign change
between A and A,. 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 6p~(w) and makes 5p~ () in
this case similar to that in the in&out s.-pairing case.
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FIG. 3. (a) The filtered 6p~ (w). The black and red curves are
our theoretical results for the in&out s and hidden s, pairings,
respectively, while the green and blue ones are the experimental
data extracted from Figs. 3(c) and S7(d) of Ref. [40]. (b) Theo-
retically calculated 5p~ (@) by ignoring the incipient bands. The
black and red curves are for the in&out s, and hidden s
pairings, respectively.

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 || < 0.7, where & is the [Ith
eigenvalue of Ay 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 8p~(w) in Fig. 3(b).
Now the results are consistent with the HAEM theory. For
the in&out s pairing, 5p~ (w) still shows no sign change
between w = A; and A,, 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),
dp~ (w) exhibits a sign change between @ = A; and A,.
A detailed evolution of 8p~ (@) 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 (V, V,) 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 V, 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
sy 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 Li;_,Fe,OHFe,_,Se, 2A, = 17 meV, as deter-
mined by the STM data in Ref. [40]. Therefore the spin
resonance energy is actually above 2A, and this can happen
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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.

This work is supported by the Natural Science
Foundation from Jiangsu Province of China (Grant
No. BK20160094, Y.G.), the Start-up Foundation from
South China Normal University (T.Z.) and NSFC (Grant
No. 11574134, Q. H. W.).

[1] J. Guo, S. Jin, G. Wang, S. Wang, K. Zhu, T. Zhou, M. He,
and X. Chen, Phys. Rev. B 82, 180520 (2010).

[2] A.F. Wang, J.J. Ying, Y.J. Yan, R. H. Liu, X. G. Luo, Z. Y.
Li, X. F. Wang, M. Zhang, G.J. Ye, P. Cheng, Z.J. Xiang,
and X. H. Chen, Phys. Rev. B 83, 060512 (2011).

[3] A. Krzton-Maziopa, Z. Shermadini, E. Pomjakushina, V.
Pomjakushin, M. Bendele, A. Amato, R. Khasanov, H.
Luetkens, and K. Conder, J. Phys. Condens. Matter 23,
052203 (2011).

[4] X.F. Lu, N.Z. Wang, G. H. Zhang, X. G. Luo, Z. M. Ma,
B. Lei, F. Q. Huang, and X.H. Chen, Phys. Rev. B 89,
020507(R) (2014).

[5] X.F. Lu, N.Z. Wang, H-Wu, Y. P. Wu, D. Zhao, X.Z. Zeng,
X. G. Luo, T. Wu, W. Bao, G. H. Zhang, F. Q. Huang, Q. Z.
Huang, and X. H. Chen, Nat. Mater. 14, 325 (2015).

[6] U. Pachmayr, F. Nitsche, H. Luetkens, S. Kamusella, F.
Briickner, R. Sarkar, H.-H. Klauss, and D. Johrendt, Angew.
Chem. 54, 293 (2015).

[7]1 X. Dong, H. Zhou, H. Yang, J. Yuan, K. Jin, F. Zhou, D.
Yuan, L. Wei, J. Li, X. Wang, G. Zhang, and Z. Zhao, J. Am.
Chem. Soc. 137, 66 (2015).

[8] H.L. Sun, D.N. Woodruff, S.J. Cassidy, G. M. Allcroft,
S.J. Sedlmaier, A.L. Thompson, P.A. Bingham, S.D.
Forder, S. Cartenet, N. Mary, S. Ramos, F.R. Foronda,
B. H. Williams, X. D. Li, S.J. Blundell, and S.J. Clarke,
Inorg. Chem. 54, 1958 (2015).

[9] M. Burrard-Lucas, D. G. Free, S.J. Sedlmaier, J. D. Wright,
S.J. Cassidy, Y. Hara, A.J. Corkett, T. Lancaster, P.J.
Baker, S.J. Blundell, and S.J. Clarke, Nat. Mater. 12, 15
(2013).

[10] Q.Y. Wang, Z. Li, W. H. Zhang, Z. C. Zhang, J. S. Zhang,
W. Li, H. Ding, Y. B. Ou, P. Deng, K. Chang, J. Wen, C. L.
Song, K. He, J.F. Jia, S. H. Ji, Y. Y. Wang, L. L. Wang, X.
Chen, X.C. Ma, and Q.K. Xue, Chin. Phys. Lett. 29,
037402 (2012).

[11] D. Liu et al., Nat. Commun. 3, 931 (2012).

[12] S. He et al., Nat. Mater. 12, 605 (2013).

[13] S.Y. Tan, Y. Zhang, M. Xia, Z.R. Ye, F. Chen, X. Xie, R.
Peng, D. F. Xu, Q. Fan, H. C. Xu, J. Jiang, T. Zhang, X. C.
Lai, T. Xiang, J. P. Hu, B. P. Xie, and D. L. Feng, Nat. Mater.
12, 634 (2013).

[14] R. Peng, H. C. Xu, S.Y. Tan, H. Y. Cao, M. Xia, X. P. Shen,
Z.C. Huang, C.H.P. Wen, Q. Song, T. Zhang, B.P. Xie,
X. G. Gong, and D. L. Feng, Nat. Commun. 5, 5044 (2014).

[15] 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 (London)
515, 245 (2014).

[16] L. Zhao et al., Nat. Commun. 7, 10608 (2016).

[17] Y. Zhang, J.J. Lee, R.G. Moore, W. Li, M. Yi, M.
Hashimoto, D.H. Lu, T.P. Devereaux, D.-H. Lee, and
Z.-X. Shen, Phys. Rev. Lett. 117, 117001 (2016).

[18] X.H. Niu, R. Peng, H. C. Xu, Y.J. Yan, J. Jiang, D. F. Xu,
T.L. Yu, Q. Song, Z. C. Huang, Y. X. Wang, B. P. Xie, X. F.
Lu, N.Z. Wang, X. H. Chen, Z. Sun, and D. L. Feng, Phys.
Rev. B 92, 060504 (2015).

[19] T. Qian, X.-P. Wang, W.-C. Jin, P. Zhang, P. Richard, G. Xu,
X. Dai, Z. Fang, J.-G. Guo, X.-L. Chen, and H. Ding, Phys.
Rev. Lett. 106, 187001 (2011).

[20] L. Zhao et al. Phys. Rev. B 83, 140508 (2011).

[21] Y. Zhang, L. X. Yang, M. Xu, Z.R. Ye, F. Chen, C. He,
H. C. Xu, J. Jiang, B. P. Xie, J.J. Ying, X. F. Wang, X. H.
Chen, J. P. Hu, M. Matsunami, S. Kimura, and D. L. Feng,
Nat. Mater. 10, 273 (2011).

[22] M. Xu, Q. Q. Ge, R. Peng, Z.R. Ye, Juan Jiang, F. Chen,
X.P. Shen, B.P. Xie, Y. Zhang, A.F. Wang, X. F. Wang,
X.H. Chen, and D.L. Feng, Phys. Rev. B 85, 220504
(2012).

[23] K. Kuroki, S. Onari, R. Arita, H. Usui, Y. Tanaka, H.
Kontani, and H. Aoki, Phys. Rev. Lett. 101, 087004
(2008).

[24] T. A. Maier, S. Graser, P.J. Hirschfeld, and D. J. Scalapino,
Phys. Rev. B 83, 100515 (2011).

[25] F. Wang, F. Yang, M. Gao, Z.-Y. Lu, T. Xiang, and D.-H.
Lee, Europhys. Lett. 93, 57003 (2011).

[26] T. Das and A. V. Balatsky, Phys. Rev. B 84, 014521 (2011).

[27] T. Saito, S. Onari, and H. Kontani, Phys. Rev. B 83, 140512
(2011).

[28] Y. Zhou, D.-H. Xu, F.-C. Zhang, and W.-Q. Chen, Euro-
phys. Lett. 95, 17003 (2011).

[29] J. Kang and R. M. Fernandes, Phys. Rev. Lett. 117, 217003
(2016).

[30] C. Fang, Y.-L. Wu, R. Thomale, B. A. Bernevig, and J. P.
Hu, Phys. Rev. X 1, 011009 (2011).

[31] Y.-Y. Xiang, Y. Yang, W.-S. Wang, Z.-Z. Li, and Q.-H.
Wang, Phys. Rev. B 88, 104516 (2013).

[32] A. Linscheid, S. Maiti, Y. Wang, S. Johnston, and P.J.
Hirschfeld, Phys. Rev. Lett. 117, 077003 (2016).

[33] V. Mishra, D.J. Scalapino, and T. A. Maier, Sci. Rep. 6,
32078 (2016).

[34] I. 1. Mazin, Phys. Rev. B 84, 024529 (2011).

[35] M. Khodas and A.V. Chubukov, Phys. Rev. Lett. 108,
247003 (2012).

[36] Z. Li, J.P. Peng, H. M. Zhang, W. H. Zhang, H. Ding, P.
Deng, K. Chang, C. L. Song, S. H. Ji, L. L. Wang, K. He, X.
Chen, Q. K. Xue, and X. C. Ma, J. Phys. Condens. Matter
26, 265002 (2014).

[37] Q. Fan, W. H. Zhang, X. Liu, Y.J. Yan, M. Q. Ren, R. Peng,
H.C. Xu, B. P. Xie, J. P. Hu, T. Zhang, and D. L. Feng, Nat.
Phys. 11, 946 (2015).

[38] L.L. Wang, X.C. Ma, and Q.K. Xue, Supercond. Sci.
Technol. 29, 123001 (2016).

[39] Y.J. Yan, W. H. Zhang, M. Q. Ren, X. Liu, X. F. Lu, N.Z.
Wang, X. H. Niu, Q. Fan, J. Miao, R. Tao, B. P. Xie, X. H.
Chen, T. Zhang, and D. L. Feng, Phys. Rev. B 94, 134502
(2016).

267005-5


https://doi.org/10.1103/PhysRevB.82.180520
https://doi.org/10.1103/PhysRevB.83.060512
https://doi.org/10.1088/0953-8984/23/5/052203
https://doi.org/10.1088/0953-8984/23/5/052203
https://doi.org/10.1103/PhysRevB.89.020507
https://doi.org/10.1103/PhysRevB.89.020507
https://doi.org/10.1038/nmat4155
https://doi.org/10.1002/anie.201407756
https://doi.org/10.1002/anie.201407756
https://doi.org/10.1021/ja511292f
https://doi.org/10.1021/ja511292f
https://doi.org/10.1021/ic5028702
https://doi.org/10.1038/nmat3464
https://doi.org/10.1038/nmat3464
https://doi.org/10.1088/0256-307X/29/3/037402
https://doi.org/10.1088/0256-307X/29/3/037402
https://doi.org/10.1038/ncomms1946
https://doi.org/10.1038/nmat3648
https://doi.org/10.1038/nmat3654
https://doi.org/10.1038/nmat3654
https://doi.org/10.1038/ncomms6044
https://doi.org/10.1038/nature13894
https://doi.org/10.1038/nature13894
https://doi.org/10.1038/ncomms10608
https://doi.org/10.1103/PhysRevLett.117.117001
https://doi.org/10.1103/PhysRevB.92.060504
https://doi.org/10.1103/PhysRevB.92.060504
https://doi.org/10.1103/PhysRevLett.106.187001
https://doi.org/10.1103/PhysRevLett.106.187001
https://doi.org/10.1103/PhysRevB.83.140508
https://doi.org/10.1038/nmat2981
https://doi.org/10.1103/PhysRevB.85.220504
https://doi.org/10.1103/PhysRevB.85.220504
https://doi.org/10.1103/PhysRevLett.101.087004
https://doi.org/10.1103/PhysRevLett.101.087004
https://doi.org/10.1103/PhysRevB.83.100515
https://doi.org/10.1209/0295-5075/93/57003
https://doi.org/10.1103/PhysRevB.84.014521
https://doi.org/10.1103/PhysRevB.83.140512
https://doi.org/10.1103/PhysRevB.83.140512
https://doi.org/10.1209/0295-5075/95/17003
https://doi.org/10.1209/0295-5075/95/17003
https://doi.org/10.1103/PhysRevLett.117.217003
https://doi.org/10.1103/PhysRevLett.117.217003
https://doi.org/10.1103/PhysRevX.1.011009
https://doi.org/10.1103/PhysRevB.88.104516
https://doi.org/10.1103/PhysRevLett.117.077003
https://doi.org/10.1038/srep32078
https://doi.org/10.1038/srep32078
https://doi.org/10.1103/PhysRevB.84.024529
https://doi.org/10.1103/PhysRevLett.108.247003
https://doi.org/10.1103/PhysRevLett.108.247003
https://doi.org/10.1088/0953-8984/26/26/265002
https://doi.org/10.1088/0953-8984/26/26/265002
https://doi.org/10.1038/nphys3450
https://doi.org/10.1038/nphys3450
https://doi.org/10.1088/0953-2048/29/12/123001
https://doi.org/10.1088/0953-2048/29/12/123001
https://doi.org/10.1103/PhysRevB.94.134502
https://doi.org/10.1103/PhysRevB.94.134502

PHYSICAL REVIEW LETTERS 121, 267005 (2018)

[40] Z.Y. Du, X. Yang, D. Altenfeld, Q. Q. Gu, H. Yang, L.
Eremin, P.J. Hirschfeld, I. I. Mazin, H. Lin, X. Y. Zhu, and
H.-H. Wen, Nat. Phys. 14, 134 (2017).

[41] M. Smidman, G. M. Pang, H. X. Zhou, N. Z. Wang, W. Xie,
Z.F. Weng, Y. Chen, X. L. Dong, X. H. Chen, Z. X. Zhao,
and H. Q. Yuan, Phys. Rev. B 96, 014504 (2017).

[42] N.R. Davies, M. C. Rahn, H.C. Walker, R. A. Ewings,
D.N. Woodruff, S.J. Clarke, and A.T. Boothroyd, Phys.
Rev. B 94, 144503 (2016).

[43] B.Pan, Y. Shen, D. Hu, Y. Feng, J. T. Park, A. D. Christianson,
Q. Wang, Y. Hao, H. Wo, and J. Zhao, Nat. Commun. 8, 123
(2017).

[44] A.E. Taylor, S. J. Sedlmaier, S. J. Cassidy, E. A. Goremych-
kin, R. A. Ewings, T.G. Perring, S.J. Clarke, and A.T.
Boothroyd, Phys. Rev. B 87, 220508 (2013).

[45] J.T. Park, G. Friemel, Y. Li, J.-H. Kim, V. Tsurkan, J.
Deisenhofer, H.-A. Krug von Nidda, A. Loidl, A. Ivanov,
B. Keimer, and D. S. Inosov, Phys. Rev. Lett. 107, 177005
(2011).

[46] G. Friemel, J. T. Park, T. A. Maier, V. Tsurkan, Y. Li, J.
Deisenhofer, H.-A. Krug von Nidda, A. Loidl, A. Ivanov, B.
Keimer, and D. S. Inosov, Phys. Rev. B 85, 140511 (2012).

[47] A.E. Taylor, R. A. Ewings, T.G. Perring, J.S. White, P.
Babkevich, A. Krzton-Maziopa, E. Pomjakushina, K.
Conder, and A.T. Boothroyd, Phys. Rev. B 86, 094528
(2012).

[48] G. Friemel, W. P. Liu, E. A. Goremychkin, Y. Liu, J. T. Park,
O. Sobolev, C.T. Lin, B. Keimer, and D. S. Inosov, Euro-
phys. Lett. 99, 67004 (2012).

[49] Q.S. Wang, J. T. Park, Y. Feng, Y. Shen, Y. Q. Hao, B. Y.
Pan, J. W. Lynn, A. Ivanov, S. X. Chi, M. Matsuda, H. B.

Cao, R. J. Birgeneau, D. V. Efremov, and J. Zhao, Phys. Rev.
Lett. 116, 197004 (2016).

[50] P.J. Hirschfeld, D. Altenfeld, I. Eremin, and I.1. Mazin,
Phys. Rev. B 92, 184513 (2015).

[51] J.H.J. Martiny, A. Kreisel, P.J. Hirschfeld, and B. M.
Andersen, Phys. Rev. B 95, 184507 (2017).

[52] P.O. Sprau, A. Kostin, A. Kreisel, A.E. Bohmer, V.
Taufour, P.C. Canfield, S. Mukherjee, P.J. Hirschfeld,
B. M. Andersen, and J.C. Séamus Davis, Science 357,
75 (2017).

[53] A. Kreisel, B. M. Andersen, P. O. Sprau, A. Kostin, J. C.
Séamus, and P.J. Hirschfeld, Phys. Rev. B 95, 174504
(2017).

[54] A. V. Balatsky, 1. Vekhter, and J. X. Zhu, Rev. Mod. Phys.
78, 373 (2006).

[55] See  Supplemental ~Material at  http://link.aps.org/
supplemental/10.1103/PhysRevLett.121.267005 for more
details, which includes Ref. [56].

[56] Z.F. Wang, H. Zhang, D. Liu, C. Liu, C. Tang, C. Song, Y.
Zhong, J. Peng, F. Li, C. Nie, L. Wang, X.J. Zhou, X. Ma,
Q. K. Xue, and F. Liu, Nat. Mater. 15, 968 (2016).

[57] Y. Gao, Y. Yu, T. Zhou, H. X. Huang, and Q. H. Wang, Phys.
Rev. B 94, 144512 (2016).

[58] Y. Gao, Y. Yu, T. Zhou, H. X. Huang, and Q. H. Wang, Phys.
Rev. B 96, 220507(R) (2017).

[59] S. Onari, H. Kontani, and M. Sato, Phys. Rev. B 81, 060504
(R) (2010).

[60] S. Onari and H. Kontani, Phys. Rev. B 84, 144518
(2011).

[61] L. Takeuchi, Y. Yamakawa, and H. Kontani, Phys. Rev. B
98, 165143 (2018).

267005-6


https://doi.org/10.1038/nphys4299
https://doi.org/10.1103/PhysRevB.96.014504
https://doi.org/10.1103/PhysRevB.94.144503
https://doi.org/10.1103/PhysRevB.94.144503
https://doi.org/10.1038/s41467-017-00162-x
https://doi.org/10.1038/s41467-017-00162-x
https://doi.org/10.1103/PhysRevB.87.220508
https://doi.org/10.1103/PhysRevLett.107.177005
https://doi.org/10.1103/PhysRevLett.107.177005
https://doi.org/10.1103/PhysRevB.85.140511
https://doi.org/10.1103/PhysRevB.86.094528
https://doi.org/10.1103/PhysRevB.86.094528
https://doi.org/10.1209/0295-5075/99/67004
https://doi.org/10.1209/0295-5075/99/67004
https://doi.org/10.1103/PhysRevLett.116.197004
https://doi.org/10.1103/PhysRevLett.116.197004
https://doi.org/10.1103/PhysRevB.92.184513
https://doi.org/10.1103/PhysRevB.95.184507
https://doi.org/10.1126/science.aal1575
https://doi.org/10.1126/science.aal1575
https://doi.org/10.1103/PhysRevB.95.174504
https://doi.org/10.1103/PhysRevB.95.174504
https://doi.org/10.1103/RevModPhys.78.373
https://doi.org/10.1103/RevModPhys.78.373
http://link.aps.org/supplemental/10.1103/PhysRevLett.121.267005
http://link.aps.org/supplemental/10.1103/PhysRevLett.121.267005
http://link.aps.org/supplemental/10.1103/PhysRevLett.121.267005
http://link.aps.org/supplemental/10.1103/PhysRevLett.121.267005
http://link.aps.org/supplemental/10.1103/PhysRevLett.121.267005
http://link.aps.org/supplemental/10.1103/PhysRevLett.121.267005
http://link.aps.org/supplemental/10.1103/PhysRevLett.121.267005
https://doi.org/10.1038/nmat4686
https://doi.org/10.1103/PhysRevB.94.144512
https://doi.org/10.1103/PhysRevB.94.144512
https://doi.org/10.1103/PhysRevB.96.220507
https://doi.org/10.1103/PhysRevB.96.220507
https://doi.org/10.1103/PhysRevB.81.060504
https://doi.org/10.1103/PhysRevB.81.060504
https://doi.org/10.1103/PhysRevB.84.144518
https://doi.org/10.1103/PhysRevB.84.144518
https://doi.org/10.1103/PhysRevB.98.165143
https://doi.org/10.1103/PhysRevB.98.165143

