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Manifestation of nematic degrees of freedom in the Raman response function of iron pnictides
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We establish a relation between the Raman response function in the B;, channel and the electronic
contribution to the nematic susceptibility within the spin-driven approach to electron nematicity of the iron-based
superconductors. The spin-driven nematic phase, characterized by the broken C4 symmetry, but unbroken O(3)
spin-rotational symmetry, is generated by the presence of magnetic fluctuations associated with the striped phase.
It occurs as a separate phase between T, and T in systems where the structural and magnetic phase transitions
are separated. Detecting the presence of nematic degrees of freedom in iron-based superconductors is a difficult
task, since it involves measuring higher-order spin-correlation functions. We show that the nematic degrees of
freedom manifest themselves in the experimentally measurable Raman response function. We calculate the Raman
response function in the tetragonal phase in the large-N limit by considering higher-order Aslamazov—Larkin
type of diagrams. They are characterized by a series of inserted quartic paramagnon couplings mediated by
electronic excitations that resemble the nematic coupling constant of the theory. These diagrams effectively
account for collisions between spin fluctuations. By summing an infinite number of such higher-order diagrams,
we demonstrate that the electronic Raman response function shows a clear maximum at the structural phase
transition in the B;, channel. Hence, the Raman response function can be used to probe nematic degrees of

freedom.
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I. INTRODUCTION

Iron-based superconductors show rich phase diagrams, with
the high-temperature superconducting dome being in close
proximity to an antiferromagnetic striped phase [1] that sets in
at a temperature 7,,. In addition, a structural phase transition
at Ty, from the high-temperature tetragonal phase into an
orthorhombic phase, has been shown to closely follow the
magnetic transition [2-5], i.e., Ty > T,,. It was proposed that
spin fluctuations, associated with the striped phase, lead to
emergent electronic nematic degrees of freedom at higher
temperatures [3,6-9]. These electronic nematic degrees of
freedom then couple to the lattice and induce the structural
phase transition to the orthorhombic phase [10-12].

There is mounting evidence for an electronic nematic state:
resistivity-anisotropy measurements [13,14] and the measure-
ment of the elastoresistance [15], the observed anisotropies
in thermopower [16], optical conductivity [17,18], torque
magnetometry [5], and in scanning-tunneling microscopy
(STM) measurements [19]. Measurements of the elastic
constants showed that the shear modulus strongly softens
in the high-temperature tetragonal phase [12,20-23]. A the-
oretical analysis [12] based on nematic fluctuations due to a
strong magneto-elastic coupling showed that the inverse shear
modulus is proportional to the susceptibility of the nematic
order parameter )nem, Which diverges at the structural phase
transition, explaining its softening. The most direct evidence
for the magnetic origin of nematicity so far is the scaling of the
shear modulus and the NMR spin-lattice relaxation rate, seen
in iron pnictides [20]. An interesting open issue in this context
is the lack of such scaling behavior in iron-chalcogenides [24].
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A relation between nematicity and the Raman response
of iron-based superconductors was already studied in
Refs. [21,25], where the Raman response was compared with
the shear modulus, as well as in Refs. [26,27]. Here, we
demonstrate, based on an explicit microscopic theory that (i)
there is no enhancement of the electronic Raman response
function in the By, channel upon lowering the temperature,
(ii) that the Raman response function develops a pronounced
peak at the structural phase transition in the B;, symmetry,
and (iii) that there is some response in the A, channel, which
weakens as the temperature is lowered towards the structural
transition temperature.

We start from the spin-driven scenario for the nematic
phase, in which magnetic fluctuations stabilize a nematic
phase, characterized by the broken C4 symmetry. The Raman
response function measures the electronic density-density
correlator weighted by appropriate symmetry factors. Since
electrons interact with spin fluctuations, the latter will manifest
themselves in the Raman response function in the form of
corrections to the electron self-energy and the Raman vertex,
formally expressed in terms of Aslamazov—Larkin diagrams
[28]. The importance of inclusion of such diagrams for
studying nematicity in pnictides has already been pointed
out in Ref. [21]. We show that the leading-order Aslamazov—
Larkin (AL) diagram supports only A, and B, symmetry, but
not By, symmetry, which explains the lack of enhancement of
the Raman response signal as one approaches the structural
transition in the By, channel, as seen in experiments [25,29].
However, this leading-order approach cannot account for the
rapid increase in the amplitude of the Raman response function
in the By, channel, as one approaches the structural transition,
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as seen in the experiments of Refs. [25,29]. Instead it would
predict a similar increase only at the magnetic phase transition.
Therefore, we go beyond the leading-order approximation
and take into account collisions between spin fluctuations
that become more and more important as one approaches the
nematic (structural) transition. Our approach is based on the
exact same collisions between spin fluctuations that led to
the emergence of spin-induced nematicity in the first place.
Formally, this is accomplished by inserting a series of quartic
paramagnon couplings, mediated by electronic excitations,
into the Raman response function. Such quartic couplings
contain a product of four fermionic Green’s functions and
give rise to a peak of the electronic Raman response function
at the structural phase transition in the Bj, channel. On the
other hand, if we re-sum such higher-order AL diagrams in
the A1, channel, this will lead to the suppression of the Raman
response in the aforementioned channel.

The paper is organized as follows: In Sec. II we present
the microscopic model for the spin-driven nematic phase. We
calculate the effective action and analyze it in the large- N limit,
where N2 — 1 is the number of components of the collective
paramagnon field. Following Ref. [7], we derive the condition
for the susceptibility of the nematic order parameter to diverge.
In Sec. III we then show how to calculate the Raman response
function using a diagrammatic approach. We first calculate
the leading-order Aslamazov-Larkin diagram and show that
there is no response in the By, channel and a finite response
in the B, and A, channels. We then calculate higher-order
diagrams that take into account collisions between spin
fluctuations. Finally, after summing an infinite number of these
higher-order diagrams within a controlled 1/N expansion, we
show (i) that the maximum of the Raman response function
in the B, channel occurs when the nematic susceptibility
diverges, i.e., at the structural phase transition, and (ii) that the
amplitude of the Raman response function in the A, response
gets suppressed. We present our conclusions in Sec. IV.

II. MICROSCOPIC MODEL: SPIN-DRIVEN NEMATICITY

In what follows, we adopt a coordinate system of a single
Fe unit cell, where the k, and k, axes are along the Fe-Fe
bonds.

Two different approaches have been proposed in order
to explain the origin of nematic phase in pnictides and its
relation to the magnetic phase—the orbital scenario [30-35]
and the spin-driven nematic scenario [3,6,7]. For a discussion
of these approaches see, for example, Ref. [6]. Here we follow
the approach of a spin-driven nematic state. In this scenario,
the nematic phase is stabilized by magnetic fluctuations that
are associated with the stripe-density wave (SDW) phase. The
order parameter of the SDW state [36] can be characterized
by an O(3) x Z, manifold [8,9]—O(3) is the spin-rotational
symmetry and Z, is a discrete symmetry associated with
the choice of the ordering wave vector, Qx = (,0) or
Qy = (0,m). Let the two order parameters associated with
these two ordering wave vectors be Ay and Ay, respectively.
The SDW state is characterized by broken O(3) and Z,
symmetries. On the mean-field level the breaking of Z, and
O(3) symmetry occurs simultaneously. However, when one
includes fluctuations, these transitions can be split. In case of
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joint transitions, they are usually both first-order transitions
[7]. The criterion for breaking the discrete Z, symmetry via
a second-order transition is a threshold value of the magnetic
correlation length £. Decreasing the temperature leads to an
increase of £. Before the correlation length diverges at the
magnetic-phase-transition temperature, the threshold value
will be reached and spin-driven nematicity sets in. This
naturally explains why the magnetic and structural phase
boundaries are correlated and leads to an intermediate phase
with Z, symmetry breaking without O(3) symmetry breaking.
This intermediate state is the nematic phase in the pnictides.
It is characterized by unequal strength of the magnetic
fluctuations associated with the ordering wave vectors Qy
and Qy: (A%( — A%,) # 0, but no long-range magnetic order,
(Axy) =0.

In what follows we summarize the steps of Ref. [7] and
outline the mathematical model the for spin-driven nematic
phase. We start from a simplified itinerant model where we
include the bands near the I point and the X and Y points in
the Brillouin zone. For our main result no explicit knowledge of
the detailed parametrization of the band structure is necessary,
except for the fact that the band structure is not perfectly
nested. However, in order to obtain explicit numerical results
we use the simplified model of Ref. [7]. We consider parabolic
dispersions with

k2
€rk =€ — — — U,
.k 0 m n
k> k2
€ =—€+ =+ —— —u, 1
X k+Qx 0t S 2, iz (D
2 2
6Yk+QY _ _60+ kx k}, _M’
’ 2my  2my

where m; are the band masses, € is the offset energy, and
w denotes the chemical potential. The corresponding Fermi
surfaces are shown in Fig. 1.

In order to study the established stripe magnetic phase, we
consider the following electronic Hamiltonian that contains

A
N

~N 7D\ A

W,())K

Y
y = (0,m)
T = (

%
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W,

FIG. 1. Band structure: the model consists of the central hole-like
I band and the electron-like X and Y bands, shifted by Qx = (;r,0)
and Qy = (0,7), respectively.
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the interactions in the spin channel with momenta near Qx
and Qy and the coupling of magnetic degrees of freedom to
the lattice:

H= H() + Him + Hel—nema
i
Hy = Zei,kci’kaci,kaa
ik

1
Hine = _Eus E Si.q " Si,—q>
iq

Hel—nem = )Lel/ (S%( — S%/)(axux — 8),uy). (2)

Here, cika is the creation operator of an electron with
momentum K, spin ¢, and in the band i. The spin operator
is given by

Sia = D ChiceqakapCiiss €)
k

where Aqs denotes the N?— 1 component vector of the
generators of the SU(N) algebra. In the case N = 2 it holds
that Aqs = 304 With the vector of the Pauli matrices o. us
is the coupling in the spin channel, which can be expressed
in terms of density-density and pair-hopping interactions
between hole and electron pockets [37]. In principle, if one
writes down the most general interaction terms for the band
structure described above, one will also encounter couplings in
the charge-density wave and superconducting channels [37].
These are of no interest to the present work because we analyze
the nematic phase which is generated due to spin fluctuations
associated with the magnetic phase. These terms will therefore
be omitted. Hepem represents the nemato-elastic coupling
between the nematic order parameter and the orthorhombic
distortion dyu, — d,u,, which plays an important role in
Raman experiments, as has been shown in Refs. [21,38]. A¢
is the nemato-elastic coupling constant and u = (u,,u,) is the
phonon displacement field. After introducing the spinor

T N 1
\pk:(cllf",k,a Cle.k,a C;,k,a)’ “

where o denotes every possible value of the SU(N) spin index,
the partition function can be written as

Z = / dWdue S,
ﬁ 1
S[W,u] =/ df/{\wa,w+H(qz',\y)}+sph[u], 3)
0 X

Synlul = / [2(Vu)® + (3,u)*],

where 8 = T ! is the inverse temperature, and S,»[u] denotes
the pure phononic action, with ¢? being the bare value of
the orthorhombic coupling constant. Since we are considering
a system near a magnetic instability (an assumption that
is well justified by phase diagrams of many iron-based
superconductors) we can decouple the s - s interaction term
in Hin (which is quartic in fermionic fields) by using a
Hubbard-Stratonovich decoupling in the spin channel. In
Ref. [37], the competition between different instabilities for
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the model (1) has been analyzed (stripe-density wave, charge-
density wave, superconductivity), and the magnetic instability
has been found to be the dominant one for a certain realistic
range of interpocket (intrapocket) interaction parameters. This
is the parameter space that we are interested in, where the
leading instability is the magnetic one. By performing the
Hubbard-Stratonovich decoupling, we eliminate the quartic
interaction between fermions at the expense of a functional
integral over two additional bosonic fields Ax and Ay, with
N? — 1 components. The bosonic fields couple linearly to
the corresponding fermionic spin densities. We can write the
partition function as

Z= / dA;dWdue A0 ©6)

with the action

1
sl = — [wjgalw + o [ (ah+ )
k

S X
Ael 2 2
+ 2 (AX — AY)(BXMX — Oyly)
N
+ Spnlul. (7N

Here, the matrix of the inverse Green’s function G~ Lis given
by

Gal = Goh = Va, ®)
with the bare term
Grx 0 0

Gox=| O Gxx 0 |, 9)
0 0 Gy
and the interacting term
0 —Ax-X —Ay-A
Va=|—-Ax-A 0 0 (10)
—Ay - 0 0

(A},‘,k = Gi,ki with G:kl =iw, — €k and the N x N unit
matrix 1. We invert the matrix equation (8) by expanding the
geometric series and obtain the following expression for Ga
that we will use later:

Ga = (GoVa)'Go-

n=0

1)

A. Effective action in large-N expansion

In this section, we first show how to obtain the Ginzburg—
Landau expansion of the effective action in powers of the spin
fluctuation fields Ay y in the limit of large N, in the spirit
similar to that of Ref. [7], where only N = 2 was considered.
Next, we reformulate this effective action in terms of the
collective nematic Ising variable ¢ and analyze the equation
of state for ¢. We deduce the condition for the onset of the
nematic phase by examining the susceptibility of the nematic
order parameter. We begin by integrating out the fermionic
degrees of freedom from Eq. (5), as well as phonons. It follows
that

7 = /dAief crr[Ax.Ay]’ (12)
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with action

Seit[Ax,Ay] = —Trln(l —GoVa)

*ﬂy

1

- E / gnem—el(Ag( - A%/)’

2.2
Yad
dq?—w?

(A% + A7)

where  gnem-el(q,®) = is the frequency- and

. 1A
momentum-dependent coupling, and y2 = z(u—g')z. Here,
Tr(- - - ) refers to a sum over momentum, frequency, spin, and
band indices. We further expand in powers of Ay y to obtain

1 1
Serr[Ax,Ay] = 5Tr<go,kvA)2 + ZTr(QO,kvAY‘

2 2 2
+ 0 (A% +AY)

1 2 2
- E gnem—el(Ax - Ay) (13)
After using a series of identities for the generators of the SU(N)
algebra, needed to evaluate the above traces (for details see
A 2), we arrive at the following effective action in the large-N

limit:
Zro,A + Zu,,MM

1

- 5 / gnem—el(Ag( - A%/)’ (14)

Seir[Ax,Ay] =

with the coefficients

1 1
i =—+ = [ GriG;x,
ro, 2 + 2/}: rxGik s

1 2
u,-j = W/kGr,kGi,ij,k'

We used the notation [, =T ), [ 4% (271)[, The index k =
(k,w,) combines the momentum k and the Matsubara fre-
quency w, = 2n + ) T.

By using the identities

/GF,kGX,k = fGF,kGY,k»
k k
[ G663 = [ Ghich.

valid because the underlying Hamiltonian obeys the full Cy4
symmetry, we can write the action in the more convenient
form

(16)

SerlAx. Ayl = ro(A} + A7) + 7 (A + A7)’
5 (a3 - A3, (a7

with coefficients

1 1
— | Gx«Gru,
2. + 2/ x.kGr

1
U= Grk(GXk+GYk)

ro =
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2

_ 2 q
gr(qaa)) - g + ye] ngZ _ a)Z’
1
= G Gxir—G 18
8= "T6N I‘k( Xk yi)2 (18)

ro, U, and g have been calculated as a function of temperature
and band parameters in Ref. [7]. It was found that u > 0 and
u > g in general. The coupling g vanishes for circular electron
pockets but is positive for a nonzero ellipticity.

B. Nematic susceptibility in large- N expansion

In order to investigate the possibility of the nematic
transition occurring before the magnetic transition, we follow
the steps of Ref. [7] and introduce two auxiliary Hubbard—
Stratonovich scalar fields ¢ and ¢ to decouple the quartic
terms in the action (17); ¢ — A% — A2 and ¥ — A% + A2,
This choice of Hubbard—Stratonovich decoupling is unique
since no other competing channels exist, as was shown in
Ref. [7]. The resulting effective action is given by

— [, -1(A2 1 A2 ¢* Y
Seff—/q\Xq (AX+AY)+/(2gr Z)

+ /Iﬂ(A§(+A2Y)+/(¢+hn)(A§( —A2), (19)

and we have added a field A, conjugate to the nematic order
parameter A3 — A%. This term is needed in order to calculate
the susceptibility of the nematic order parameter. A finite value
of ¢ implies nonzero expectation value of gﬁ = (A} — A}) #
0 and the system develops nematic order. The large-N mean-
field value of i is always nonzero and describes the strength of
magnetic fluctuations. In case of split magnetic and structural
phase transitions, there is no magnetic order right below the
structural transition temperature, i.e., (Ax y) = 0. Next we
integrate out the N> — 1 component fields Ay y:

), [[F v
N /q {zgr 2u } * 7 /q {
In [(x, "+ )" — @ +m?]}. 0

We note that the effective action (20) has an overall
prefactor N2. For N > 1 the integral over the fields ¢
and ¥ can be performed via the saddle-point method, i.e.,
by analyzing the extremum of the action. This is the so-
called large-N expansion, which is asymptotically exact in
the limit of large N and guarantees that all conservation
laws are automatically fulfilled. In Ref. [7], a comparison
of large-N expansion with some other approaches, such as
renormalization group, was performed and very similar results
were obtained, which justifies its use to treat this problem.
After solving for 9Se¢[¢@p,¥]/0¢ = 0Sest[@p, ]/ =0, we
obtain the equations of state for ¢ and :

See[V, 0] =

e +y
o (6 9) = @ )

22/ ¢ +
g o (0 + ) - @+ h)?

2y
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By differentiating the second of equations (21) with respect to
the conjugate field, we find that the static nematic susceptibil-
ity, similar to Ref. [39], is given by

X _ % _ &stat fk sz 22)
nem oh, iy =0 I — gstar fk X2
where, from now on, we have shifted x, [N Xe '+ 4, which

simply corresponds to the renormalization of the mass term
due to fluctuations, and where

b =g+ 12 (23)
cy

is the static limit (w = 0) of g(¢,w). In Ref. [21,38], it has been
pointed out that the static and the dynamic limit of g(g,w) do
not commute. The authors stressed that the Raman scattering
operates in the dynamical limit, in which momentum is set
to zero first, ¢ = 0, which leads to ggy, = g, and the Raman
response function essentially does not see the effect of coupling
to the lattice.

III. RAMAN RESPONSE FUNCTION

Raman scattering is a valuable tool to study strongly
correlated electronic systems [40], since it probes lattice,
spin, and electronic degrees of freedom. It has been used
to extract information about the momentum structure and
symmetry of the excitations in the cuprates [28,41-43] and
pnictides. The differential photon-scattering cross section in
Raman spectroscopy is directly proportional to the structure
factor S:

1
S, = _;[1 + n(w)ImR,, (24)

which is related to the imaginary part to the Raman response
function R through the fluctuation-dissipation theorem [44].
Here, n(w) is the Bose—Einstein distribution function, and g =
(q,w). Since the momentum of light is much smaller than the
typical lattice momentum, one normally uses q & 0in Eq. (24).

The Raman response function measures correlations be-
tween “effective charge density” fluctuations p,

T
mw=£ dt e (5(1)pO0)). 25)

The effective density, weighted by the form factors that can be
changed via the geometry of the photon polarization, is defined
as

+
= E WG itk o Cik o (26)
i,k',o

where o is the spin index, i is the band index, and the operator

cik_a creates an electron with spin o and momentum K in
band i, where i = X,Y,T". The function yx is related to the
incident and scattered photon polarization vectors and depends
on the curvature of the bands [44]. The multi-orbital nature of
different bands has been pointed out in Ref. [45].

In order to determine the Raman response function, we

couple an external source field to the weighted densities and
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introduce the generating functional W, according to

Wy, = l/dAid\pe—S[‘l’,A,]—‘l’Wh‘I”
z (27
Z= /dAid\De_S[‘l"Af].

The elements of the matrix }, in momentum, frequency, spin,
and band space are

= Ik, —k, Vi 8567 0ij (28)

with & being the field conjugate to the effective density. The
Raman response function (25) is obtained by differentiating
the generating functional W), (27) with respect to the conjugate
field h:

Vi kikyoo'ij
J

82w,

R,=—"
T Bhgbh_y |z

(29)

Due to the single-particle character of the source term, the
generating functional (27) can be written in the form

Wy, = l/dAidwef“”gl-‘h“’—ﬁ [a5+a9)
~ :

-1 _ -1
gA,h - gO

Since W), contains the action that is quadratic in fermions, we
integrate out the fermions and obtain

el /dA

(30)
—Va = V.

(31
SilA] = = (A% + A}) —Trin (G,,).
Us Jx ’
We further expand:
o0 T n
Trin (G,',) = Trln (G,") Z r(gAVh) (32)
n=1
Then, by using Egs. (31) and (29),
R = i/dA_e*Serr[AwaY]
q Z L
> TH(Ga Vi) — STH(Ga V)P
x ——exp| —Tr — =Tr
Shadh_, T AR T TR
(33)

Here, Sett[Ax,Ay] = Sp[Ai]|ln=o is the effective action. We
define the matrix

8V,

r<=—_"
Shy,

(34)

A. Self-energy and vertex-correction diagrams

Next, we analyze the leading-order contributions to the
Raman response function. These arise from the self-energy and
vertex-correction diagrams (also known as Maki—-Thompson
diagrams) depicted in Fig. 2. Both of these diagrams arise from
differentiating the second term in the exponential (33) twice
with respect to h:

1
RVS =1 / dAeSTACITHGA T, (35)

Z

075134-5



U. KARAHASANOVIC et al.

FIG. 2. Left: Contribution to the Raman response function that
contains the self-energy correction to the fermionic propagator. Right:
A diagram that contains a vertex renormalization correction—the
so-called Maki—-Thompson diagram.

and we replace Seir — S, where Sy is the quadratic action
given by

2 1

sis) == [ (8% +a3)+ TGVs7. (6
S

In order to get the vertex correction (Maki—-Thompson dia-

gram), we replace both Go in Eq. (35) by Ga — GoVaGo,

which comes from the perturbative expansion of Eq. (11):

1
RY = E/dA,-e‘S“AX’AY]Tr[(QoVAgoF)2]~ (37

In order to get the self-energy correction, we replace one of
Ga in Eq. (35) by Gao — Gp, and the other one by Gy —
(GoVa)*Go to get

2
RS = 5 [ dde SO TG GoVs P Gor ). (38)

Due to the integral over the square of the yi factor, the self-
energy and vertex corrections occur in all symmetry channels.
If one evaluates the sum RS + RY explicitly, in the hot-spot
approximation, one finds that there are partial cancellations
in the Aj, and By, channels, and no cancellations in the By,
channel. One can easily show that, in d = 2,

RS~|—RV0</
qr0+q2

x Iné&, (39)

where we have used ryp = £72, where & is the magnetic
correlation length.
In summary, we have shown that the self-energy and Maki—
Thompson diagrams are present in all symmetry channels and
are therefore symmetry insensitive.

B. Leading-order Aslamazov-Larkin diagrams

The Aslamazov-Larkin contribution to the Raman response
function, analyzed in Ref. [28], arises from differentiating
the first term inside the exponential in Eq. (33) twice and
from replacing G — (GoVa)?Go, which comes from the
perturbative expansion of Eq. (11):

Ry = % f dAje” S A AT (GoVa) Gol' 1. (40)

Here, Seit[Ax,Ay] = Sp[Ai]ln=o is the effective action given
by Eq. (13).

As we see below, the key assumption of a description based
on the Aslamasov—Larkin diagrams is that one neglects the
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Ro(w)

w

FIG. 3. (Color online) Leading-order Aslamazov-Larkin dia-
gram. Raman vertices are denoted by black squares. Imaginary part
of the Raman response function as a function of frequency ImRy(w),
ind =2.

interactions between spin fluctuations. In other words, one
approximates the effective action in Eq. (40) by the quadratic
action (36). While this assumption is frequently justified, it
is not allowed in the theory of spin-driven nematicity, as we
show later.

The leading-order Aslamazov—Larkin diagram, depicted in
Fig. 3, can be calculated as

Ri@)=T Y f AN, 20.0)2(Q, )X (Q, 2 — )
q

i=X,Y,n
(41
with
) _ A Qe _
Al(qvgva)) - Ai (qvng) + Aj ( qv 97 (,()),
AP(Q,Q,0) =T Z/VkGF(k,vn — )Gr(k,v,)
n k
x Gi(k —q,v, — ),
AP@2.0) =T Y [ nGilkor, - 0)Gitkon)
n k
x Grk—q,v, — ), (42)

similar to what was found in Ref. [46].

1. Raman response in different symmetry channels

In the concept of the pairing symmetry in high-temperature
superconductors, successful theoretical models supported by
experiments have been developed in order to explain the
symmetry sensitivity of the Raman response function [47].
Similarly, here, before we explicitly evaluate the leading-order
Aslamazov-Larkin diagram, we analyze the contribution to it
in the various symmetry channels. Higher-order corrections
that will be discussed later do not alter this symmetry-based
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analysis. The symmetry factors y are given by

A, 1[0%(k) | 0%(k)
o2 ok ok |’

2 2
by 1[0%d) 9%
== - , 43
0 2{ oz ok @)
by 0%(k)
T T

where €(k) is the band dispersion.

We show that the Aslamazov-Larkin diagram, given by
Eqgs. (41) and (42), only supports the B;, and the A;, symmetry
channels. Let us consider the structure of the terms in Eq. (41)
which arise from

R(V(w) =T Z /[Al(l)(q,gzn,w)]z

i=X,ynv4
X x(q,$2,)x(q,2, — ). 44)

The term (44) can be rewritten in the following form:

T
RyV(@) =237 / /k / Verp X (Q,82:)x(q, 82 — @)
n q p

X [EA]g(a)vankvq)EAlg(wvgzn’pvq)
+ Ep, (0,92, K, QEp, (@0,2,,p.9)],  (45)

where we have classified the appropriate combinations of
Green’s functions according to their symmetry into

Ep(@.2,k@) =T Y Grk,v, — ©)Gr(k,vy,)

m

x Gk — g — Q).
Ep, (0,2, k9 =T Y Grk,v, — 0)Grk,v,)

x Gk — quuy — R2,), (46)

and we have defined G® = Gx & Gy. In particular, we used
the fact that £, has the Aj, symmetry (it does not change
under the /2 rotation or under the reflection with respect to
one of the axes—either k, or ky); see Eq. (43). Similarly, E,,
has the characteristics of the Bj, symmetry—it changes sign
under /2 rotation but not under the reflection with respect to
one of the axes (k, — —k,, for example). From Eq. (46), we
see that the response will be nonzero only for y factors in the
Ay, or the Bj, symmetries. Similarly, by using the same line of
arguments, one can show that all other terms in Eq. (41) support
the Ay, or the By, symmetries only. We have thus ruled out the
response in the By, channel. The symmetry sensitivity here is
robust and holds whether or not the leading-order diagrams
have been evaluated in the hot-spot approximation.

2. Explicit calculation of leading-order
Aslamazov-Larkin diagram

The leading-order Aslamazov-Larkin diagram has been
evaluated in Ref. [28] assuming that the main contribution
comes from the hot-spot regions and that the momenta
of the fluctuations are peaked around q =~ Qyx y. After the
analytic continuation to the real frequencies, we found that
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the imaginary part of the Raman response function, which is
a quantity of experimental interest, is given by
oo

) de
ImRy(w +i07) = / ;[n(é) — n(e + w)]

—00

« / Imlx " (e.q)lmix *e + w.q)],
q

47)
with the spin propagator in the tetragonal phase given by
1
R
Q)= —————, 48
@ =g (48)

where ry tunes the distance from the magnetic transition; see
Eq. (18). This form for the spin propagator has been measured
in elastic neutron scattering experiments in Ref. [48], and
using this form for the propagator an excellent agreement was
achieved with the experimentally measured lineshape of the
Raman response function in the Bj, channel in Ref. [29]. In
d =2, the q integral in Eq. (47) can be performed exactly,
which leads to the following expression:

Im[Ro(w + i0M)]y=r = [ deln(ey) — n(ef)]%
0 €+

X [F(ey) = F(e-)], (49)

with
1 ro T
F(x) = —| arctan — — —sgn(x) |. (50)
b X 2

We defined €, = € & w/2. The plot of the function (49) is
shown in Fig. 3. In particular one can deduce that, in the
regime where temperature 7 is the biggest scale, T > ry,
Ro(w)gen =~ % for small frequencies w, while the amplitude

of the Raman response function scales as Rj'™(w)g=2 =~ % in
this regime.

In summary, we have shown that the leading-order
Aslamazov-Larkin diagram gives a nonzero response in the
B¢ and A, symmetries only. It predicts the divergence of the
Raman response at the magnetic transition and does not carry
any signatures of the structural transition. We therefore need
to go beyond the leading-order Aslamazov—Larkin diagram.

C. Higher-order Aslamazov-Larkin-like diagrams

Next, we go beyond the quadratic action approximation for
Seft in Eq. (40) and include the full quartic action to evaluate the
Raman response function. As we will show, diagrammatically
this corresponds to inserting a series of fermionic boxes that
resemble the structure of the nematic coupling constant g
into the leading-order Aslamazov—Larkin diagram in the B,
symmetry. These diagrams take into account the collisions
between spin fluctuations which were not accounted for in the
leading-order Aslamazov-Larkin diagram.

First we show how these terms arise from the diagrammatic
expansion. We start from Eq. (40), but this time we go
beyond the quadratic approximation for the effective action
and include quartic terms:

1
R, =~ / dA;e SMANTH(GoVA)Y Gl I, (51)
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« B .
Bus
B
o B« B « 6.6 B
Bus = Bug + ...
o B o B « 5.8 B

FIG. 4. Resummed Raman response function. The resummed box
B, is shaded gray. The first index of the matrix B denotes the type
o = X,Y of entering spin fluctuations, and the second index denotes
the type of exiting spin fluctuations. We insert the gray shaded box
into the Raman response and make some further simplifications to
evaluate the Raman response function (see the main text).

where
Sete[A7] = So[ A1+ $Tr(GoVa)’, (52)

with the bare action

1 1
SolA] = 5 - / (A% + A7) + 5 TGV (53)

We further expand the exponential
—1ITr(GoVa)* A I 4
s TGV ~ X_g — [ 7 TrGoVa) } (54)
to obtain
=1
_ _ pim)
R[,_X(:)m!Rq : (55)

where we averaged the following terms with respect to the
Gaussian collective spin action:

m
Ry = <[71Tr(govA>4} [Tr[(govA>zgor]]2> :
So

In order to evaluate the expectation values one performs
contractions of the A fields. We obtain a series of diagrams that
look like the leading-order Aslamazov—Larkin diagram with
an arbitrary number of inserted fermionic boxes, depicted in
Fig. 4.

The higher-order diagrams effectively take collisions be-
tween spin fluctuations into account, which have been ne-
glected in the leading-order Aslamazov-Larkin diagram. As
one approaches the transition line, collisions between spin
fluctuations become more and more important and one would
anticipate significant changes in the Raman response function
due to these processes. As we will show, the resummation of
boxed Aslamazov-Larkin diagrams will lead to the maximum
of the Raman response function at the structural phase
transition in the Bj, channel and the suppression of the
response in the A, channel.

The next task is to resum an infinite number of such
diagrams. Every box can be characterized by two indices:
the first one denotes the type of incoming spin fluctuation, this
can be either X or Y, and the second one denotes the type of
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exiting spin fluctuation. Let us denote this box B,g. Summing
all boxed diagrams can be most efficiently expressed as

R(@) = Ro(@)+T> ) / Ao(@,2,Q)
q.9'

Q.9
X x(q,2)x(q,2 — w)
x Bup(q.q4.92,20)x(q',. Q)
X x(q,Q — w)Ap(w,2'.q). (56)

For our analysis it is sufficient to calculate the box B,g at
momenta q,q’ ~ Qx y and zero frequencies, which is justified
for small incoming Raman frequency w, and in the classical
regime relevant near a finite-temperature phase transition. We
write the Raman response function in the tetragonal phase:

R(w) ~ Ro(w) + f Ao(®,0,q)Bygp

q.9
x x%(q,00x%(q',0)Ap(,0,q)), (57

where Ry(w) is the leading-order diagram.
The symmetry of the fermionic triangle is such that

Big By, Alg A Al
AR = =AY, A =AY

(58)
This relation can be obtained by simply performing a coor-
dinate system rotation by 7 /2 inside the momenta integrals
in Eq. (42). This allows us to explicitly perform the matrix
multiplication, which yields

ﬁglg(w) = Ro(®) + Ro(w)(Bxx — Bxy)/xz(q,O),
) (59)

R, (@) = Ro(w) + Ro(®)(Bxx + Bxy) / x*(q.0).
q

_ Next we need to determine an expression for the full box
B,g, i.e., perform a sum over the leading box diagrams within
the 1/N expansion. This is illustrated in Fig. 4 and can be

written as

Bug = Bug + BaaBaﬂ/ x*(q,0)+ - -
o

00 m—1
D (B ap ( f x2<q,0>> : (60)
m=1 q

The matrix B was deduced from Eqs. (56) and (B4). For details
about explicit evaluation of the SU(N) trace prefactor [which
arises from contractions of products of A matrices in Eq. (10)]
for boxed diagrams containing an arbitrary number of boxes
m, please see Appendix B. The matrix B of irreducible boxes
is then given as

N
B=__ (gxx gxy>7 (1)
8 \8xy 8xx
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where we used the abbreviation
8xx = /kG%’kGi”k’
(62)
gxy = /G%,kGX,kGY,k,
k

and used that, by symmetry, [, G%’kG;k =/, G%,kG2Y,k-
The mth power of the matrix B is given by

m_ L(=N\"((g"+ g™ (gfﬁ—g"’)>
B _2< 8 ) ((gf:—g'f) @r+gm)  ©

where g+ = gxx £ gxy. From this analysis it follows that

B o) —N _ m m
Rglg(a»:Ro(w)Z( 88 ) ( / x2<q,0))
m=0 q

g [, x*(q,0)
= Ro(w) + Ro(w)%,
q ,

B 00 _N m m
Ry, (@) = RM)Z( 8g+) ( / x2<q,0>)
q

m=0

u [, x*(q.0)

= Ro(w) + Ro(w)m,
q ,

(64)
where

g = / Gt (Gxx — Gr)’ (65)
16 k ’

is precisely the nematic coupling constant of Eq. (18) for the
effective action, and u is the other quartic term in Eq. (18),
with u > 0, as found in Ref. [7]. From Eq. (64), we see that
the Raman response in the A, channel gets suppressed, due to
the term in the denominator, which grows as one approaches
the transition. On the other hand, in the B, channel, after
performing the analytic continuation to real frequencies and
taking the imaginary part, we get that

ImRp,, (0) = Im[Ro(@)](1 + g X ) (66)
where
2
o Jy x*(q.0)
1 —g [ x%(q.0)

is the purely electronic contribution to the nematic susceptibil-
ity calculated in the large-N limit [12] for the model described
in Sec. IT A.

On the other hand, the susceptibility of the nematic order
parameter of our model, in the large- N limit is given by

2
Xnem = o
e - 8stat fq qu '

(67)

(68)

where gy = g + }C/—j As was pointed out in Ref. [38], the
enhancement of the static nematic coupling constant (23)
does not enter the Raman response, due to the fact that the
Raman response operates in the dynamical limit (q = 0 and
finite w), and the static and dynamic limits do not commute
[38]. In a purely electronic theory y, = 0, and this would
then lead to the divergence of the Raman response function
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at the structural phase transition. For finite nemato-elastic
coupling, the nematic (structural) phase transition and the
nematic susceptibility (22) diverge, and

)/2
<g+c—f)l>/xq2=1. (69)
N q

Consequently, the Raman response function in the By, chan-
nel, given by Eq. (66), has a maximum rather than a divergence
at the structural phase transition, when magnetic and structural
phase transitions are split [2,4,5]. This is in agreement with
recent experiments [29]. The Raman response function could
then be used to probe the dynamic excitation spectrum of
the nematic degrees of freedom, similar to inelastic neutron
scattering that probes the dynamic spin excitation spectrum.
Finally, we would like to comment that the principal results
of our work, summarized in Eq. (64); namely, the pronounced
maximum of the Raman response in the B;, channel at the
structural phase transition, and the suppression of the response
in the Ay, channel, are valid in general, irrespective of whether
one uses the hot-spot approximation to facilitate the evaluation
of the leading-order diagram Ry(w).

IV. CONCLUSION

In summary, we have shown that the Raman scattering can
be used as a tool to probe the nematic phase in pnictides.
We have presented a calculation that demonstrates that, in the
low-frequency limit and large-N limit, the Raman response
function shows a clear maximum at the structural transition
temperature in the By, channel.

In our model, the electronic nematic phase in pnictides
is stabilized by spin fluctuations associated with the striped
phase and occurs as a thin sliver above the magnetic transi-
tion temperature. In order to calculate the Raman response
function, we have gone beyond the leading-order Aslamazov—
Larkin diagram and included higher-order diagrams that
contain a series of quartic paramagnon couplings, mediated
by electronic excitations. Such quartic couplings contain a
product of four fermionic Green’s functions and include the
effect of collisions between spin fluctuations. When resummed
these diagrams lead to the maximum of the electronic Raman
response function at the structural transition in the By, channel,
and the suppression of the response in the A, channel.

The method that we developed analyzed the Raman
response function only in the regime of small frequencies.
It would be desirable to extend it to the entire frequency
range, such that one can analyze the entire shape of the Raman
response function as a function of temperature and possibly be
able to extract some information about the dynamical nematic
susceptibility.

Furthermore, one might expect a charge-driven nematic
phase to have similar signatures in the Raman response
function. This could be relevant to the peculiar case of FeSe,
where the nematic phase has been detected, but no magnetic
phase has been seen [24,49,50]. In order to do so, we would
need to develop a theoretical method that goes beyond the
large-N expansion.

Note added. In the final stages of the preparations of
the manuscript we became aware of Ref. [51], where the
behavior of the Raman response function in the vicinity of the

075134-9



U. KARAHASANOVIC et al.

structural transition has been analyzed. Where there is overlap
with this work, our results agree. In particular, the principal
result of our work, summarized in Eq. (64), that the Raman
response function shows a maximum at the structural phase
transition in the By, channel, is identical to the result obtained
in Ref. [51]. We included the effect of coupling to the lattice
in our work and analyzed the response in the A, channel
as well. On the other hand, Ref. [51], where the calculation
has been conducted in the orbital basis, is able to address
the orbital degrees of freedom. The approach of Ref. [51] is
not restricted to small incoming Raman frequency (linear-w
regime) and calculates the entire lineshape.
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APPENDIX A: EFFECTIVE ACTION
OF THE SU(N) FERMIONIC MODEL

1. Some useful SU(N) identities

Here, we present some useful identities for the structure
constants of SU(N). They have been used to determine the
scaling of the boxed Aslamazov—Larkin diagrams with N and
to develop the Ginzburg—Landau expansion of the effective
action in powers of spin fluctuation fields A (see Sec. II).
We begin by listing some standard SU(XN) identities for the
matrices A;, where i = 1,...,N?> — 1. All repeated indices
are summed over:

1
{Aj. A} = ﬁajk +djpk;, djy =dyg, (AD)
(A ] = ifjuds, £ = —fiu, (A2)
1 1
Mo = 285+ SRk, (A3)
Rjkl = djkl + ifjkl. (A4)

Here, d;j; is symmetric under the exchange of its indices,
while f; is antisymmetric under the exchange of neighboring
indices. Furthermore, some useful relations for the summa-
tions of structure constants can be derived [52,53], which read

dodpy = v —4s (AS5)
aklQbkl — N ab s

furifors = Ndap, (A6)

> dy; =0. (A7)
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Useful identities that involve the traces of the SU(N)
matrices are

Tr(A;) = 0, (A8)
Tr(1l) = N, (A9)
Tr(Aidj) = 18;;. (A10)

In order to analyze the trace of the product of four SU(N)
generators we evaluate

1 1
Tr(liljlkkl) = Tr|:<ﬁ8,-j + zRiij'p>

1 1
—34 Ry As
X(2N k1+2 ki >:|

1 1
— 388 + SRijpRup,

= All
4N 8 (Alh)

where we used the identity (A3) in the first line, as well as
Egs. (A8) and (A10) in the second line. These results will
be of importance for the subsequent analysis of higher-order
diagrams.

2. Effective action from Tr log expansion

First we calculate the quadratic terms in the free energy
expansion. This is given by

N2—1
Z/Ga,kGF,k > Tk j)ALA]
— Jk

ij=1
EZ/G GrilAgl®
3 . A «, A al

where @« = X,Y and we used the identity (A10).
Next we calculate the quartic term in the free-energy
expansion

1
ETF(QOVA)z

(A12)

1 1
ZTr(gOVA)4 = ETr(liljlk)»z)

. . 1
x wa AL AT ASAL 4 TG A Ak
a:Xx:Yg oo a+2r( jkl)

XY uaALALALAL, (A13)
a=XY
with
8xx = 8yy = /Gi,kGlz",k’
k (Al14)

gxy = 8yx = /Gx,kGy,kGlz-,k,
k

and we used the notation @ for “not «,” i.e., if « = X then
a =Y and vice versa. We further substitute the identity (A11)
in (A13) to write

TGV = K1 + Ko, (A15)
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where
Ki=— > guulAql* +— Y ealAllAGl,
a=X.Y a=X,Y
K, = gl"g R;;, Ry, AL AT AEAL
a=X,Y
+ C"'l‘”gR,,,,Rk,pA ALAkAL (A16)
a=XY

Since K; ~ N~°,while K; ~ N~!, the term K, can be omitted
in the large-N limit.

Combining Eqs. (A16) and (A12), the effective action in
the large-N limit can be written as

SerilAx,Ay] = ZrO,AZ - Zu,,A AL (AIT)
ij
with the coefficients
! + ! /G G
roi = Py rxGik,
’ u, 2 R
! k (A18)

1 2
u,-j = W/,;Gr’kGi’ij’k.

We note that, in the large-N approximation, there are no Ay -
Ay terms in the action; however, if one considers corrections
to large N these terms might appear in the effective action.

APPENDIX B: IDENTITIES CONTAINING PRODUCTS
OF TRACES OF SU(N) GENERATORS

In this appendix we derive further identities for the traces
of the SU(N) generators, which have been used to deduce the
dependence of the Aslamazov—Larkin boxed diagrams on N.
In particular, we would like to calculate

T;n = Tr(l,-ll,-z)Tr(l,-zkilX,-S)m)
X Tr(lm)»i}lisxiﬁ) X
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X Tr(Xiy, Ai

Lom ™ lom—1

A

Dm+1 )"i2m+z)

X Tr()‘izmﬂ A'l'2m+1 ) . (B 1 )
We begin by considering m = 1. Written out explicitly, it is

Ty = TruA )T A )Tk A A A

1 1 1
=(-6;8 8i:d R Ry
<4 jk1)<4N jk[+8 j lk)

1 1 1
8:78 — R, R
4(4N) ij kl+Z32 ii kk
ijkl ikr
1 2 2
- ——(N — 12, (B2)
4 (4N)

where we have used Eqgs. (A10) and (A11) to get to the second
line, and the fact that R;;, = 0 in the penultimate line, which
is a consequence of Eq. (A7) and the antisymmetry of f. Using
the same set of identities, we find that

Ty = Tr(MA)Tr(uA) TrA A A A ) Tr(A, A A A

1 1 1
= <Z5ij8kl> <4N5U(Sgr + SR]zzRfrt>

1 1
_(Ssr(S _Rrs R
X(4N k1+8 z lkz>

_(Ly > 8ij8us

4\ 4N y ijOklOsr
ijklsr

- (L (N2 1. (B3)

~4\4N
Similarly, one can deduce that
1/ 1)\" N? (N\"
T = (N> =)~ —(—) . (B

4\ 4N 4 \ 4
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