Stripe quadrupole order in the nematic phase of FeSe;_,S,
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We use polarization-resolved electronic Raman spectroscopy to study charge dynamics in non-
magnetic FeSe1_,S,; superconductor. We observe two features of the XY quadrupole symmetry:
a low-energy quasi-elastic peak (QEP) and an electronic continuum. The QEP exhibits critical

enhancement upon cooling towards the structural transition at Ts(x).

Below Ts(z), the QEP

diminishes gradually, and a gap with temperature evolution reminiscent of a mean-field order pa-
rameter opens up in the continuum. The intensity of the QEP develops with increasing sulfur doping
2 and maximizes at = & 0.15, while the gap magnitude decreases with the suppression of Ts(z).
We interpret the development of the gap in the quadrupole scattering channel as the formation of
a stripe quadrupole order: a wave of quadrupole moment without charge or spin modulation.

The iron-based superconductors (FeSCs) exhibit a
complex phase diagram with multiple competing orders.
For most of the FeSCs, an electronic nematic phase tran-
sition takes place at Tg, which is closely followed by a
magnetic phase transition at Ty [1-4]. Superconductiv-
ity emerges in close proximity to the electronic nematic
and the antiferromagnetic orders. The highest super-
conducting (SC) transition temperature T often occurs
when the nematic and the magnetic orders are fully sup-
pressed but the orbital/charge or spin fluctuations re-
main strong [5-8]. The relationship between these fluctu-
ations and superconductivity has been a focus of intense
research [4, 9-15].

FeSe crystals provide the simplest case to elucidate
the relationship between the orbital/charge order and
superconductivity because it shows nematicity in the ab-
sence of magnetic order [9, 18, 19]. At ambient pressure,
a structural phase transition that breaks the four-fold
rotational symmetry (Cy) takes place at Ts = 90 K.
Strong electronic quadrupole fluctuations involving the
charge transfer between the Fe 3d,. and 3d,. orbitals,
which contribute to most of the electronic density of
states near Ep, have been observed above Tg [20-23].
The degeneracy of the d,. and d,, orbitals is lifted in
the broken symmetry phase [24-26]. In the orthorhom-
bic phase, although the lattice is only weakly distorted,
prominent anisotropy is found for many electronic prop-
erties [16, 27]. For crystals, superconductivity emerges
in the nematic phase at Tc ~ 9 K [18], while for FeSe
monolayer films deposited on SrTiOj3 substrate, T can
be enhanced above 100 K [28-30]. Orbital-selective SC
pairing has been reported by ARPES and quasiparticle
interference (QPI) in bulk FeSe: the SC gap energy is
large only for specific region of the nematic Fermi sur-
faces with the d,. orbital characters [16, 27, 31]. How-
ever, the mechanism behind the puzzling orbital-selective
superconductivity has not been discussed in depth.

In this Letter, we employ polarization-resolved Raman
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FIG. 1. Temperature evolution of the Bi4(ab) and B2y (XY)
symmetry Raman response x"'(w,T) for pristine FeSe. Inset
of (a) shows the top view of the FeSe layer. Dark and light
gray circles represent the Se above and below the Fe layer.
The 2-Fe unit cell for the high-temperature phase is shown
by solid lines. In the low-temperature phase, the nearest Fe-
Fe bonding distance ar. becomes larger than br. while ape
and bre remain orthogonal. Inset of (b): x”(w,T) in the XY
symmetry channel of FeSe in the normal state (10 K) and SC
state (5 K). The magnitude of the two superconducting gaps
2Asc = 3 and 4.6 meV measured by tunneling spectroscopy
are shown with the vertical dotted lines [16, 17].

spectroscopy to study charge quadrupole dynamics in
non-magnetic superconductor FeSe; .S, [20, 32]. We
observe two main features in the XY symmetry scatter-
ing channel: a low-energy quasi-elastic peak (QEP) and
a high-energy electronic continuum. Above Tg(z), the
QEP exhibits critical enhancement and softening upon
cooling in wide temperature and doping range. Below
Ts(z), an unexpected gap gradually develops in the spec-
tra of the electronic continuum. Temperature depen-
dence of the gap scales with the orthorhombic order pa-
rameter. The gap magnitude is proportional to Ts(x)
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(z = 0, 0.04,

0.08, 0.15 and 0.2). Arrows at the temperature axis denote Ts(z). (b1-b5) x”(w,T) (red) at representative temperatures and
their fits (black) with the decompositions of the QEP x¢gp (orange shade) and the continuum x¢ x © (blue shade). The two
Lorentz oscillators x7. at around 190 and 450 cm ™! are shown in green shade.

with the ratio 2A,(0)/kpTs(z) = 4.8. We interpret
the development of the gap in the quadrupole scatter-
ing channel as the formation of a stripe quadrupole (SQ)
order below Tg(z), which could provide explanations for
the observed orbital-selective superconductivity.

FeSe;—,S, (x = 0, 0.04, 0.08, 0.15 and 0.2) single
crystals were grown by chemical vapor transport tech-
nique as described in [20]. By substitution of sul-
fur for selenium, Tg is suppressed but the system re-
mains non-magnetic, and superconductivity remains ro-
bust [20, 31, 32]. Strain-free crystals were cleaved in ni-
trogen 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
measurements and less than 2 mW for the measurements
in the superconducting state. The laser heating temper-
ature ~ 1 K/mW was calibrated by the appearance of
the stripe pattern on the crystal surface at Ts [33]. The
Raman scattering signal was analyzed by a custom triple-
grating spectrometer and the data were corrected for the
spectral response of the spectrometer.

Figs. 1 show the temperature dependence of the Ra-
man response for the pristine FeSe B, (ab) and By,
(XY) symmetry channels of the Dy group defined in

the 2-Fe unit cell. B, channel contains the Fe phonon
(= 195 cm™!) [34] on a weak continuum background
(Fig. 1a). In contrast, the electronic Raman continuum
in the Byy channel (Fig. 1b) is strong and is composed
of two main features with a remarkable temperature de-
pendence:

(1) A low-energy quasi-elastic scattering peak (QEP).
The intensity of the QEP is weak at high temperatures.
Upon cooling, it softens, gains intensity, reaches its maxi-
mum intensity just above Ts(x), and then gradually loses
its intensity below Ts(x) (Fig. 2bl). In the supercon-
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FIG. 3. Temperature evolution of the XY symmetry Raman
response X" (w,T) for (a) FeSe and (b) FeSeo.sSo.2.



0.4 a
a T co0a]P3 008|°
c @
1 £ ,
61 | ‘ 5 <\
403 £ it
- L d
2 £ . .
o
R s .
Q o
102 3
& c3 c4 c5
)
X € o
T 2107 1 1
+0.1 g J
< . i .
= 05+ A A
% Ty=33K To=30K Cod To=0K Ty=-30K
0.0 — 0.0 + + + + + + 4 + + R
0 100 200 0 100 200 0 100 200 0 100 200 0 100 200

Temperature (K)

FIG. 4.

temperature T'/Ts. The gray curve is the lattice order parameter 6(7T)

Temperature (K) Temperature (K) Temperature (K) Temperature (K)

(a) Temperature and doping evolution of the nematic gap 2A(T)/ksTs in FeSe1—_S, as a function of the reduced

(a-b)/(a+b) for FeSe from ref [35]. Ts and Tc

are denoted by arrows. (bl-b5) Static Raman susceptibility xoep(0,7T) and xc(0,T) for x = 0, 0.04, 0.08, 0.15 and 0.2.

Curie-Weiss fit for xoep(0,T) at T' > Ts is shown by the solid
respectively.
To(z). Error bars are the fitting standard errors.

ducting phase, the QEP acquires coherence and under-
goes a metamorphosis into a coherent in-gap collective
mode [36-40] (inset Fig. 1b).

(2) A broad electronic continuum. The intensity of the
continuum for 400-2000 cm~* (Fig. 3a) shows weak and
monotonic increase with cooling above Ts(x). A broad
peak centered near 450 cm™! gradually appears below
100 K. An additional weak feature at around 190 cm~!
appears at temperatures close to Tg. Below Tg(z), a
significant gap suppression develops below 400 cm™!.

For doped crystals, temperature evolution of the
XY Raman response is quite similar to pristine FeSe
(Figs. 2al-ab). The 450 cm~! peak appears at low tem-
perature for all sulfur contents in both the tetragonal
and orthorhombic phase (Figs. 3a-b). Hence, the feature
is not exclusive for the nematic phase. The intensity of
the 190 cm™! peak increases with S doping; for 2 <0.08
samples, the feature is suppressed at low temperatures
when gap with higher than the feature energy opens.

In the orthorhombic phase, at the lowest temperature,
a full gap suppression is observed for all doping concen-
trations except for x =0.15, where a reduced scattering
intensity remains in the gap. For x = 0.2, which remains
tetragonal structure in whole temperature range, no gap
suppression is observed.

We perform a multi-component fit to the XY sym-
metry Raman response (Figs. 2bl-bb). Here we
represent QEP as a Drude function XéEp(%T) =
A3 ppwlorp/(W? + THgp), and the electronic contin-
uum as x4 (w,T) = A% tanh[w/T'c] + X/ (w,T), where
X7 (w,T) is for the Lorentz oscillators centered around
190 and 450 cm~!. For # < 0.15, below Ts(z), the
gap-like suppression is modeled by O(w,T) %(1 +

tanh[%ﬁ(f?]) and applied to the continuum, where

curve. The yellow and cyan shades indicate T¢(z) and Ts(x),

(c1-¢5) Temperature dependence of the inverse static susceptibility 1/xqrp(0,T) and the Weiss temperature

2A(T) is the gap energy and Ty is an effective tem-
perature. I'c(T") follows a quadratic temperature depen-
dence for all samples except for sulfur composition in the
vicinity of the critical doping = ~ 0.17 [20], where the
temperature dependence is nearly linear [17].

The reduced gap energy 2A,(T)/kgTs(x) col-
lapses to a universal temperature dependence with
2A,(0)/kpTs(x) = 4.8 (Fig. 4a). The temperature de-
pendence of 2A,(T) follows the lattice order parameter
5(T) = (a +b)/(a — b)[35], manifesting the direct con-
nection between the formation of the gap and the lattice
orthorhombicity.

~
~

We calculate the static Raman susceptibility for the
QEP and the continuum contributions, xgrp(0,7) and
xc(0,T), by Kramers-Kronig transformation [17]. In
contrast to the mild temperature evolution of x¢(0,T), a
critical enhancement is seen above Ts(z) for xgrp(0,T')
(Figs. 4b1-b5). The temperature dependence of the QEP
is generic for most FeSCs [5, 22, 33, 38, 41], and has
been related to the ferro-quadrupole (FQ) fluctuations
of a d-wave Pomeranchuk instability at ¢=0 [12, 38, 41—
46]. The charge transfer between the nearly degen-
erate d,, and d,. orbitals creates charge quadrupole
with moment proportional to the local charge imbal-
ance ) o< ng,, — ng,,. In Fig. 5b we illustrate a snap-
shot of the FQ fluctuations. Such excitation results in
a I'f (Bg,) symmetry dynamic deformation of the Fermi
surface pockets with nodal lines in the X/Y directions.
We fit xoep(0,T > Tg) with a Curie-Weiss function
xorer(0,T) o< Q*(z)/(T — To(z)) (Fig. 4cl-c5), where
To(x) is the Weiss temperature [5, 38].

In Fig. 5a we display the fitting parameters Q(x),
2A,(0) and Tp(x) together with the FeSe;_,S, phase
diagram. Tp(z) is tens of K below Tg, decreases with



x and vanishes at z ~ 0.15, close to the nematic quan-
tum critical point (QCP) as it was reported by elastore-
sistence study [20]. Q(x) increases with x and maximizes
at x ~ 0.15, while 2A,(0) decreases with x, implying that
the QEP and the gapped continuum arise from compet-
ing instabilities.

Now we turn to the origin of the gap. Such gap cannot
be described by non-interacting electron-hole excitations
between the d,/d,. orbitals: the gap energy in Raman
spectra is inconsistent with the energy of any d,./d,.
bare electron-hole excitation in FeSe [24-26, 47]. Ap-
pearance of the gap only in the XY symmetry channel
reveals a hidden density wave in either ap. or bp. direc-
tion [48]. Because neither charge nor spin modulation in
the nematic phase was detected [18], the possibilities of
charge/spin density wave gap are ruled out. We propose
a collinear stripe d,,/d,, quadrupole order consisting of
staggered @ and —@Q quadrupole moments, as shown in
Fig. 5c. The order parameter in real space can be de-
fined as d)XY = Hr:A site |Q”‘> X Hr:Bsite |Q7">’ which
would give rise to the XY symmetry gap. Here Q/—Q
quadrupole moments reside on iron sites r = A/B.

Both, ARPES data and RG calculations show that the
orbital order parameter involving the d,. and d,, orbitals
at Mx /My points have nearly equivalent magnitude but
opposite sign [24-26, 47]. Such nearly equal total occu-
pation of these two orbitals can be realized by the SQ,
rather than the FQ order.

XY symmetry Raman scattering directly couples to
AL = 2 quadrupole excitations, making it a unique tool
to probe the SQ order parameter or its dynamical fluc-
tuations. In contrast, given that the total charge on each
Fe site n, = ny,q,. +nrq,, is preserved, the charge sensi-
tive probes such as scanning tunneling spectroscopy, X-
ray diffraction or optical conductivity are unresponsive
to such SQ order. We also notice that neutron scatter-
ing works suggest a hidden collinear antiferromagnetic
quadrupole (AFQ) order for in FeSe [49, 50]. If the mag-
netic AFQ is at the same ordering vector as the charge
SQ, a bilinear coupling between these two orders is al-
lowed.

In the SQ-ordered phase, if the charge of the d,, or-
bitals is modulated along the a-direction but remains in-
variant along the b-direction for the d,, orbitals (Fig. 5¢),
the quasi-particle weight Z,, in the d,. orbitals would
be suppressed. The reduction of Z,, would naturally
result in a smaller SC gap for the d,, orbitals [51] and
overall in suppression of T, consistent with the obser-
vation of orbital-dependent superconducting gap reported
by ARPES and QPI [16, 27]. On the other hand, due
to the coupling to the substrate, the SQ fluctuations are
expected to be removed for the high-T> monolayer FeSe
films deposited on the SrTiOs, resulting in a high-T¢
phenomenon [28, 29, 52].

In summary, we use polarization-resolved Raman spec-
troscopy to study the evolution of charge dynamics in
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FIG. 5. (a) Phase diagram and the fitting parame-

ters in FeSe1_;S;. The FQ moment Q(x) (empty squares,
lower panel) and the Weiss temperature Tp(z) (upward tri-
angles, upper panel) are obtained from the Curie-Weiss fit
of xqepr(0,T). A(0) (downward triangles, lower panel) is
obtained from A;(T"). (b) A snapshot of the By, symmetry
FQ fluctuations consist of ds./dy. charge quadrupoles from
the top view of a FeSe layer. An elementary quadrupole @
moment is created by on-site charge transfer from d,. to d;.
orbital while a quadrupole moment —@ is created by charge
transfer from d,. to dy. orbital. (c¢) SQ ground state with
staggered |Q) (Asite) and |Q) (B site) in vertical stripes.
aAFe > bFs-

nonmagnetic FeSe;_, S, superconductor as a function of
sulfur doping and temperature at above and below Ts(z).
We observe the development of a QEP on cooling towards
Ts(x) and a pronounced gap in the XY symmetry con-
tinuum below Ts(x). By increasing sulfur concentration,
the QEP intensity is enhanced, while the gap magnitude
and Ts(x) decrease. The ferro-quadrupole fluctuations
are strongest in the vicinity of the nematic critical point
at z.- =~ 0.15. The appearance of robust low-energy gap
implies the formation of a long-range quadrupole order,
for example, a staggered stripe order. In the presence
of the SQ order, the superconductivity on the d,, or-
bital is suppressed due to the reduction of the quasi-
particle weight along the SQ ordering vector direction,
which provides a natural explanation for the observed
orbital-selective superconductivity in bulk FeSe [16, 27]
as well as for the phenomena of high-T superconductiv-
ity in monolayer FeSe films [28, 29] where the SQ order
is expected to be suppressed due to the coupling to the
substrate.
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