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The spontaneous appearance of nematicity, a state of matter that
breaks rotation but not translation symmetry, is one of the most
intriguing properties of the iron-based superconductors (Fe SC),
and has relevance for the cuprates as well. Establishing the critical
electronic modes behind nematicity remains a challenge, however,
because their associated susceptibilities are not easily accessible by
conventional probes. Here, using FeSe as a model system, and
symmetry-resolved electronic Raman scattering as a probe, we
unravel the presence of critical charge nematic fluctuations near
the structural/nematic transition temperature, Ts ~ 90 K. The di-
verging behavior of the associated nematic susceptibility fore-
tells the presence of a Pomeranchuk instability of the Fermi surface
with d-wave symmetry. The excellent scaling between the ob-
served nematic susceptibility and elastic modulus data demon-
strates that the structural distortion is driven by this d-wave
Pomeranchuk transition. Our results make a strong case for charge-
induced nematicity in FeSe.
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lectronic nematicity, whereby electrons break rotational

symmetry spontaneously, is a ubiquitous property of the iron-
based superconductors (Fe SC) (1). As it is often accompanied
by magnetic order, an established route to nematicity is via
critical magnetic fluctuations (2). However, this mechanism has
been questioned in the iron—chalcogenide FeSe, where the ne-
matic transition occurs without magnetic order, indicating a
different paradigm for nematicity (3-6).

Despite its simple crystallographic structure, FeSe displays
remarkable properties. Its superconducting transition temperature
T, is relatively low at ambient pressure (~ 9 K), but it reaches up to
37 K upon application of hydrostatic pressure (7, 8). Its Fermi
energy is small (9-12), and in the normal state it shows bad metal
behavior (9, 13). Its nematic properties are peculiar as well. The
lattice distortion, elastic softening, and elastoresistvity measure-
ments associated with the structural transition at Ty~ 90 K are
comparable with other Fe SC (3, 6, 11), yet NMR and inelastic
neutron scattering measurements do not detect sizable low energy
spin fluctuations above T (4, 6, 14), putting into question the spin
nematic scenario envisaged in other Fe SCs (2). Although it has
been argued that the magnetic scenario may still apply (15-19),
there is growing interest in alternative scenario where charge or
orbital degrees of freedom play a more predominant role than
spins (5, 11, 20, 21). However, until now direct experimental ob-
servation of critical fluctuations associated with electronic charge
or orbital nematicity in the tetragonal phase was lacking.

Here, we investigate the nature of nematicity in FeSe by using
the unique ability of electronic Raman scattering to selectively
probe the dynamics of electronic nematic degrees of freedom
without lattice effects (22-27). We unravel the presence of crit-
ical charge nematic fluctuations in the tetragonal phase that
signals the presence of a d-wave Pomeranchuk instability of the
Fermi surface (28). The extracted nematic susceptibility shows
quantitative scaling with the measured lattice softening (6, 29),
demonstrating that charge nematic fluctuations account entirely
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for the lattice instability. Our results make a strong case for
itinerant electronic charge driven nematicity in FeSe.

Raman scattering is a photon-in photon-out process, whereby
a monochromatic visible light is inelastically scattered at a dif-
ferent frequency by dynamical fluctuations of the electrical po-
larizability of the sample (Fig. 14). In metals the Raman spectra
at low frequency shifts are typically composed of sharp optical
phonon peaks superimposed on a broad electronic background,
generally referred to as electronic Raman scattering (ERS). The
ERS intensity measures the long wavelength dynamical charge cor-
relation function in the symmetry channel p: S, (@) = (pZ(w)pﬂ(w)),
where o is the frequency (or Raman) shift between incoming
and scattered photons, p, is the form-factor-weighted electronic
charge (30), and T is the Hermitian conjugate. The fluctuation—
dissipation theorem in turn links the measured correlation
function S, to the imaginary part of the Raman response
function y,: S,(w) =1[1+np(w, T)]y,(»), where np is the Bose
function.

Because it is a symmetry-resolved probe of the charge fluc-
tuation dynamics with zero momentum transfer, electronic
Raman scattering is ideally suited to detect critical in-plane
charge nematic fluctuations (22, 23). The symmetry of the charge
fluctuations p probed in a Raman experiment is fixed by the
directions of the incoming and scattered photon polarizations.
Of interest here is the Bj; symmetry (using 1 Fe/cell notation;
Fig. 1B), obtained for photons polarized along the diagonals of
the Fe-Fe bonds and which transforms as k2—kZ2. The Bj, charge
nematic fluctuations probed by Raman are equivalent to a Fermi
surface deformation with d-wave symmetry. This electronic in-
stability was predicted by Pomeranchuk to occur in an isotropic
Fermi liquid in which the Fermi surface spontaneously deforms
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Fig. 1. (A) Schematic of the Raman scattering process with incoming and
scattered photons of frequency w;;s and polarization e;/;, respectively. The
Raman shift is defined as the frequency shift between the incoming and
scattered photon frequencies. (B) FeSe ab plane with Se atoms alternating
above and below the plane defined by the Fe atoms. The 1 Fe unit cell, which
neglects the alternating Se atoms, is drawn in dotted lines. In the tetragonal
phase above Ts, a = b, and the crystal structure of FeSe has a fourfold symmetry
axis. The Bi4 symmetry is obtained using crossed incoming and scattered photon
polarizations at 45 degrees of the Fe—Fe bonds. (C, D) Fermi surface deformation
associated to a d-wave Pomeranchuk order for (C) an isotropic Fermi liquid and
(D) the multiband Fe SC showing d-wave-like deformations with global Biq
symmetry which break the fourfold symmetry axis. The deformations shown
are consistent with ARPES measurements in the orthorhombic phase of FeSe
(32): and the hole pocket (red) expand along one direction, the elliptical
electron pockets (blue) shrink (expand) along the same (other) direction.
The 1 Fe unit cell is used.

along a specific direction, breaking rotational symmetry (28)
(Fig. 1C). In the context of Fe SC, the Bj, Raman response
probes the fluctuations associated to a multiband version of a
d-wave Pomeranchuk-order parameter that breaks the fourfold
symmetry axis (Fig. 1D): pg =3 , fink.« Where a is the orbital
index, fx a d-wave form factor that transforms as k- k2 and ny
the electron density (25).

Raman scattering experiments were performed on two dif-
ferent FeSe crystals (SP208 and MK; Supporting Information and
refs. 31 and 32). Fig. 24 displays the Raman response y, in
different symmetries p as a function of temperature in the te-
tragonal phase (T'>Ts) for SP208. For comparison besides the
response in By, symmetry, we also show the response in By, and
Aj, symmetries which transform as k., and k2 + ky2 respectively
(see form factors in Fig. 24, Inset). Upon coohng the y=Bj,
Raman response displays an overall enhancement over a wide
energy range extending up to 2,000 cm™'. At high temperature the
response is dominated by a broad peak, centered around 400 cm™
and the weight of which increases on cooling. In addition, a rel-
atively sharp peak emerges below 100 cm™: it softens and gains
considerably in intensity upon approaching TS (Fig. 2B). By con-
trast, the response in the two other configurations is only mildly
temperature dependent. The By, response shows a weak sup-
pression above 500 cm™" and a build up of spectral weight between
200 and 250 cm™, which likely originates from an interband transi-
tion between nearly parallel spin-orbit split hole bands at the I" point
(11, 33). Below T the B, response strongly reconstructs (Fig. 2C):
the low energy response is suppressed and there is a weak transfer of
spectral weight at higher energy, above 500 cm™, in agreement with
a previous Raman study (34). Below T, superconducting gaps open
on the different Fermi pockets (Fig. 2C, Inset) giving rise to two
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sharp peaks at 2A = 28 (+ 1) cm™ (~ 3.5 meV) and 37 (+ 2) cm™
(~ 4.6 meV), in broad agreement with scanning tunneling micros-
copy measurements (9).

Focusing on the tetragonal phase, we use the fact that the
Raman responses at finite frequency can be translated into their
corresponding symmetry-resolved charge susceptibilities at zero
frequency using the Kramers—Kronig relation:

2 A}(”(T,(U)
X”(T)ZE/O ”T

The susceptibilities obtained by integrating the finite frequency
responses up to A =2,000 cm~! are shown as a function of tem-
perature in Fig. 3. Although the B;, and A4, susceptibilities are
nearly T independent, the Big susceptibility y5, shows a strong
enhancement with lowering temperature and subsequently col-
lapses below T's. This demonstrates the growth of charge nematic
fluctuations in the tetragonal phase, which are arrested by the
structural transition at T’s. For both SP208 and MK crystals the
temperature dependence of By, above Ty is well captured by a
Curie-Weiss law yp, (T) =7 BT _‘with a Curie-Weiss temperature
Ty significantly below Ts, namely 8 and 20 K for SP208 and
MK, respectively.

A key step in the data interpretation is that the nematic fluc-
tuations described above are entirely electronic in origin, and are
not affected by the fluctuations of the orthorhombic strain u,, — uyy,
where i is the lattice strain tensor (25). The lattice fluctuations are
coupled to the electronic Pomeranchuk order parameter pp, via
the electron-phonon interaction He_pn _lpBl (U —Uyy), where A
is the coupling constant. The full, measured nematic susceptibility
at momentum q along the relevant high-symmetry direction and
frequency o can be expressed as

do. 1]

(xglg)_l(q, o)=(45,) C@w) —%-

Here ;{B (g, w) is the electronic susceptibility associated with pp
in the absence of the lattice, and the second term is the contribu-
tion of the orthorhombic strain with the elastic shear modulus
C4. Crucially, the nematic susceptlblhty obtained from the finite
frequency Raman spectra (o > 8 cm™) using Eq. 1 is in the dynam-
ical limit, i.e., y,(T) =lim,,ox, (T, ®,q =0). In this limit the second
term of Eq. 2 vanishes, implying that the extracted nematic suscep-
tibility does not couple to the orthorhombic strain fluctuations
(24, 25, 35) and, therefore, T) represents the bare electronic charge
nematic transition temperature that is unrenormalized by the lattice.
We conclude that the observed Curie-Weiss behavior demonstrates
the presence of a d-wave Pomeranchuk instability of purely elec-
tronic origin in FeSe. This is in agreement with a recent renor-
malization group analysis, which shows that the leading instability
is in the Pomeranchuk channel in low Fermi energy systems like
FeSe (36). The d-wave Pomeranchuk order may explain the pe-
culiar k-dependent orbital splitting observed by angle-resolved
photoemission spectroscopy (ARPES) below Ts, which does
not fit a simple ferro-orbital order (11, 32, 33).

Having established the presence of critical charge nematic
fluctuations, we proceed to show that the structural instability at
Ts is entirely driven by the reported charge nematic softening.
The renormalization of the relevant shear modulus Cs due to the
above-mentioned symmetry-allowed electron-lattice coupling is
given by (6, 25)

[2]

Cs(T) =

where ypis the measured charge nematic susceptibility as defined
in Eq. 1. ‘We take CY, the bare modulus, to be T -independent
as expected for a purely electronic-driven structural transition thus

C§ — Py, (T), 3]
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(A) Symmetry-dependent Raman spectra of FeSe (SP208 crystal) above Ts = 87 K using 2.33 eV photons. The sharp peaks superimposed on the

electronic continuum are due to Raman active optical phonons. Also shown in Inset are the schematics k-space structures of the Raman form factors in
different symmetries (blue and red colors indicate positive and negative amplitudes, respectively), and the polarization configurations used to select them.
(B) Temperature dependence of the low energy B4 spectra above Ts. (C) Evolution of the Bi4 spectra across Ts. The Inset shows the spectra across the
superconducting transition at T, = 8.5 K (SP208). The arrows indicate 2A superconducting peaks.

leaving A as the only free parameter. As shown in Fig. 4, we find
an excellent agreement between the observed softening of Cg,
obtained either directly from ultrasound measurements (29), or
indirectly from Young’s modulus measurements (6), and g (T)
obtained from our Raman measurements. Together with' the
absence of scaling between elastic modulus and spin fluctuations,

B i ® B 1 SP208
O B 15 SP208 (E =2.54eV)
O B, MK
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Fig. 3. Temperature dependence of the By, charge nematic susceptibility
for SP208 (Ts = 87 K) and MK (Ts = 88.5 K) using 2.33 eV photons. Also shown
are data on SP208 using a different excitation energy (2.54 eV) and the
susceptibility in the other symmetry channels on SP208 (A;4 and Byg). The
lines are Curie-Weiss fits of the Bq4 susceptibility above Ts.
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our result makes a strong case for a lattice distortion in FeSe in-
duced by a d-wave Pomeranchuk instability of the Fermi surface.

Next, we discuss the frequency dependence of the Byg response
in the tetragonal phase. As is evident from the spectra close to T’s
in Fig. 24, the By, response is composed of two contributions, a
sharp quasi-elastic peak (QEP) at low energy (below 200 cm‘l)
and a much broader peak centered around 400 cm™'. Both features

appear only in the By, symmetry: yz, (@) =xjep(@) + x4 (@). The

— Y, data {1.2
® O Y, derived from Raman
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Fig. 4. Shear modulus Cs (29) and Young's modulus Y{11¢ (6) data (line)
and corresponding simultaneous fits using the nematic susceptibility yg,
extracted from Raman scattering using Egs. 1 and 3. Full/open symbols cor-
respond to Raman data on SP208/MK crystal. The A values (in relative units)
used for the two crystals agree within 10%. The standard relationship be-
tween Y)1109) and Cs was used (6) (see Supporting Information for details).
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(A) Low energy fits of the B4 response of SP208 using a damped Lorentzian for the QEP and an odd in frequency third-order polynomial for the low

energy part of the broad peak (Supporting Information). (B) Temperature dependence of the inverse of the two contributions to the nematic susceptibility,
A" and A" for SP208 (blue dots) and MK (red triangle). The dashed line is a linear fit of A" between Ts and 150 K. (C) Temperature dependence of the QEP

line width I'1. The dashed line is a linear fit between Ts and 150 K.

low energy QEP is well reproduced by a damped Lorentzian
X0Ep(®) =A1wz“’—rz, which allows a clear separation of the two
contributions, and the extraction of the broad yj(w) close to Ts
(Fig. 5A4, Supporting Information). As shown in Fig. 5B, their re-
spective contributions A;(T) and A,(T) to the nematic suscepti-
bility y, (T), through Eq. 1, have different behavior close to T in
the tetragonal phase. Only the QEP contribution is critical, with
A;(T)™" extrapolating to zero close to Ty. In contrast, the broad
peak contribution A,(T), although sizable, increases only mildly
upon cooling. In addition, the extracted QEP line width I'(T)
shows a strong softening and extrapolates to zero at ~ 65 K (Fig. 5C).
In a weak coupling description of a d-wave Pomeranchuk instability,
the QEP can be understood as the standard Drude contribution to
the Raman conductivity g, (w)/w with weight 4, and width T" that
are renormalized by the diverging nematic correlation length &
(25). Defining ro =& (T —Ty), this theory predicts A7! «ro,
and " Igry, where T’y is a single particle scattering rate. As
shown in Fig. 5 B and C, the linear temperature dependencies of
Al‘1 and I" between Ts and 75+ 60 K are in agreement with the
above expectation. However, the two quantities extrapolate to
zero at different temperatures 20 K (+ 10 K) and at 65 K (+ 5 K)
respectively. We attribute this mismatch to a strong linear tem-
perature dependence of the scattering rate I'y(7'), as suggested
by resistivity measurements (9, 31) (Supporting Information).
Finally we discuss the microscopic origin of the broad feature.
It is unlikely to be from an Azlamazov-Larkin-type contribution
of the fluctuations of the stripe magnetic state (24, 27, 37, 38)
because, below Tg, inelastic neutron scattering and NMR data
suggest an enhancement of low energy spin fluctuations (4, 6,
14), whereas we observe a shift of spectral weight of y;(w) to
higher frequencies. It is also unlikely that the feature is an
interband transition, because y; (@) does not show any gap at low
frequencies above T (Supporting Information). One possibility is
that it is the nematic response of electrons that are not sharply
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defined quasiparticles. Such an interpretation would be in line
with the observed bad metal behavior (9, 13), and the fact that
the Fermi energy of FeSe is rather small (9, 11, 12).

Overall, our findings support a scenario in which the nematic
transition of FeSe is due to an incipient d-wave Pomeranchuk
instability of the Fermi surface. This provides an alternative route
to nematicity compared with the prevailing spin fluctuation—
mediated scenario that has been proposed for other Fe SC. The
subsequent challenge will be to identify the microscopic inter-
action that is responsible for the Pomeranchuk instability, and to
study if such an interaction is relevant for other Fe SC as well.

Materials and Methods

Single crystals of FeSe were grown using the chemical vapor transport
method based on the use of an eutectic mixture of AIC5/KCl as described in
refs. 9, 31. The two different single crystals measured were grown in Gre-
noble (SP208) and Kyoto (MK). Polarization-resolved Raman experiments
have been carried out using a diode-pumped solid state (DPSS) laser emitting
at 2.33 eV. For low energy (< 500 cm™") measurements, a triple-grating spec-
trometer equipped with 1,800 grooves/mm gratings and a nitrogen-cooled
CCD camera were used. Measurements at higher energies, up to 2,000 cm™’,
were performed using a single-grating spectrometer with 600 grooves/mm
in combination with an ultrasteep edge filter (Semrock) to block the stray
light. Additional measurements were also performed using the 2.54 eV line of
an Ar-Kr Laser.
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