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We use polarization-resolved electronic Raman spectroscopy to
study quadrupolar charge dynamics in a nonmagnetic FeSe1−xSx

superconductor. We observe two types of long-wavelength XY
symmetry excitations: 1) a low-energy quasi-elastic scattering
peak (QEP) and 2) a broad electronic continuum with a maximum
at 55 meV. Below the tetragonal-to-orthorhombic structural tran-
sition at TS(x), a pseudogap suppression with temperature depen-
dence reminiscent of the nematic order parameter develops in
the XY symmetry spectra of the electronic excitation continuum.
The QEP exhibits critical enhancement upon cooling toward TS(x).
The intensity of the QEP grows with increasing sulfur concentra-
tion x and maximizes near critical concentration xcr ≈ 0.16, while
the pseudogap size decreases with the suppression of TS(x). We
interpret the development of the pseudogap in the quadrupole
scattering channel as a manifestation of transition from the
non-Fermi liquid regime, dominated by strong Pomeranchuk-like
fluctuations giving rise to intense electronic continuum of exci-
tations in the fourfold symmetric high-temperature phase, to the
Fermi liquid regime in the broken-symmetry nematic phase where
the quadrupole fluctuations are suppressed.

nematic order | Pomeranchuk instability | non-Fermi liquid |
superconductivity | Raman spectroscopy

The iron-based superconductors (FeSCs) exhibit a complex
phase diagram with multiple competing orders. For most of

the FeSCs, an electronic nematic phase transition takes place
at TS , which is followed by a magnetic phase transition at TN

(1–4). Superconductivity emerges in close proximity to the elec-
tronic nematic and the antiferromagnetic orders. The highest
superconducting (SC) transition temperature Tc often occurs
when nematic and magnetic orders are fully suppressed but the
orbital/charge or spin fluctuations remain strong (5–10). The
relationship between these fluctuations and superconductivity
has been the focus of intense research (4, 6, 11–31).

The family of FeSe superconductors is the simplest system
to elucidate the origin of orbital and charge fluctuations
because for these materials nematicity appears in the absence of
magnetic order (13, 32, 33). At the ambient pressure, a structural
phase transition that breaks the fourfold rotational symmetry
(C4) takes place at TS= 90 K. Strong electronic quadrupole
fluctuations involving the charge transfer between the degener-
ate Fe 3dxz and 3dyz orbitals, which contribute to most of the
electronic density of states near EF , have been observed above
TS (18, 34–36). The degeneracy of the dxz and dyz orbitals is
lifted in the symmetry-broken phase (37–39), where although
the lattice is only weakly distorted, a prominent anisotropy of the
electronic properties was detected (22, 40, 41). For single crys-
tals, superconductivity emerges in the nematic phase at Tc ≈ 9 K
(32), while for FeSe monolayer films deposited on SrTiO3 sub-
strate the Tc can be enhanced by almost an order of magnitude
(42–45). An unusual orbital-selective SC pairing has been
reported by angle-resolved photo-emission spectroscopy
(ARPES) and quasiparticle interference (QPI) studies in bulk

FeSe: The SC gap energy is large only at a specific region of the
nematic Fermi surfaces with the Fe 3dyz orbital characters (22,
40, 41, 45).

Partial isovalent sulfur substitution at the selenium site mono-
tonically suppresses the structural phase transition temperature
TS until it vanishes at the critical concentration xcr ≈ 0.16, while
the SC transition temperature Tc first mildly increases with sub-
stitution and reaches maximum value 11 K at x = 0.08 (22, 23,
34). Thus, the phase diagram of FeSe1−xSx alloys enables a
spectroscopic study of the interplay between competing ordered
phases.

In this work we employ polarization-resolved Raman spec-
troscopy to study charge quadrupole dynamics in the nonmag-
netic superconductor alloy FeSe1−xSx (10, 34). We observe
two main features in the XY symmetry scattering channel: 1)
a low-energy quasi-elastic scattering peak (QEP) that, above
TS (x ), exhibits enhancement and softening upon cooling in
a wide temperature and sulfur doping range and 2) a high-
energy electronic continuum extending beyond 2,000 cm−1 with
a broad peak at 450 cm−1 that arises due to beyond Fermi-
liquid Pomeranchuk-like XY -quadrupole fluctuations in the
high-temperature fourfold symmetric phase. The Fermi-liquid
regime recovers in the low-temperature nematic phase where the
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Fig. 1. Temperature evolution of the B1g (ab) and B2g (XY) symmetry
Raman response χ′′(ω, T) for undoped FeSe. A, Inset shows the top view of
the FeSe layer. Dark and light gray circles represent the Se above and below
the Fe layer. The two-iron unit cell for the high-temperature phase is shown
by solid lines. In the low-temperature phase, the nearest Fe-Fe bonding dis-
tance aFe becomes larger than bFe while aFe and bFe remain orthogonal. B,
Inset shows χ′′(ω, T) in the XY symmetry channel of FeSe in the normal state
(red, 10 K) and the SC state (blue, 5 K). The magnitude of the two SC gaps
2∆SC = 3 and 4.6 meV measured by tunneling spectroscopy are shown with
the vertical dotted lines (SI Appendix and ref. 41).

low-frequency quadrupole fluctuations are suppressed, causing
an apparent pseudogap in the electronic continuum for metals
with small but prominent Fermi surface pockets.

Results
In Fig. 1 A and B we show temperature dependence of the
Raman response for undoped FeSe in B1g (ab) and B2g (XY )
symmetry channels (D4h point group) defined for a two-iron
unit cell. The data for the B1g channel are composed of the
Fe phonon mode at 195 cm−1 (12) above a weak temper-
ature independent continuum background (Fig. 1A). In con-
trast, the electronic Raman continuum in the B2g channel is
strong (Figs. 1B and 2); it is composed of several spectral
features:

1) A low-energy QEP. The intensity of the QEP is weak at high
temperatures. Upon cooling, the QEP softens from about
100 down to a few tens of cm−1, gains intensity, reaches
its maximum intensity just above TS , and then gradually
loses its intensity below TS , the blue component in Fig. 2B.
In the SC phase, the QEP acquires coherence and under-
goes a metamorphosis into an in-gap collective mode (Fig.
1 B, Inset) similar to several other FeSC superconductors
(17, 51–54).

2) A broad electronic continuum extending beyond 2,000 cm−1

with the intensity peaking at about 450 cm−1 and show-
ing only weak dependence on temperature and doping (the
yellow component in Fig. 2 B1–B5 and Fig. 3 A and B.

3) Below TS , a significant pseudogap-like suppression develops
at frequencies below 400 cm−1 (Figs. 2 and 3A).

4) On approach to TS (x ) an additional sharp low-frequency
feature appears that is most pronounced for the alloys
with high sulfur concentration, shown in violet in Fig.
2 B1–B5. The mode could be attributed to the lattice
dynamics above TS (x ) governed by back and forth fluctu-
ation between two short-range nematic distortion domains
(47, 48) which break the symmetry in the opposite sense
in the presence of local defects due to sulfur substi-

tution, a feature typical for displacive structural phase
transitions (46).

5) An additional intensity which develops below TS (x ) at the
lowest frequencies and is related to coupling between QEP
response and acoustic lattice modes in the presence of a
quasiperiodic array of the structural domain walls that appear
in twinned crystals (55).

6) A weak feature at about 190 cm−1 that is related to interband
transition between occupied β and unoccupied α bands (31).

In Fig. 2, we show doping dependence of XY Raman response
for FeSe1−xSx with five sulfur concentrations. For x < 0.16
alloys the tetragonal-to-orthorhombic structural phase transition
temperature TS (x ) (34) is marked in Fig. 2 A1–A4. For all con-
centrations x < 0.16, we observe an enhancement and critical
softening of the QEP upon cooling toward TS . Upon entering
into the orthorhombic phase, intensity of the QEP diminishes
and a pseudogap-like suppression develops at low frequencies.
At the lowest temperature, a full gap suppression appears in
the continuum for all samples with substitution concentrations
x < 0.15. For x = 0.15, some residual scattering intensity remains
in the gap. The energy of gap-like suppression onset (Fig. 2
B1–B4) appears to be close to the dxz/yz orbital splitting near
the electron pocket in the nematic phase, as was reported by
ARPES (Fig. 2 B1–B4) (49, 50). For the x = 0.20 sample which
remains tetragonal in the whole temperature range, no gap-
like suppression is observed in the Raman spectra (Figs. 2 B5
and 3B.

The peak in the broad continuum at about 450 cm−1 appears
at low temperatures for crystals with all sulfur compositions x . In
Fig. 3 we show a comparison of XY -symmetry Raman response
for pristine FeSe (x = 0, TS = 88 K) and heavily sulfur substi-
tuted (x = 0.20) crystals. The 450-cm−1 feature can be followed
for both samples at all measured temperatures, in both tetrago-
nal and orthorhombic phases. More importantly, for each given
temperature the feature’s line shape is quite similar for both sam-
ples: The only distinction between the data in tetragonal and
orthorhombic phases is the pseudogap-like suppression which
develops below TS . Thus, this broad feature is not exclusive
for the nematic phase (SI Appendix, Doping Dependence of the
450 cm−1 Feature).

Discussion
We model the XY -symmetry electronic Raman response con-
taining the QEP and the 450-cm−1 features by two main Raman
oscillators with frequency-dependent self-energy (Figs. 2 B1–B5
and 3) (SI Appendix, Data Fit). In the tetragonal phase, the
following form of self-energy provides the best data description:

Σ′′(ω,T ) =m0ω+n0T , if T >TS (x ). [1]

The Fermi-liquid-like frequency dependence recovers in the
low-temperature nematic phase, the green region in the phase
diagram in Fig. 4D, where the self-energy

Σ′′(ω,T ) =

{
m0ω

2/ωc(T , x ) +n0T , if ω<ωc(T , x )

m0ω+n0T , if ω>ωc(T , x )
[2]

represents the data best (Figs. 2 and 3). Here m0 = 1.2, n0 =
1.5 cm−1/K, and ωc(T , x ) labels the cross-over frequency which
evolves with temperature and sulfur doping, as shown in Fig. 4C,
similar to the onset energy of the pseudogap suppression. Con-
sistent with this result, a low-temperature cross-over from quasi-
T -linear to T 2 Fermi-liquid-like behavior was also reported for
resistivity measurements ρ(T , x ) if x < 0.16 in the orthorhombic
phase (23, 24).

We note here that the appearance of a strong low-frequency
mode with the lattice involvement, especially for the x = 0.2 sam-

2 of 6 | PNAS
https://doi.org/10.1073/pnas.2020585118

Zhang et al.
Quadrupolar charge dynamics in the nonmagnetic FeSe1−xSx superconductors

D
ow

nl
oa

de
d 

at
 R

ut
ge

rs
 U

ni
ve

rs
ity

 L
ib

ra
rie

s 
on

 J
ul

y 
26

, 2
02

1 

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2020585118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2020585118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2020585118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2020585118/-/DCSupplemental
https://doi.org/10.1073/pnas.2020585118


PH
YS

IC
S

200

100

0

)K(
erutarep

meT

FeSe1-xSx
''( �T)

TS

x=0.04 x=0.08

TS

x=0.15

TS

x=0.20
A1 A2 A3 A4 A5

TS

2.0

1.5

1.0

0.5

0.0

B1 B2 B3 B4 B5

�'
' (

A
rb

. U
ni

ts
)

0

2.5

5

7.5

10

180K

95K

75K

55K

25K

150K

90K

60K

23K

8K

130K

55K

30K

15K

10K

0 200 400 600

Raman shift (cm)

130K135K

85K

70K

30K

11K

0 200 400 600

Raman shift (cm)

0 200 400 600

Raman shift (cm)

0 200 400 600

Raman shift (cm)

0 200 400 600

Raman shift (cm)

130K

Fig. 2. (A1–A5) Temperature evolution of Raman susceptibility χ′′XY (ω, T) in the XY symmetry channel for FeSe1−xSx (x = 0, 0.04, 0.08, 0.15, and 0.2). The
arrows at the temperature axis denote TS(x). (B1–B5) χ′′XY (ω, T) data (red) at representative temperatures and the fits (black) to the sum of the oscillators
model. The QEP contribution is shaded in blue; contribution of the strongly overdamped high-energy electronic oscillator is shaded in yellow. A feature due
to interband transition at about 190 cm−1 is shown in green. The additional low-frequency oscillator due to local lattice dynamics coupled to the fluctuating
order parameter above TS(x) (46–48) is shown in purple. Below TS(x), the coupled acoustic lattice mode and the QEP (shaded in blue) add additional low-
frequency spectral weight to the QEP (blue dashed lines). The arrows in B1, B3, and B4 indicate the energy of nematic dxz/dyz orbital splitting reported in
ARPES studies (49, 50).

ple (purple shading in the phase diagram, Fig. 4D), is expected
to quench the long-wavelength nematic fluctuations at low fre-
quency (56–59), giving rise to recovery of T 2-like resistivity with
a significant residual value ρ0, again consistent with the data in
refs. 23 and 24.

Next, in Fig. 4 A1–A5 we plot temperature dependence of the
static electronic Raman susceptibility for the QEP and the con-
tinuum contributions χQEP(0,T ) and χC (0,T ) that we derive
from the spectra by Kramers–Kronig transformation:

χ(0,T ) =
2

π
P

∫ ωuv

0

χ′′(ω,T )

ω
dω, [3]

where we choose high-energy cutoff ωuv at 2,000 cm−1 (SI
Appendix, Static Susceptibility). In contrast to mild temperature
evolution of the continuum contribution χC (0,T ), a critical
enhancement upon cooling toward TS (x ) is clearly observed for
the QEP component of the static susceptibility. We fit the latter
by an inverse power law

1/χQEP(0,T >TS ) = f (T )∝
[
T −TQEP(x )

T0

]2
+C , [4]

(Fig. 4 B1–B5), where critical temperature TQEP(x ) is shown in
Fig. 4D and T0 is an effective temperature about 220 K. Note
that the non-Curie–Weiss form of susceptibility arises due to self-
energy effects in the tetragonal phase.

The temperature dependence of the low-frequency QEP fluc-
tuations has been meticulously studied for generic FeSC (6, 17,
18, 26, 60, 61). The behavior arises from degeneracy of the par-
tially filled iron 3dxz and 3dyz orbitals in the tetragonal phase
(62–64). The QEP is related to overdamped dynamical charge

oscillations at sub-terahertz frequencies, which give rise to a
fluctuating charge quadrupole moment with an amplitude pro-
portional to oscillating dxz/dyz orbital charge imbalance Q ∝
nxz −nyz , where nxz/yz is the orbital occupancy (16, 17, 60,
65–70). Such excitations result in Pomeranchuk-like nematic
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Fig. 3. (A and B) Temperature evolution of the χ′′XY (ω, T) Raman response
data and the fits to a model of oscillators (SI Appendix, Data Fit) for
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part of self-energy Σ′′(ω, T) used for the data fits in A and B correspond-
ingly. Insets show a zoom-in of the low-frequency region for Σ′′(ω, T) in
linear scale.
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dynamic deformation of the Fermi surface pockets with nodal
lines in the X /Y directions (see illustration of a snapshot in
Fig. 5C). These Pomeranchuk-like quadrupole fluctuations are
strongly overdamped in the normal state leading to the QEP
feature, while in the SC state, when low-energy relaxation is
removed, the QEP feature transforms into a sharp in-gap col-
lective mode (17, 53). For pnictides, the temperature depen-
dence of the bare static electronic susceptibility χQEP(0,T ) often
shows critical behavior on its own (17, 71), leading to a d -
wave Pomeranchuk instability at enhanced temperature TS as a
result of coupling to the lattice (14, 16). In the low-temperature
orthorhombic phase, the fourfold rotational symmetry on the
Fe site is broken and hence the degeneracy of Fe 3dxz and
3dyz is lifted, which causes rapid suppression of the low-energy
fluctuations.

To explain the two components in FeSe1−xSx spectra we con-
struct a nominal model containing one hole FS pocket at the Γ
point and one electron pocket at the M point consisting only of
dxz and dyz orbital characters (Fig. 5). The two FS pockets give
rise to two types of Pomeranchuk oscillations: in phase (Fig. 5B)
and antiphase (Fig. 5C). We define two order parameters φ1 =
φΓ + φM and φ2 = φΓ − φM , which depict these fluctuation
phases, respectively.

For the tetragonal phase above TS (x ), the fluctuations of
the two order parameters around free-energy minima (φ1,φ2)
= (0,0) give rise to the XY -symmetry Raman response (Fig.

5D). The critical oscillations are in the direction with lowest
free energy, they give rise to the QEP (feature 1), while the
oscillation in the direction with the higher energy that is only
weakly dependent on temperature and doping x results in the
broad electronic Raman continuum peaked at about 450 cm−1

(feature 2).
In the nematic phase below TS the system condenses into

a state with minimal free energy determined by the rela-
tion between intrapocket nematic interaction and interpocket
repulsion: If the former interaction prevails, the φ1 in-phase
arrangement wins; alternatively, if the interpocket repulsion is
stronger than intrapocket nematic interaction, the φ2 antiphase
arrangement is the ground state (72). The recent ARPES study
indicates that in the nematic phase the dxz orbital dominates
the FS pocket at the Γ point while the dyz orbital domi-
nates the pocket at the M point (50). Thus, the φ2 antiphase
FS distortion arrangement due to the interpocket repulsion is
the prevailing order parameter (72) (Fig. 5C). We also note
that such configuration is antagonistic to a spin-density-wave
order.

Hence, the φ2 antiphase FS distortion fluctuations are respon-
sible for both the critical quasi-elastic scattering in the tetragonal
phase (72) and the in-gap collective mode in the SC phase
(17). Then, the φ1-like in-phase fluctuations of the FS dis-
tortion give rise to the broad high-energy Raman continuum.
When the dxz/dyz orbitals split in the ordered state below TS
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eters in the high-temperature phase that correspond to the QEP (feature 1)
and the broad electronic continuum peaked at 450 cm−1 (feature 2) in the
Raman spectra, respectively.

(37–39, 50, 73), stiffness of the dominant φ2 order parameter
suppresses the φ1-like quadrupole fluctuations at the frequencies
below the orbital splitting energy, which naturally explains
the recovery of the Fermi-liquid regime seen as the appear-
ance of a pseudogap in the XY -symmetry Raman response
(Figs. 2 and 3A).

In Fig. 5 D and E we show the free energy as a function
of φ1 and φ2 for above and below TS phases. Above TS , the
fluctuations of both order parameters φ2 and φ1 contribute to
the Raman response consisting of the QEP at low energy and
the high-energy continuum at around 450 cm−1, respectively.
Below TS , the φ2 becomes the dominant order, while the φ1-like
fluctuations are suppressed at low energies.

Finally, we consider coupling of the critical φ2 order parameter
to the orthorhombic lattice strain ε by constructing a model free
energy of the system (14):

F (φ2, ε) =
1

2
f (T )φ2

2 +
1

4
β2φ

4
2 +

C66,0

2
ε2−λφ2ε, [5]

where f (T ) is inverse bare electronic nematic susceptibility,
λ is bilinear electron–lattice coupling between φ2 and the
orthorhombic lattice distortion ε with B2g symmetry, and C66,0

is lattice bare shear modulus. Here we neglect the contributions
due to subdominant electronic order φ1.

In the following, we deduce the nematic susceptibility. To con-
sider the coupling of the electronic order parameter φ2 to the
XY -symmetry Raman field A exerted by the XY polarized inci-
dent and scattered light, we add to free energy an interaction
term −γφ2A, where γ is the interaction constant. Then, the

nematic susceptibility can be expressed as response of electronic
order parameter φ2 to perturbation A:

χnem(T ) =
∂φ2

∂A
=

{
γ

[f (T)−f (TS )]
, if T >TS

γ
2[f (TS )−f (T)]

, if TQEP <T <TS
, [6]

where TS is defined by the equation f (TS ) =λ2/C66,0. One can
see from Fig. 4 B1–B4 that f (TS ) and therefore the electron–
lattice coupling λ only mildly depend on x . Thus, the collapse
of TS (x ) at the approach to xcr is primarily caused by suppres-
sion of TQEP(x ). We also note that superconducting Tc(x ) is not
enhanced in the vicinity of xcr ; instead, both TQEP(x ) and Tc(x )
have a weak enhancement in the middle of the nematic phase
(Fig. 4D).

In summary, we have demonstrated that polarization-resolved
Raman spectroscopy provides detailed information on non-
Fermi-liquid quadrupolar charge dynamics. In application to
nonmagnetic FeSe1−xSx superconductors, we argue that the
intense XY -symmetry Raman continuum of excitations in the
high-temperature tetragonal phase arises due to non-Fermi-
liquid dynamics governed by Pomeranchuk fluctuations and
that these fluctuations are suppressed in the symmetry-broken
orthorhombic phase enabling the recovery of Fermi-liquid prop-
erties, in agreement with the transport studies (23). We further
show that while the tetragonal-to-orthorhombic phase transi-
tion is driven by the Pomeranchuk fluctuation soft mode, cou-
pling to the lattice significantly enhances the nematic transition
temperature.

Materials and Methods
FeSe1−xSx (x = 0, 0.04, 0.08, 0.15, and 0.2) single crystals were grown
by the chemical vapor transport technique as described in ref. 34. Sub-
stitution of sulfur for selenium acts as negative pressure, which sup-
presses TS while the system remains nonmagnetic, and superconduc-
tivity remains robust (10, 22, 34). Strain-free crystals were cleaved in
a nitrogen atmosphere and positioned in a continuous-flow optical
cryostat.

Polarization-resolved Raman spectra were acquired in a quasi-
backscattering geometry from the ab surface. We used 2.6-eV excitation
from a Kr+ laser. The laser power was kept below 10 mW for most measure-
ments and less than 2 mW for the measurements in the SC state. The laser
heating≈1 K/mW was estimated by the appearance of the stripe pattern on
the crystal surface at TS (61). The Raman scattering signal was analyzed by
a custom triple-grating spectrometer and the data were corrected for the
spectral response of the spectrometer.

Raman scattering spectra were acquired in three polarization configu-
rations (µν = XY , ab, and aa) to separate excitations in distinct symmetry
channels: B1g = ab, B2g = XY , and A1g = aa(bb)−XY (SI Appendix, Back-
ground Subtraction and SI Appendix, Doping Dependence of Phonon
Spectra).

Data Availability. All study data are included in this article and/or
SI Appendix.
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