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We studied the electronic Raman spectra of ðLi1−xFexÞOHFeSe as a function of light polarization and
temperature. In the B1g spectra alone we observe the redistribution of spectral weight expected for a
superconductor and two well-resolved peaks below Tc. The nearly resolution-limited peak at 110 cm−1

(13.6 meV) is identified as a collective mode. The peak at 190 cm−1 (23.6 meV) is presumably another
collective mode since the line is symmetric and its energy is significantly below the gap energy observed by
single-particle spectroscopies. Given the experimental band structure of ðLi1−xFexÞOHFeSe, the most
plausible explanations include conventional spin-fluctuation pairing between the electron bands and the
incipient hole band and pairing between the hybridized electron bands. The absence of gap features in A1g

and B2g symmetry favors the second case. Thus, in spite of various differences between the pnictides and
chalcogenides, this Letter demonstrates the proximity of pairing states and the importance of band structure
effects in the Fe-based compounds.
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The mechanism of Cooper pairing in Fe-based super-
conductors (FeSCs) or the copper-oxygen compounds is
among the most vexing problems in condensed matter
physics. The at least partial understanding of these uncon-
ventional superconductors would pave the way toward new
materials. In either case, superconductivity occurs close to
magnetic order [1]. Consequently, spin fluctuations are
among the candidates for supporting electron pairing [2,3].
Alternatively, charge [4] or orbital fluctuations [5] between
the Fe 3d orbitals, spin-orbit coupling [6], and/or nematic
fluctuations [7] may support Cooper pairing. In all cases,
the Fermi surface topology strongly influences the pairing
tendencies and qualitative differences between the
pnictides and chalcogenides may be expected and were
scrutinized in doped BaFe2As2 (122) and FeSe-based (11)
compounds.
Intercalated FeSe superconductors show Tc values higher

than 40 K (Refs. [8,9]), but a Fermi surface topology
different from the pnictides. In ðLi1−xFexÞOHFeSe, as
shown in Fig. 1(a2), the holelike Fermi surface encircling
the Γ point in 122 compounds and bulk FeSe cannot be
resolved in angle-resolved photoemission spectroscopy
(ARPES) any further [10] while it is still present in density
functional theory [11], marking one of the similarities
between intercalated and monolayer FeSe [10,12]. This
similarity triggers the question as to the pairing interactions
and the directly related gap structure. Neither the recent
ARPES nor the tunneling experiments yielded clear answers
here, but show only that there are essentially two rather

different gap energies [13–15] on the presumably hybridized
concentric electronlike Fermi surfaces [10].
Here electronic Raman scattering can contribute useful

information [16–20]. In addition to the gap formation and
the pair-breaking peaks at approximately twice the gap
energy [21,22], collective excitations appear in the Raman
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FIG. 1. (a1) 1 Fe (dashes) and 2 Fe (solid line) unit cells.
(a2) The crystal structure of ðLi1−xFexÞOHFeSe. (b1)–(b3) Polari-
zation configurations of A1g, B1g, and B2g symmetries. The
polarization configurations are indicated on the FeSe-layer. (c1)–
(c3) First- and (c4)–(c6) second-order Raman vertices in the first
Brillouin Zone (BZ, 1 Fe unit cell) of A1g, B1g, and B2g symmetry,
respectively, for the D4h point group. The unfolded electron
pockets are shown as red half ellipses.

PHYSICAL REVIEW LETTERS 125, 217002 (2020)

0031-9007=20=125(21)=217002(6) 217002-1 © 2020 American Physical Society

https://orcid.org/0000-0002-5181-4923
https://orcid.org/0000-0002-0823-195X
https://orcid.org/0000-0001-7327-7789
https://orcid.org/0000-0002-6268-2049
https://orcid.org/0000-0002-6751-0879
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.125.217002&domain=pdf&date_stamp=2020-11-17
https://doi.org/10.1103/PhysRevLett.125.217002
https://doi.org/10.1103/PhysRevLett.125.217002
https://doi.org/10.1103/PhysRevLett.125.217002
https://doi.org/10.1103/PhysRevLett.125.217002


response, which are related to details of the pairing
potential Vkk0 . Collective excitations in superconductors
were first discussed by Bardasis and Schrieffer (BS) [23]
and by Leggett [24]. The BS mode stems from a subleading
pairing interaction that is orthogonal to the ground state.
The Leggett mode is best thought of as interband
Josephson-like number-phase fluctuation, the absolute
energy of which corresponds to the relative coupling
strength between the bands in comparison to the intraband
coupling [25,26]. Thus, the careful study of putative
collective modes offers an opportunity to clarify the
competing superconducting instabilities and the related
pairing glue.
In this Letter, we present polarization-dependent Raman

spectra for temperatures between 7.2 and 48 K in high-
quality single-crystalline ðLi1−xFexÞOHFeSe thin films
with Tc ¼ 42 K. At 7.2 K we observe two well-defined
features at 110 and 190 cm−1 in B1g but not in A1g and B2g
symmetry. We conclude that at least the resolution-limited
line at 110 cm−1 is a collective mode being either related to
a subleading pairing interaction or a number-phase oscil-
lation between the electron bands. The superconducting
ground state in ðLi1−xFexÞOHFeSe may result from either
spin fluctuations between the electron bands and the
incipient hole band or the interaction between the hybrid-
ized electron bands.
ðLi1−xFexÞOHFeSe (x ∼ 0.18) thin films were grown

epitaxially on ð00lÞ-oriented LaAlO3 substrates as reported
previously [27,28]. The thin films have a typical thickness
of 100 nm and were characterized by x-ray diffraction and
magnetization measurements showing a high crystallinity
and a superconducting transition at Tc ¼ 42� 1 K (see
Supplemental Material [29]). The Raman experiments were
carried out with a standard light scattering equipment [16].
For excitation we used a solid-state and an Arþ laser
emitting at 577 and 457 nm, respectively. All spectra were
measured with an absorbed laser power of Pabs ¼ 2 mW
limiting the heating in the spot to below 1.5 K=mW (see
Supplemental Material [29]). The polarizations of the
incoming and scattered photons will be defined with
respect to the 1 Fe unit cell as shown in Figs. 1(b1)–
1(b3), which are more appropriate for electronic
excitations. We show Raman susceptibilities Rχ00ðT;ΩÞ ¼
SðΩ; TÞf1þ nðT;ΩÞg−1, where R is an experimental
constant, SðΩ; TÞ is the dynamical structure factor that is
proportional to the rate of scattered photons, and nðT;ΩÞ is
the Bose-Einstein distribution function. The first- and
second-order crystal harmonics of each symmetry which
Raman vertices are proportional to and the position
of the Fermi pockets of ðLi1−xFexÞOHFeSe are shown in
Figs. 1(c1)–1(c6) to illustrate the relation between elec-
tronic Raman response in different symmetries and the
Fermi surface topology.
Figure 2 shows the polarization-dependent Raman

response of ðLi1−xFexÞOHFeSe above (red) and below

(blue) Tc. The peaks observed at approximately
167 cm−1 in A1g symmetry [Fig. 2(e)] and 205 cm−1 in
B2g symmetry [Fig. 2(c)] correspond to Se in-phase and Fe
out-of-phase vibrations along the c axis, respectively [34].
The peak at 165 cm−1 in the B1g spectra [Fig. 2(a)] can be
identified as a leakage from the A1g phonon. The small line
width and high intensity of the phonon lines underpin the
excellent crystalline quality of the sample. Because of
surface contamination, broad peaks at 240 cm−1 [Fig. 2(a)],
224 and 256 cm−1 [Fig. 2(c)], and 252 cm−1 [Fig. 2(e)] in
B1g, B2g, and A1g symmetry, respectively, appear in the
spectra. These peaks probably originate from Fe oxide
phonons since they disappear after cleaving and are
discussed in more detail in Supplemental Material [29].
If the normal state spectra are subtracted from the

superconducting spectra, all phonons and extra lines dis-
appear since they do not change appreciably upon crossing
Tc as shown in Figs. 2(b), 2(d), and 2(f). However, due to
the high spectral resolution, even small changes of the
phonon lines can be identified.
The small changes in the phonon lines are the only

detectable effects of superconductivity in A1g and B2g
symmetry. The increase toward zero energy is an artifact
resulting from insufficient rejection of the laser line. The
spectral changes in B1g symmetry are resolved clearly since
the extra peaks at approximately 110 and 190 cm−1 have an
intensity comparable to that of the phonons. In addition to
the peaks, the continuum is suppressed below 90 cm−1 and
is nearly energy independent. None of the excitations
display appreciable resonance behavior, and the data can
be reproduced in different regions of the sample, as shown
in Supplemental Material [29]. The suppression and the
additional peaks indicate a relation to superconductivity.
The most important observations include the following:
(i) There is no intensity redistribution below Tc in A1g

and B2g symmetry, as observed earlier [19,35]. The
phenomenon can be understood qualitatively in terms of
the related polarization-dependent Raman form factors, the
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FIG. 2. (a),(c),(e) Raman spectra of ðLi1−xFexÞOHFeSe in B1g,
B2g, and A1g symmetry. (b),(d),(f) Difference spectra between
superconducting and normal state.
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Fermi surface topology of ðLi1−xFexÞOHFeSe as shown in
Figs. 1(c1) and 1(c3), and screening effects.
(ii) The B1g spectrum is suppressed below 90 cm−1. This

indicates a nearly isotropic superconducting gap, as already
observed for Rb0.8Fe1.6Se2 [19]. The residual intensity of
approximately 2–3 counts ðsmWÞ−1 is not entirely clear
but may either originate from the substrate, surface layers,
or luminescence. In agreement with the scanning tunneling
spectroscopy (STS) results [13], there is no reason to
assume that there are states inside the gap. Similar residual
Raman intensities are also observed in single crystals of
pnictides and other chalcogenides [19,20,36] and can safely
be assumed to be extrinsic.
(iii) There are two superconductivity-induced features

separated by some 80 cm−1. Gap features at a similar
separation but slightly higher energies were observed by
STS and ARPES as summarized in Table I. The significant
differences in the derived gap energies presumably have a
real physical reason, such as a substantial energy difference
between the gap and collective modes [37]. The line at
190 cm−1 is nearly symmetric and 10–12 cm−1 wide, while
that at 110 cm−1 is rather sharp around the maximum but
asymmetric.
(iv) The peak at 110 cm−1 is nearly resolution-limited.

For its width, it cannot result from pair breaking alone.
Rather the symmetric line at 110 cm−1 having a FWHM of
less than 5 cm−1 is a collective mode, while the shoulder on
the high-energy side originates from pair breaking. We will
explore this possibility later by a phenomenological analysis.
In Fig. 3, we show the variation with temperature of the

B1g difference spectra. With increasing temperature, the
two peaks shift to lower energy and cannot be resolved any
further above 38 K. Both peaks depend more weakly on
temperature than expected from the BCS theory. As
opposed to the results in Ba1−xKxFe2As2 [20], this temper-
ature dependence does not allow us to clearly identify the
origin of the superconducting structures. Whereas the pair-
breaking peaks do not necessarily follow the BCS pre-
diction, except in weakly interacting systems [38], at least
BS collective modes are expected to follow the related
single-particle gap ΔðTÞ [39]. The temperature dependence
of Leggett modes has not been analyzed yet, but is
presumably more complicated since the coupling of at
least two gaps has to be considered [40,41]. Thus, the
variation with temperature is not an identification criterion.

What are the possible explanations and the implications
thereof for superconductivity in ðLi1−xFexÞOHFeSe? Given
the STS and ARPES results, a scenario with two isotropic
s-wave gaps appears to be natural and compatible with the
Raman spectra. However, the gap energies observed by
Raman scattering are significantly too small (Table I), and
the phenomenology returns poor agreement with the data
(see Supplemental Material [29]). Rather, the shape of the
line at 110 cm−1 is strongly indicative of a collective mode.
An undamped quadrupolar excitation inside the gap [42] or
a nematic resonance [43,44] is not very likely since the

TABLE I. Comparison between the peak positions in the B1g Raman spectra and the gap energies obtained by STS and ARPES.

Raman (cm−1) Raman (meV) STS (meV) [13,15] ARPES (meV) [10]

Ωð1Þ
peak

110� 0.5 13.75� 0.06 2Δ1 17.2� 2.0 � � �
Ωð2Þ

peak
190� 0.5 23.75� 0.06 2Δ2 28.4� 4.0 26.0� 4.0

Ωð1Þ
peak=kBTc

3.80� 0.02 2Δ1=kBTc 4.75� 0.55 � � �
Ωð2Þ

peak=kBTc
6.56� 0.02 2Δ2=kBTc 7.84� 1.10 7.18� 1.10
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FIG. 3. (a) Temperature dependence of the difference spectra in
B1g symmetry. For clarity, data other than those measured at the
lowest temperature are shifted vertically. The peak positions are
marked by the black vertical lines. Two dashed lines indicate the
peak positions at 7.2 K. The increase of the 13 K spectrum toward
higher energies originates from a local surface contamination.
(b) Normalized temperature dependence of peak positions. They
are extracted by a fit with a Lorentzian function. For normali-
zation of the energy, the Ω0 ¼ 110 and 190 cm−1 for peak 1 and
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related fluctuations above Tc could not be observed
(see Supplemental Material [29]). The distinction between
a BS and a Leggett mode is less obvious. Since the mode is
apparently below the edge of the smaller gap, the damping
is small in either case.
A BS mode indicates orthogonal pairing channels [23].

Given the possible interactions between the two electron
bands at the X and Y points, as shown in Fig. 4(a), only a
dx2−y2 gap of lowest (first) order is possible if spin
fluctuations are relevant. In this case the gaps on the
two bands have opposite sign and, since there are no nodes
on the Fermi surface, the gap is clean in agreement with the
STS and Raman results. Then the BS mode would result
from a dx2−y2 interaction of second or higher order [for
second-order B1g symmetry, cf. Fig. 1(c5)], having a
smaller coupling strength than the ground state. The
description of the asymmetric maximum at 110 cm−1 is
reasonable, as shown in Fig. 4(b), and yields a coupling
strength of approximately 0.16 for the subleading channel
(see Supplemental Material [29]).
This interpretation favors pair breaking as a possible

explanation for the high-energy peak at 190 cm−1.
However, the symmetric shape is untypical for a pair-
breaking feature and may only be explained by a broader
gap distribution, as suggested by the STS data, for instance

(see Table I). Yet, the energy of 190 cm−1 (23.6 meV) is
significantly below the single-particle gap. More impor-
tantly, it is difficult to explain why there should be two
rather distinct gaps for this scenario of equivalent bands. It
is, in fact, more likely that there is a ðπ; πÞ reconstruction of
the Fermi surface and a hybridization between the electron
bands, as suggested by Khodas et al. [41,45]. Then one
expects two concentric Fermi surfaces with distinctly
different gaps, as seen here in the Raman data and also
in the STS data [13,15]. ARPES [10] and STS [13] tell us
that the outer Fermi surface has the larger gap.
Superconductivity would then arise from the comparably
strong interaction between these hybridized bands, induc-
ing a repulsion of the gap energies [14] and either a
collective Leggett mode in the A1g channel [46] or a
double-peak structure well below the gap for certain
parameter ranges in the case of a sign change of the gap
between the bands (s� gap) [45].
Since only the B1g channel displays a distinct redistrib-

ution of spectral weight, below Tc scenarios that include
other channels are less likely to explain the results. Thus, in
addition to the strongly coupled ground state resulting from
the interaction between the concentric bands, there must be
a weaker ðπ; πÞ interaction leading to collective modes in
B1g symmetry, as shown in Fig. 4(c). In this scenario, the
sharp mode is either a Leggett mode from a weak ðπ; πÞ
coupling between X and Y on top of the strongly coupled
ground state resulting from the strong coupling of the
concentric bands or a BS mode having a similar origin.
Huang et al. [47] indeed argue that the distinction between
Leggett and BS modes becomes obsolete here.
The only remaining issue concerns the positions of the

Raman peaks that appear at smaller energies than in
the single-particle spectroscopies. Whereas the energy of
the Raman maximum at 110 cm−1 is naturally explained in
terms of a BS mode appearing below the related single-
particle gap at 136 cm−1 (17 meV) and manifesting itself as
a shoulder in the Raman spectrum, the position of the mode
at 190 cm−1 is less obvious since there is no additional pair-
breaking feature in the spectra. In principle, it could be
another BS mode pulled down by 10% from the gap edge at
approximately 220 cm−1 (27 meV) and suppressing the
pair breaking almost entirely. Also in this case the ground
state would be induced by a strong hybridization of the two
electron bands. The resulting description of the experi-
mental data is in fact much better in this case [see Fig. 4(d)].
Finally, since the hole band is rather close to the Fermi

surface, spin-fluctuation pairing between the incipient hole
band and the electron bands can still be rather strong
[48,49]. Then the ground state is s� with all the electron
bands having the same sign, and the B1g modes are
collective d-wave modes from the hybridized electron
bands. Whether or not the magnitudes of the gaps observed
on the electron bands and the related subleading pairing
strengths are compatible with these considerations needs to
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be worked out theoretically. The resulting spectra could be
very similar to those in the previous case. However, due to
the pairing-induced renormalization of the central hole
band below Tc, one would not expect the A1g spectra to be
entirely insensitive to superconductivity. Thus, the scenario
of an incipient band is less supported by the present
experiment.
In conclusion, we studied the polarization- and temper-

ature-dependent Raman spectra in ðLi1−xFexÞOHFeSe.
Superconductivity affects only the B1g spectra. One of
the observed modes is resolution limited, arguing strongly
for its collective character. For the surprisingly successful
description of the data in terms of BS modes there are
essentially two scenarios: (i) dominant pairing between the
hybridized electron bands [41] and subleading (π, π)
interactions between the electron bands. Then Leggett
and BS modes cannot be distinguished [47]. (ii) If the
ground state originates from the interaction between the
incipient hole band and the electron bands, a similar
collective mode may be expected, but completely inert
A1g spectra are unlikely in this case, making scenario
(i) more likely. Yet, the distinction between the two
scenarios requires quantitative theoretical studies.
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