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Raman experiments on bulk FeSe revealed that the low-frequency part of the B;, Raman response
R Blg(Q), which probes nematic fluctuations, rapidly decreases below the nematic transition at 7, ~ 85 K.

Such behavior is expected when a gap opens up and at a first glance is inconsistent with the fact that FeSe
remains a metal below T,,. We argue that the drop of Rp,,(Q) can be ascribed to the fact that the nematic

order drastically changes the orbital content of low-energy excitations near hole and electron pockets,
making them nearly mono-orbital. In this situation, the B;, Raman response gets reduced by the same
vertex corrections that enforce charge conservation in the symmetric Raman channel. The reduction holds
at low frequencies and gives rise to gaplike behavior of Rg,(Q). We also show that the enhancement of the

B, Raman response near T, is consistent with the sign change of the nematic order parameter between

hole and electron pockets.

DOI: 10.1103/PhysRevLett.124.197602

Introduction.—Bulk Fe-chalcogenide FeSe has recently
attracted a lot of attention due to a peculiar property, not seen
in other Fe-based superconductors—the emergence of a
nematic order (a spontaneous breaking of C, lattice sym-
metry down to C,) below T, ~ 85 K, without antiferromag-
netism nearby [1-4]. Extensive STM and ARPES studies
[5-18] revealed a sizeable deformation of hole and electron
Fermi surfaces (FSs) below T',,, which are well reproduced by
introducing an electronic orbital splitting [8,11,19-21].

A remarkable indication of the electronic nature of the
nematic transition in FeSe has been provided by Raman
measurements [22-25]. In a metal, the Raman response
probes densitylike fluctuations at a finite frequency € and
vanishing momenta ¢, modulated by a form factor, which
depends on relative polarizations of the incoming and out-
going light and transforms according to the point-group
representation of the crystal [26]. When the form-factor is
constant as, e.g., in the fully symmetric channel in a single-
band system, the Raman response is proportional to the
density correlator at ¢ = 0 and finite €, and it vanishes
because fermionic density is a conserved quantity [4,26-34].
The Raman response which probes electronic nematic
correlations in FeSe has the nonsymmetric B, symmetry
[35], so it is finite in the metal because no conservation law
applies [4,29-32].

Above the nematic transition, the measured profile of the
Raman intensity Rp,(Q) at small frequencies is well
approximated [4,29,36] by a relaxational form Rp ()

Q/(Q? + 4y%;), where the effective scattering rate g is
either due to impurities [4] or to electron-electron inter-
action [31,32,37]. Critical fluctuations give [29,36,37]
Yeif x T —T,, so that as T approaches T, the peak is
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expected to move to a lower frequency and to gain intensity.
Both results agree with the data [4,22-25]. However, below
the nematic transition, the data show that Ry, () rapidly
drops at <200 cm™!. Such behavior is expected when
quasiparticles acquire a finite gap (e.g., in a superconductor
[33,34]), but FeSe remains a metal at 7 < T,, with
deformed, but still sizable hole and electron pockets. We
argue that the Fermi surface deformation has little effect on
the Raman response, and the origin of the gaplike behavior
is the change of the orbital composition of the pockets
below T,,.

The outline of our reasoning is as follows. In the
tetragonal phase, FeSe has two nearly circular hole pockets
at the zone center I" and two electron pockets at M = (7, )
(in the 2Fe Brillouin-zone notation), split by spin-orbit
coupling into inner and outer pockets. The hole and inner
electron pockets are made of d,, and d, orbitals, and the
outer electron pocket has predominantly d,, character [38].
The B;, Raman vertex distinguishes between d,, and
dy. orbitals, and it is well approximated by I'p (k) =
n. (k) —ny (k), where n=d'd, and d', d are creation
and annihilation operators for the corresponding orbitals
[4,23,39]. In the band basis, FBlg(k) in the tetragonal phase

has pure d-wave symmetry, e.g., near the outer hole pocket
FB]g = d;dh cos 26, where d;, d;, are band operators and 0 is

the angle along the pocket. The nematicity breaks C,
symmetry between the orbital occupations and induces an
additional term A(k)[n,,(k) — n, (k)] in the Hamiltonian
[40]. This elongates hole and inner electron pockets in the
directions set by the signs of A(k) at I" and at M points, A,
and A, (Refs. [8,11,19-21,41]) and changes the orbital
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content of the pockets. This affects I'p (k), which develops
an angle-independent component, proportional to Ay,). In
FeSe, the pockets are small, and the orbital content changes
quite drastically. Calculations [8,19-21] and polarized
ARPES data [14,16] show that deep inside the nematic
phase the outer hole pocket becomes predominantly d,,
and the inner electron pocket becomes predominantly d,,.
In this situation, the angle-independent component of I'p
becomes the dominant one. Then Rpg;,(€2) drops because
B, Raman susceptibility becomes nearly identical to the
susceptibility in the symmetric density channel, and the
latter vanishes at ¢ = 0 and finite Q by charge conservation
[4,26-34]. The reduction holds at Q2 <2 —3A,,). Atlarger
Q electronic excitations recover the same orbital character of
the tetragonal phase and Rp,,(Q2) rapidly increases.

The nematic order can originate from a d-wave
Pomeranchuk instability [30,41,42] or from composite
spin fluctuations [8,43,44]. The microscopic origin of
the nematic order parameter is not important for our
purposes—we will just compare the Raman response in
the presence and absence of Aj(,). At the computational
level, the reduction of Rp,,(Q) is associated with the effect
of impurity-induced vertex corrections, which must be
included along with the fermionic self-energy (Ref. [45]).

Orbital composition of the pockets.—The low-energy
states near the hole pockets are described, in 1Fe zone, by
the effective Hamiltonian [46]

H=Y W k¥, (1)

k0,0

where ¥ = (d,,.d,.) is a spinor in the orbital space, and
K =[hgto+hi7,+ (s —Ah)r3]6(0) —I—mzaf;). The hopping

integrals in momentum space are hy(k) = €y — k*/(2m),
hy(k) = —2ckk,, and hy(k) = b(k? — k2). (€y includes
the static self-energy that accounts for the shrinking of the
hole pockets [8,21,44]),  is the spin-orbit (L - S) coupling,
and A, = A,(T) is the magnitude of the nematic order,
which we set to be positive in accordance with the
experimental findings [5—18]. To simplify the presentation,
in analytical formulas below we set b = ¢ > 0, in which
case the pocket in the tetragonal phase is circular. For
numerical calculations we choose the hopping parameters
which match the data on FeSe. The transformation from the
orbital to the band basis is described by the unitary matrix

with components uj = cos*0y, vi = sin*0y, where

bk? cos20 — A,
VDK AL =2k A, cos 20 +

2)

c0s 26, =

and @ is the angle along the hole pocket. Aty = A, =0,
two hole bands necessary cross the Fermi level and form
the inner and the outer hole pockets. When 7 or A, (or both)

are nonzero, the inner pocket gets smaller and may sink
below the Fermi level. In FeSe, only the outer hole pocket
has been detected in the nematic state, and in analytical
treatment we focus on this band. The Hamiltonian in

the band basis is H =Y Exd,dyx with Ey =

€0 — K2/ (2m) + \/b?k* + A2 — 2bk>Aj cos20 +n*>.  The
weight of d,, and d,, orbitals is given by vy =
(1 —cos26y)/2 and uj = (1+ cos26y)/2, respectively.
In the tetragonal phase cos 20y  cos 26, and d,. and d,,
orbitals equally contribute to band excitations. In the
nematic phase, the weight depends on the ratio 4, =
A,/ (bk?*). When J,, is small, the two orbitals still contribute
nearly equally. However, when 4, > 1, cos20; ~ —1,
independent on 6. In this limit, the hole pocket is made
almost entirely of d,, orbitals. Recent polarized ARPES
study of FeSe did find [14,16] that the weight of the d,, is
over 80% along the hole pocket. This holds when 4, ~
0.7 (Ref. [20]).

A very similar result holds for the inner electron pocket
near (7, x). In the tetragonal phase, this pocket is almost
circular, and composed equally of d,, and d,, orbitals. The
evolution of the orbital composition of this pocket below
T, is quite similar to that of the hole pocket (see [47]),
except that A, < 0 [5-18]. We can still model it with
Eq. (1), provided that m and b become negative to describe
an electronlike dispersion. By replacing b — |b| and A,
with |A,| in Eq. (2), in the tetragonal phase it is still

cos 26\, = cos26. However, since now ulz( = sin’ @, and

vi = cos’ 0 the angular dependence of the orbital com-
position at the electron pocket is reversed. In addition, in
some distinction to the hole pocket, for a large |A,|, the
orbital content becomes predominantly d,, for most of 0,
but for § = 0 it remains d,, [14,16]. The outer electron
pocket has instead almost entirely xy character both above
and below T, [38]. We follow earlier works [11,19,48],
which argued that fermions in the xy band have a small
residue, and neglect processes involving d,, fermions.
The Raman response in the nematic phase.—The
change of the orbital composition of the excitations has
a profound effect on the Raman response. The B, Raman

density in the band basis is expressed as [47] pfgg)(q) =
Zki(—l)idz(e)’k’_dh(e),kﬁq cos 20y, where K is near I" and
Kk, is near M. The factor (—1)" is the consequence of the fact
that the orbital content flips between the outer hole pocket

and the inner electron pocket. The density-density inter-
action, which favors a sign-changing nematic order, is
interpocket repulsion H ,:Uehquf“’(q)pf'g (q) [24.49].
In analogy with s* superconductivity, a positive U, > 0

favors a sign change between A, = <pf‘y(q =0)) and

B . .

A, = (p,"“(q =0)). We assume that interpocket repulsion
is larger than intrapocket nematic interactions. Summing up
the ladder series of corrections to the B, g Raman vertex, we
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Xh + Xe + 2UehXnXe
Rp,, ocIm 5
‘ 1- UthhXe
Tetragonal Nematic

Xn(e) = Xhie) Xh(e) = Xh(e) T Xhe)

@ RN
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FIG. 1. Diagrammatic representation of the Raman susceptibil-
ity for angle-independent impurity scattering. Here single (dou-
ble) lines denote bare (dressed) electronic Green’s functions, the
dashed line with a cross denotes the impurity potential. In the
tetragonal phase, the Raman vertex (denoted by a dot) has pure d-
wave form, and vertex corrections due to impurity scattering
vanish. In the nematic phase, the vertex has both d- and s-wave
components, and the s-wave part is eliminated by vertex
corrections.

find the total contribution from hole and electron pockets in
the form [47]:

(Q) +Ze(g) + 2UehZh(Q> e(Q)
1= U (Q)r.(Q)

Ry, (@) o Im % . (3)

where y,,) () = xne) (¢ = 0,Q) is the fully dressed par-
ticle-hole susceptibility with Raman side vertices cos 26y,
where k is near I' and M, respectively. For y,(Q) =
Xe(Q) = x(Q), Rp, (Q) < Imfy(Q)/1 - Uy (Q)]. Since
x(Q) > 0, the observed enhancement of Rg, () near T,
occurs only if interpocket U,;, > 0. This is consistent with
the sign change between A, and A, in the nematic phase.

The diagrams for Raman susceptibilities y (. (2) are
presented in Fig. 1. The dressed bubble is y)(R2) =
75 Q) + 1) (), where 732, (@) iy /(@4 2iry))
is the particle-hole bubble made of fermions with damping
rate y(.) (assumed to be angle independent), and ;(ZM(Q)
accounts for vertex corrections. In the tetragonal phase,
c0s 26, = cos 26, and vertex corrections due to impurity
scattering vanish because ¢ d6 cos 26, = 0 and Xn(e)(R) =
Zi(e)(Q)- In the nematic phase, Rp,(Q) changes because
the pocket becomes elliptical (or even peanutlike), and
because the orbital content of particle-hole excitations
changes. We verified [see Fig. 2(a)] that the change of
the shapes of the pockets actually somewhat enhances
Raman susceptibility. However, the change of orbital
content strongly reduces R B,,- Indeed, in the nematic phase

Without vertex corrections

Interband hole

Intraband hole

[a.u.]

RB]g

[a.u.]

RB]g

FIG. 2. Raman intensity in B, channel, obtained neglecting
vertex corrections. Solid (dashed) lines denote the results in
the tetragonal (nematic) state. The frequency is in units of
Ao = Ay(T =0). (a),(b) Intraband (a) and interband (b) re-
sponse from the hole pockets. (c) Intraband response for the inner
electron pocket. (d) Full intraband response, obtained using
Eq. (3), along with the interband part, panel (b). Interband
response here is without RPA resummation, since the effect of
the latter is rather mild, see [47]. We set Aj,( = 15 meV,
A,(T)=-1.3A,(T) and y, =y, = 6 meV. The band parame-
ters are listed in the Supplemental Material [47]. The double peak
structure of RBlg(Q) in the tetragonal phase is consistent with
Refs. [4,22].

cos 26, acquires an angle-independent, s-wave component
[see Eq. (2)], i.e., cos20y ~ Iy + gk cos26. For the
d-wave component, vertex corrections are still irrelevant,
but for s-wave component they are nonzero and have to be
included. Summing up ladder series of vertex corrections
(see Fig. 1) we obtain [47]

2iyh(e)

Q + 2i7h(e)
2iVne) o

Q + 21}/h(e) s:h(e)’

fo@(g) = Nrne) (F?,h(e) + r%l,h(e)>’

)(Z(e) (Q) = _NF,h(e) (4)

where Np () is the density of states at the Fermi level.
Adding up the two terms we find that the s-wave con-
tribution expectedly cancels out. As a result, Raman
intensity remains proportional to Fﬁ’h@). For identical

pockets, Nr ey = Np, Yie) =¥> Laney = I'y we obtain

Q
Rp1,(Q) T2 Y

) 5
102 +4y>(1 — U,,NI2)? 5)
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For Iy, # Ty, the structure of Rp,(Q) is more compli-
cated [47], but it still only involves the d-wave components
of Raman vertices. When the hole pocket becomes
almost entirely d,, and the inner electron pocket becomes
dy;, Uy pey® F 1, and Ty are small. Then Ry (Q) is
strongly reduced.

The reduction holds only at small frequencies. At larger Q,
typical momenta Kk in the polarization bubbles move away
from the corresponding kg j(e)» An(e) % Ap(e)/ (ba(e)k*) get
smaller, and I'y () increase. This can be well captured by
including explicitly the dependence of I' ) and I'y () on

frequency:

Lo /d@kdké(Q—Ek,h<e>>
HMOETTT 0 Neweo (@)

dOkdks(Q—Ex j(¢))
2, Q)+, (@)= '
s,h(e)( )+ d,h(e)( ) /(27‘[)2 NF,h(e)(Q)

c0s20,,

(cos26y )2,

(6)

where N ;) (Q) = [[(dOkdk)/(27)*]5(Q — Ey j(.)) is the
frequency-dependent density of states, and the integration is
near either hole or electron pocket. The Raman response
Rp1,(Q) is given by Eq. (5) with T'y ;o) = Ty je) (Q). As Q
increases, the relevant k in Eq. (6) increases, 4;) < 1, and
for a generic @ one recovers cos20 = cos26. In this
situation the s-wave component of cos 26, drops out, and
the Raman response becomes the same as in the tetragonal
phase. Note in passing that long-range Coulomb interaction
does not affect Rp,(Q) because the “mixed” bubble, with
B, Raman vertex on one side and a constant (s-wave) vertex
on the other, vanishes due to vertex corrections, even when
both I’ ) and I'y () are nonzero (Refs. [33,34]). Also, the
A, Raman response vanishes in both tetragonal and nematic
phases despite the mixing between s-wave and d-wave
components, since the A;, Raman vertex is always a
constant. We show this explicitly in the Supplemental
Material [47].

Numerical calculations.—To set up a more realistic
comparison with the experimental data we computed
Rp1,(Q) in the tetragonal and nematic phases numerically
47]], using parameters appropriate to reproduce the band
dispersion of FeSe, as measured by ARPES. We first
show, in Fig. 2, the result for Raman intensity without
vertex corrections, i.e., with y;) = )(‘;je) [Eq. (5) with
Lan(ey # 1]. In this approximation, the difference between
Rp14(Q) for T > T, and T < T, is only due to changes in
the shapes of the pockets. While the interband part moves
to higher frequencies due to the nematic splitting between
the bands, the intraband contributions actually get slightly
enhanced below T',.. In [47] we show how R, ,(€2) changes
if we additionally vary U,, to model the reduction of
U.Np below T,. Rg,(€2) decreases, but does not show

gaplike behavior. The situation changes drastically when
we include vertex corrections. We show the result for the
full intraband Rp,,(Q) in Fig. 3(c) and for the total Rp, (L)
with both intraband and interband contributions in [47].
We used a mean-field-like temperature dependence of
Ay (T), which is in good agreement with the observed
temperature evolution of the band dispersion below 7', [8].
We see the behavior that we just outlined. Namely, at small
Q the Raman peak progressively loses intensity as 7' is
lowered below T,. The peak survives over some range of
T < T,, but eventually Rp,(€2) develops a gaplike behav-
ior at small frequencies. The fine details of the evolution of
Rp1,(Q) below T, somewhat depend on the band modeling
(see the Supplemental Material [47]), but the overall
suppression of the Raman intensity is quite robust and
agrees with the data [22,24,25].

Summary and discussion.—In this work we have shown
that the observed gaplike behavior of the B;, Raman
response in FeSe, i.e., in a nematic metal, is a direct
consequence of the change of orbital composition of the
pockets, which become nearly mono-orbital at 7 <« T,.
The Raman intensity Rp,(€2) contains only the nonsym-
metric d-wave part of the form factor. However, the change
in the orbital content of the pockets induces a strong mix-
ing between d-wave and s-wave channels. When pockets
become nearly mono-orbital, the angle-independent

With vertex corrections

Intraband hole Full intraband

= 0.6 13
S,
o0 PRl 0.3 1
5 :
4 — «
i @| = 3" x {2
- 3 0

c0
Intraband el. J
ntraband el. o3 3

5 /

) : 1
L b Ty

2 [ i
= [ S ©

0 1 2 3 0 1 2 3
QAo QfApo

FIG. 3. Intraband Raman response Eq. (3) including vertex

corrections. Solid (dashed) lines denote the response in the
tetragonal (nematic) state. (a),(b) Intraband response from the
outer hole pocket and the inner electron pocket at the lowest 7.
(c) The full intraband response at T < T',, shown in the inset. The
response at 7 < T, nearly vanishes at small € and recovers its
form in the tetragonal phase at Q > 34, ;. The system parameters
are the same as in Fig. 2. The total R, (L), including interband
contribution, is shown in [47].
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component of the B;, Raman form factor rises at the
expense of the original cos26 component, and the B,
Raman intensity drops. We also found that the increase of
Rp,, near T, holds only if the nematic order changes sign

between hole and electron pockets.

To put our results in a broader context, we note that so far
the orbital reconstruction of fermionic excitations in FeSe
due to nematicity has been analyzed in polarized ARPES
measurements [14,16], which are surface sensitive. Our
work demonstrates that the Raman spectroscopy, which is a
bulk probe, is also capable to detect orbital transmutation in
iron-based systems. It then will be particularly useful in
systems where detailed ARPES data are not available. We
note that our findings are inconsistent with the conjecture
of orbital-dependent spectral weights, put forward in
Refs. [11,19,50-52]. Within that conjecture, the orbital
weights are assumed to get rescaled by interactions in such
a way that, e.g., the outer hole pocket does not become
nearly entirely d,, in the nematic phase. In this situation,
the Raman response would not show strong suppression at
low frequency in the nematic phase, which is in disagree-
ment with the data.
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