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Fermi surface geometry and optical conductivity of a two-dimensional electron
gas near an Ising-nematic quantum critical point
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We analyze optical conductivity of a clean two-dimensional electron system in a Fermi liquid regime near
a T = 0 Ising-nematic quantum critical point (QCP) and extrapolate the results to a QCP. We employ direct
perturbation theory up to the two-loop order to elucidate how the Fermi surface’s geometry (convex vs concave)
and fermionic dispersion (parabolic vs nonparabolic) affect the scaling of the optical conductivity o (w) with
frequency w and correlation length £. We find that for a convex Fermi surface the leading terms in the optical
conductivity cancel out, leaving a subleading contribution o (@) o< w?£*L, where £ = const for a parabolic
dispersion and £ o In w&? in a generic case. For a concave Fermi surface, the leading terms do not cancel,
and o (w) o £2. We extrapolate these results to a QCP and obtain o (@) o< w3 for a convex Fermi surface and

o(w) « 1/w?? for a concave Fermi surface.
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I. INTRODUCTION

The study of quantum dynamics of electrons near an
electron-driven quantum phase transition at 7 = 0 offers a
fascinating window into the intricate interplay between elec-
tronic degrees of freedom and bosonic fluctuations of the
order parameter. In this work, we consider the optical con-
ductivity of electrons near a 7 = 0 nematic transition, which
leads to quadrupolar distortion of the Fermi surface (FS) [1].
There are two major scenarios of nematicity. The first postu-
lates that nematicity emerges in proximity to an ordered state
that breaks lattice rotational symmetry along with another
symmetry, e.g., spin-rotational one [2]. In this scenario, a ne-
matic state is a partially ordered state wherein spin-rotational
symmetry breaks prior to other symmetries. This scenario has
been successfully applied to a number of FeAs systems, where
nematic order appears in the vicinity of a stripe magnetic
order [3]. Another scenario postulates that nematic order is the
result of a Pomeranchuk instability in the channel with angular
momentum /[ = 2 [4]. This scenario has been applied to FeSe,
where a nematic order is not accompanied by a stripe mag-
netic order [5]. Our work explores the second scenario. We
discuss optical conductivity—a highly powerful experimental
tool to extract information about the behavior of correlated
electrons [6,7]—near the onset of / = 2 charge Pomeranchuk
order in a two-dimensional (2D) metal.

At a nematic quantum critical point (QCP), collective
bosonic excitations are massless and Landau overdamped. In
2D, the interaction between these excitations and low-energy
fermions destroys a Fermi liquid, resulting in a fermionic
self-energy X(w) ®*3 (see, e.g., Ref. [8]). Similar behavior
occurs in fermions coupled to a U (1) gauge field [9], and near
a ferromagnetic QCP [10], provided that ferromagnetism is of
the Ising type; otherwise, a continuous g = 0O transition would
be precluded by nonanalytic terms in the free energy [11]. The
behavior of conductivity is rather tricky. For interaction with a
small momentum transfer there is no Umklapp scattering [12],
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unless the FS touches the Brillouin zone boundary [13], hence
for a clean system with small enough FS static conductivity is
infinite. Nonetheless, optical conductivity is generally finite
[14]. The conductivity [more precisely, its real part, o (w)], is
related to the retarded current-current correlator IT(w) via the
Kubo formula

o(w) o Im M

ey
The correlator I1(w) is diagrammatically given by a fully
dressed particle-hole bubble with fermionic current in the
vertices. For free fermions, IT(w) is real and does not con-
tribute to conductivity. Renormalizations by fermion-boson
interactions make IT(w) complex. To leading order in the
fermion-boson coupling, the dressed IT(w) contains distinct
contributions from (i) dressing a fermionic line in the bub-
ble by a self-energy (SE) insertion, Figs. 1(a) and 1(b); (ii)
inserting Maki-Thompson-type (MT-type) vertex correction,
Fig. 1(c); and (iii), (iv) inserting two topologically nonequiv-
alent Aslamazov-Larkin (AL) vertex corrections, Figs. 1(d)
and 1(e). At a QCP, each of these contributions is propor-
tional to o (w) o 1/w*/3. However, for scattering by a small
angle 6, the sum of SE and MT contributions, as well as the
sum of the two AL contributions, is suppressed by a factor
of (1 —cosf)~ #2/2. Because typical # ~ w'/3, one gets
ose+mr ~ 1/0?3 and oar, a1, ~ 1/0*3, instead of 1/w*/3.
This reduction can be viewed as the consequence of an ap-
proximate Ward identity as for the small-angle scattering the
renormalization of the charge current vertex mirrors that of the
charge density vertex. For the latter, the cancellation would be
exact by Ward identity associated with charge conservation.
For a Galilean-invariant system, osgyr and o4z, 44z, can-
cel each other, in line with the general requirement that
conductivity in such a system must vanish at any finite fre-
quency. However, for a non-Galilean-invariant system, there
is no symmetry constraint that would relate these two compo-
nents. It was argued in Ref. [15] that, in this situation, the net
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FIG. 1. Second-order diagrams contributing to the normal con-
ductivity: (a), (b) The two self-energy (SE) diagrams, (c) the
Maki-Thompson (MT) diagram, and (d), (e) the two Aslamazov-
Larkin diagrams AL, and AL,.

conductivity o oc 1/w*3.! However, subsequent studies have
found that, in 2D, the conductivity may be further reduced by
additional geometric restrictions on scattering processes [12].
For a circular FS, the cancellation of the 1/ ®?? contributions
to conductivity from osgyyr and o4z, +4r, has been explicitly
demonstrated in Refs. [17,19,20]. It was further argued in
Refs. [12,21] that these restrictions hold for a circular, and,
more generally, convex FS, but not for a concave FS with an
inflection point, as for the latter there exist additional scatter-
ing channels, in which near-cancellation between osg 1y and
0L, +AL, should not hold, hence o (@) should remain 1/ w*3.
The computation of the conductivity at a QCP in the expan-
sion in the fermion-boson coupling is somewhat questionable
because for a non-Fermi liquid the self-energy is not a weak
perturbation. In a recent paper [22] the authors computed the
conductivity away from a QCP, when the correlation length
& for nematic fluctuations is large but finite, and the system
preserves a Fermi-liquid behavior at the lowest frequencies.
They obtained the formulas for o (w, &) in the Fermi-liquid
regime at the smallest @: o (w, £) ~ w?*£* In w&? for a convex
FS and o (w, £) ~ £2 for a concave FS. They conjectured that
there is a single crossover scale between a Fermi liquid and
a non-Fermi liquid at w ~ &£73. Substituting »~'/? instead of

'The same 1/w*?* behavior of the conductivity [16] has been
argued to hold at a ¢ = 0 QCP towards loop-current order [17,18].

£, they reproduced the expected o (w) ~ w*/? for a convex FS
and o (w) ~ 1/w* for a concave FS.

The authors of Ref. [22] did not compute IT diagrammat-
ically. Instead, they followed Refs. [23,24] and expressed the
conductivity via the retarded correlator of the time derivatives
of the current, K(t) = 9,j = i[H, j], where H is the Hamilto-
nian, expressed K (¢) explicitly as four-fermion operators, and
evaluated the retarded correlator of K using Wick’s theorem.

In this work, we compute conductivity in a Fermi-liquid
regime near a nematic QCP by using the conventional Kubo
formula, Eq. (1), relating conductivity to the retarded current-
current correlator. We explicitly evaluate diagrammatically
the four contributions to the current-current correlator I1. We
largely reproduce the results of Ref. [22], up to one relatively
minor discrepancy.

We also analyze additional term in the conductivity, asso-
ciated with the “anomalous” component of the current [22],
proportional to the gradient of the d-wave form factor.” This
term is absent in a Galilean-invariant system, but does emerge
when Galilean-invariance is broken. The strength of this term
depends on the underlying fermion-boson model. In our study,
we consider a model, relevant to FeSe, in which a nematic
order spontaneously breaks the symmetry between d,, and
dy. orbitals of Fe [3]. This is a manifestly non-Galilean-
invariant lattice model, even if fermionic dispersion can be
approximated by a rotationally invariant, parabolic form. As
a consequence of the absence of rotational invariance, the
d-wave form factor F (k, k') in the boson-mediated 4-fermion
interaction

/ T 'l
H = Z Fe KW (p)e; : ¢ : ¢, : €. : )
k.k'.p

is determined by coherence factors associated with the trans-
formation from orbital to band states, and at small p can
be factorized between k and k' into fi fy [see Eq. (3) be-
low]. The factor f; for k on the FS can in turn be well
approximated by fr = cos26; [25,26], where 6 is the an-
gle between k and, e.g., the x axis.® For such a system, we
identify two contributions to conductivity: the “normal” one,
which contains powers of sz, and the “anomalous” one, which
contains (V fx)>. The “normal” contribution comes predom-
inantly from momenta for which cos?(26;) ~ 1, i.e., in this
contribution f; can be safely approximated by one. For the
“anomalous” contribution, the angular dependence of f; is
crucial.

We compute the conductivity to second order in fermion-
boson coupling g, but go beyond this order to ascertain the
correct argument under the logarithm (see below). For non-
parabolic dispersion, we find that the normal contribution
supersedes the anomalous one, yielding o (@)  w?£*In w3
for a convex FS, and o(w) o &2 for a concave FS. These
results are in agreement with Ref. [22]. For a circular FS
and parabolic dispersion, we find that the “normal” contribu-
tion to conductivity vanishes, but the anomalous contribution

>The anomalous contribution to conductivity has been identified
also for fermions coupled to the U (1) gauge field [15].

3For a rotationally invariant system, F(k, k") depends on 6; — 6
and cannot be factorized into a single product of fi fi'.
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remains nonzero. We find that the conductivity in this case
is o (w) oc w?E*. The authors of Ref. [22] obtained the same
form, but with an extra In w& 3

II. THE MODEL

We consider a fermion-boson system near a nematic QCP,
described by

P t
H = Z EkCyC, + Za)pbpbp
k p

+8 ) filby +b1,)ch p¢ (3)
kp
Here c; and b, are the electron and boson annihilation op-
erator, respectively, & and w, are free-electron and boson
dispersions, g is a coupling constant, and a d-wave form factor
Jx = cos(26).
The free-electron and boson propagators are, correspond-

ingly,
1

O = @
and
D(p) = # 5)

Here k = (ko,k) is a 1+ 2 component vector with a
one-dimensional (1D) frequency ky and 2D momentum k
components, w is the chemical potential, and & is the cor-
relation length. It is convenient to introduce the effective
electron-boson coupling g = g xo, which has the dimensions
of energy.

The optical conductivity is determined by the Kubo cor-
relator of the longitudinal components of the current operator.
The paramagnetic part of the current is obtained from the vari-
ation of the Hamiltonian with the minimal coupling k—k + A
over the vector potential. This yields

SH
J="

A =Jn+J4, (6)

A=0

where the normal component Jy comes from the electron
dispersion,

In=)_wcic. ©)
k

with the group velocity vy = V&g, while the anomalous com-
ponent

Ja=8) Vililb, +b' ), pc, ®)
kp

comes from the momentum (angular) dependence of electron-
boson interaction. The gradient of the d-wave form factor in
polar coordinates has the form Vy f; = 2k;1 sin(26y )eg.

We note that both components of the current must be kept
to satisfy the continuity equation for electron density. Indeed,
the normal component Jy of the total current compensates for
the density commutator with the free-electron dispersion. The
electron-density commutator with the interaction part of the

(a) (b) (c)

FIG. 2. Other contributions to the current-current correlator with
two bosonic propagators. These contributions are small in 1/(kr&)
compared with those we included in our analysis.

Hamiltonian, given by the last term of Eq. (3), equals

pg = ilHin. gl = i8 ) _(furg = f) by + 51,04y o€ -
kp

®

In the long-wave limit g— 0, it is compensated by the anoma-
lous current of Eq. (8).

III. CONDUCTIVITY

The diagrammatic computation of the current-current cor-
relator is rather straightforward. We present the details in
Appendix and here quote the results. The contribution to IT(w)
from the normal component of the current (Fig. 1) is

73 & [ d’kd’k'd*p (Av)?
M) = — | ———=D? 2
@) 207 x2 )’ P li w— Ag —i0
X (sign Ex—t — sign £k+§)(sign Ep_p — sign sk/%)
x [sign (ex—p — exrp) — sign (ev_z — exy2)]-
10)
Here
Av=vp_p + Vg —Vpie — Vg2 an
is the velocity change, and
Ae ESk/_% +€k+% —Sk/+% —8k7% (12)

is the energy change in the two-electron-scattering process.
Im IT(w), which we need for conductivity, is obtained by
replacing 1/(w — Ae —i0) by ind(w — Ag).

For completeness, we also analyzed other diagrams for the
current-current correlator with two bosonic propagators. We
show these additional diagrams in Fig. 2. We found that their
contribution is suppressed by a factor of 1/(kr&) compared
with Eq. (10), because the two bosonic propagators in the dia-
grams in Fig. 2 are with different momenta, and the integration
over momentum difference yields a factor 1/ instead of kg in
Eq. (10).

The contribution to IT(w) from the anomalous current
(Fig. 3) can be expresses as a convolution of two fermionic
bubbles,

_ng d’p 2 =
HA(CU)—X_g (Zﬂ)_gD(p)l'ld(p)Hd(p,q), (13)

where I1,(p) is the conventional d-wave polarization bubble
with form factor f:

M, (p) = / %sze(wr S)G(k _ g) (14)
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k+p/2+q

FIG. 3. The second-order contribution to conductivity from the
anomalous current—the one with V. f; in the external vertices
(squares).

and T1,(p, q) is the d-wave polarization bubble with form
factor (Vi f)* and frequency shifted by w [we denote ¢ =
(@, 0)]:

Ma(p, q) = / %(kamzc(k +L+a)6(k-2).

15)

There are other contributions to IT(w) from anomalous cur-
rent, but we verified that they are smaller in 1/(kg&). Also, the
cross-contribution to IT from correlator of Jy and J 4 vanishes
because of orthogonality of v; and Vi f.

A. Systems with parabolic dispersion

We start with the case when fermionic dispersion ¢; is
rotationally invariant and can be approximated as parabolic:
ex = k*/2m. We recall that the fermion-boson Hamiltonian is
manifestly non-Galilean-invariant. For rotationally invariant
dispersion, the angle 6; in the form factor f; can be measured
from any direction. It is convenient to measure it from the
direction of the bosonic momentum p.

Since for quadratic dispersion the velocity vy is linear
in momentum k, the velocity change of Eq. (11) vanishes,
i.e., there is no contribution to conductivity from the normal
current, hence IT(w) = Iy (w).

The anomalous contribution can be most straightforwardly
evaluated in Matsubara frequencies, for p = (ipo.m, p) and
q = (iwy, 0). The result for real w is then obtained by re-
placing iw,, by @ + i0. We assume and verify that [14 (iw,,) is
determined by internal pg ,, ~ vFp ~ wy. At small w,,, which
we are interested in, one can then compute the polarization
bubbles in the long-wavelength limit. On the Matsubara axis
we have

L )__1(1_ 21¢|
a\p)= . ,71_‘_{2

+4<:2+8<:4—8|§|3¢1+;2),
(16)
and

Ma(p.q) = —%u — 4z +n)* =8 + )
F

+8[¢ 4+ 0’y 1+ (¢ + )P, (17)

where ¢ = mpg ,/kr p and n = mw,,/kr p. In these variables,
[ d*p— [ p*dp [ d¢.The |¢| termin T1,4(p) is a conventional
Landau damping. For I1,(p, ¢g), there is no Landau damping,
and the expansion in (¢ + 1) starts with the quadratic term.

The absence of Landau damping is the consequence of the
(sin26;)* form of the form factor: Landau damping comes
from 6, &~ +m /2, for which this form factor vanishes. To
understand the form of IT4(g), we expand the integrand in
IT4(q) in n. The expansion holds in even powers of 7, i.e.,
in even powers of w,,. The prefactor for 52 is regular in the
infrared and determined by ¢ = O(1) and p ~ £~!. This term,
however, does not give rise to Im I'l(w) and hence is irrelevant
to conductivity. Subtracting this term, we find that by power
counting, [T(w,,) « >, and typical py and vr p are of order
;. On the real frequency axis, this contribution is imaginary
and hence relevant to conductivity. At small frequencies, when
o < vpE~!, we can then approximate D(p) in Eq. (13) by
D(0). Evaluating the integral over p and ¢ and converting to
real w, we obtain

2 2
o(w) :oA(w)=0.888e2g2<%) <3> g4, (18)

EF

where v = m/2m the density of states and ey is the Fermi
energy. To high numerical accuracy, the prefactor is 8/9. We
note here that infrared convergence of the integral that gives
the prefactor is the consequence of the absence of Landau
damping termin 14 (p, ). If the linear in frequency term were
present in I1,(p, ¢), we would get an additional logarithmic
factor In (w&3).

We see that for a parabolic dispersion, o (w) o« w?£&*. Using
£ ~ 1/w'” for the crossover to the quantum-critical regime,
we find that, at a QCP, the conductivity behaves as o (w) ~
w?3. This agrees with earlier estimates (see above), but we
emphasize that this conductivity comes exclusively from the
anomalous component of the current.

B. Systems with nonparabolic isotropic dispersion

We next analyze the conductivity for the case when the
dispersion ¢, can still be approximated as isotropic, but is not
parabolic. To be specific, we consider the dispersion of the
form

ek = — + A—. (19)

Consider first the contribution from the normal current. For
a nonzero A, the factor Av in Eq. (11) is also nonzero and for
k and k£’ on the FS is given by

Av = 2A[(k - p)k — (K - p)k']. (20)

One can easily verify that the integration over the 2D
electron momentum is confined to the range in between the
two Fermi seas, displaced relative to each other by the bosonic
momentum p. This region is composed of several disjoint
domains, with their count corresponding to the number of
intersection points between the shifted FSs (see Fig. 4).

In the k space, the intersection points are determined by
solving the equation &;_p/» = &x4p/2. Because electron dis-
persion has inversion symmetry, intersection points always
occur in pairs at k and —k. A pair of any two intersec-
tion points defines a channel of electron-electron scattering.
The contributions from different scattering channels add to-
gether in I[1(w). The regions around the intersection points are
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[Slach o
=

FIG. 4. The (a) swap and (b) Cooper scattering channels for a
circular FS. The same holds for any convex FS. The circles are the
two FSs, shifted by p, which we directed along the x axis.

critically important for conductivity because when electrons
are near these points, A¢ is small and can be made equal to w.

Specifically, for a circular FS, the integration domains are
crescent-shaped, as depicted in Fig. 4, with intersections la-
beled as A and A’. Each domain is assigned an integer index,
+1, with adjacent domains alternating in sign. The factor in
the second line in Eq. (10) ensures that k and k" are situated in
domains with opposing indices; in Fig. 4, these are indicated
by distinct colors.

The energy change is given by

Ae = vpp - (k — k') = vpp(sin 6 + sin ), (21)

where vp = vg—, and k= k/k, with angles 6; and 6;,, which
here are convenient to measure from the direction normal to
p- Both angles are in the interval (0, ), such that sin 6, and
sin 6 are positive.

Both sin 6 and sin 6y must be small to satisfy Ae = w.
This condition selects two distinct scattering channels. The
first, known as the swap channel, involves electron scattering
near the same intersection point, such thatk ~ k' (6; ~ 0y <
1). The second, the Cooper channel, corresponds to the scat-
tering of electrons near points that are related by inversion
symmetry, i.e., where k ~ —k’ Oy ~ 7w — 6, 6, < 1). These
scattering processes are depicted in Figs. 4(a) and 4(b), re-
spectively. In both cases, the integration is confined to the
vicinity of the intersection points, where k varies within the
range kr £ pby/2.

Performing integration over k and k&’ and combining the
contributions from the Cooper and swap channels we obtain

6412
Im [(w) = — gz / = )9D2(p)p“ / d@kdek’fgzkfezk/

X (Qk O + 9k9k,)8(a) — vpp(r + 6,)). (22)
Performing angular integration, we arrive at

g [~ dpDz(p)
407 06 52 p

Im [M(w) = (23)
The momentum integral is logarithmically singular and re-
quires an infrared cutoff, A, which we determine below. The
ultraviolet cutoff for the logarithmic behavior is p ~ £, set

by D(p). Setting the limits, we obtain

el

ZE4InEA. 24
407141)260(g n§ 24)

o(w) =

Strictly within perturbation theory, where D(p) is static, the
infrared cutoff is set at L ~ w/vr. However, near a QCP, the
dynamics of D(p) (the Landau damping) cannot be neglected.
Using the full dynamical form of the bosonic propagator along
the Matsubara axis,

D(p) =D(p, wp) = (25)

eyl

with y o g, we find that once yvp£% > 1, the lower cutoff
is set by A ~ y&2w. In this last regime, the normal compo-
nent of conductivity scales as oy(w) ~ w?*£*In(ywé?). The
contribution from the anomalous current does not change
qualitatively when A is finite and the anomalous component
of conductivity remains o4(w) ~ w?&*. We see that in the
Fermi-liquid regime, where o is small and In(y w&?) is large,
the normal component of o is logarithmically larger than the
anomalous component.

As before, we extrapolate Eq. (24) to the nematic QCP by
replacing & ~ w~'/3. The conductivity becomes o (w) ~ 3.
Note that the argument of the logarithm becomes of order one.

For completeness, we also evaluated the contributions to
conductivity separately from SE, MT, an AL; and AL, di-
agrams for the correlator of the normal current. We found
that each individual contribution to conductivity scales as
£*1n (w&3). At a nematic QCP this becomes 1 /a)4/ 3. We see
that the total contribution is far smaller that individual ones.
At a QCP, the smallness is an extra w? factor in the full o ().

C. Convex Fermi surface

The scaling form of the conductivity in Eq. (24) holds also
a more general case of a nonisotropic dispersion, when the FS
has a convex form. Once can verify [12] that any convex FS in
a 2D system, the intersections of the shifted FSs are limited to
no more than two points, the analogs of A and A’ in Fig. 4. This
constrains the potential scattering channels to only Cooper
and swap ones. As the consequence, the leading contributions
from SE 4+ MT and AL, + AL, diagrams still cancel out
within each scattering channel. The leftover conductivity is
still given by Eq. (24). In practical terms, the SE + MT and
AL, + AL,, taken separately, yield Im I1(w) as in Eq. (10),
but with (Av)? replaced by vj_ o (Vg2 — Vg_2) for SE +
MT diagrams and v;_ 2 (Vgop — Vg ) for AL1 + AL, dia-
grams, see Eqs. (Al 1) (A13) i in the Appendlx

Each contribution yields Im IT(w) ~ wg*£? with the same
prefactor, but the signs are opposite. This becomes evident
when we expand the velocity combinations to the second
order in the bosonic momentum:

1 AV, 0Vy

—Ur) ~ PPyt (26)

Vy_p - \Vpp
k lz, ( k+g 2pﬁpV akﬂ aky

while

1 0V, 0V,

£ ter) Y 3

o B (97
2PPP ks ok @7

vk,g . (vk/_
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A y B
kl
X
L/
B’ A’

FIG. 5. Additional scattering channel for a concave FS. The col-
ored region is between the two FSs, shifted by p, which we directed
along the x axis. A, B, and L are crossing points between the FSs.
Points A and B exist only for a concave FS. The momenta k and
k' belong to topologically different domains, which we depict by
distinct colors.

Evaluating the subleading terms, which do not cancel between
SE + MT and AL; + AL,, we obtain Im I1(w) ~ w’&* In w&3
and o (w) ~ w?&*In w&3, like in Eq. (24).

D. Concave Fermi surface

The situation changes qualitatively for a concave FS, see
Fig. 5. For such a FS, additional intersection points emerge
[12], as we show in Fig. 5 for bosonic momentum p directed
along x. This gives rise to additional scattering channels,
beyond swap and Cooper ones. One new scattering channel
showcased in Fig. 5 involves electrons with momenta k and k'
near distinct and nonequivalent points L and B (k near L and
k' near B). For these electrons, dvy/ ak;, and —dv,/dk, are
not related and, as a result, there is no cancellation between
SE + MT and AL, 4+ AL, contributions.

For a “weakly” concave FS, when the inflection points are
close to each other, electron dispersion near L and B can
be approximated by & = k)z, — 28k? + k?, where § is small
but positive. The point L is at k, = 0 and the point B is at
ke = (48 — p?)'/?. Evaluating SE + MT and AL; + AL,
contributions in the vicinity of points L and B, we find that
the leading terms in SE + MT and AL; + AL, do not cancel
at a finite 6. The sum of SE + MT and AL; 4+ AL, is still
smaller than SE + MT and AL; + AL, taken separately, but
the smallness is by an overall factor §’/2. Substituting into
Kubo formula, we obtain o’ (w) o« 22283 9 (8).

Combining this with the earlier results, we find that for a
concave FS at small §, the full optical conductivity behaves as

o(@) ~ P[Cio*E mws’ + CEBI0G)],  (28)

where C; and C, are the combinations of system parameters.
For larger 8, the second term obviously becomes much larger
than the first one.

At a QCP, this becomes

o(w) ~ |:C_'1w2/3 + %8319(6)} (29)
w

IV. CONCLUSION

In this study, we analyzed the optical conductivity of
a pristine two-dimensional electron gas near the Ising-
nematic QCP at zero temperature. We considered the
model, in which Galilean invariance is explicitly bro-
ken by the lattice and, as a result, the d-wave nematic
form factor F(k,k') in the effec}ive 4-fermion interaction
Soip FRKW DI, 0Ch paCirpnCieypyps Mediated by
soft nematic fluctuations with small p, can be factorized into
F(k,k') = fify. Fermionic dispersion, on the other hand,
can still be, in some cases, well described by a parabola.
We considered four cases: (i) a parabolic dispersion, (ii) a
nonparabolic, but still isotropic dispersion, (iii) a nonisotropic
dispersion and a convex FS, and (iv) a concave FS. We com-
puted optical conductivity at the lowest frequencies in the
Fermi-liquid regime away from the nematic QCP and then
extended the results to the QCP by using the scaling be-
tween frequency and nematic correlation length & (§—w™'/3).
We used Kubo formula, which relates conductivity to the
imaginary part of the fully renormalized current-current polar-
ization bubble IT(w) and obtained IT diagrammatically, to the
second order in fermion-boson coupling, but combining con-
tributions from inserting fermionic self-energy and MT and
AL-type vertex corrections. We also computed additional con-
tribution to I1(w) from the anomalous current, proportional to
the gradient of the d-wave form factor. In the case (i) we found
that optical conductivity comes entirely from the anomalous
current and behaves as o (w) ~ w?£*. In cases (ii) and (iii), the
conductivity predominantly comes from the normal current
and behaves as o (w) ~ w?&*In wé&3. This conductivity is far
smaller than the contribution from each diagram (£*In w&3)
and even smaller than the combined contribution from SE +
MT and from AL, + AL, (£2). The reduction from £* In w&?
to £2 was expected, since for small-angle scattering the con-
tributions from SE 4+ MT and from AL; + AL, contain extra
factor (1 — cosf) &~ 62/2 as a consequence of near equiva-
lence between current and density vertices for small-angle
scattering. Further reduction of conductivity between SE +
MT and AL; + AL, contributions (the cancellation of the
leading terms) is specific to 2D and is a consequence of the ge-
ometric restrictions imposed on the scattering on a convex FS.
In case (iv), the reduction by small (1 — cos 6) still holds, but
there is no geometrical restriction. As a consequence, o (w) ~
£2. At a QCP, this yields o (w) ~ 1/w?>*—the same form as
has been suggested in the original work by Kim ef al. [15].
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APPENDIX: THE DERIVATION
OF THE ELECTRON POLARIZATION

Here, we derive the Eq. (10) for the polarization. To begin
with, introduce the self-energy part given by the diagram in
Fig. 6(a). It equals

gz 3 /d3p
2] Ty D*D) e five

x G(k"G(K' + p)G(k + p).

(k) =
(AD)

The scalar vertex shown in Fig. 6(b) is given by

g [dKdp , 2 2
M+ i) = =7 | 5o D sy O
x G(k' + p)G(k + p)Gk + p+q). (A2)
Since the free-electron propagator of Eq. (4) satisfies
1
Gk +p)Gk+p+q) = iq_o[G(k +p)—Gk+p+ql,
(A3)

1 A’k
Ml #1150 = =50, | Gy

1 d*k

=—— | — GGk + =k +q) —

iqo ) @n)

k

FIG. 6. (a) Self-energy part. (b) Scalar vertex diagram.

the scalar vertex is seen to be related to the self-energy part by
the Ward identity,
Y(k)y—2k+q)
iqo .
The SE diagrams of Figs. 1(a) and 1(b) are equal, respec-
tively, to

Lk +q;9) = (A4)

3
Mg, = — / d k3 G*(k +q)G()Z(k + q)v;,  (AS)
(27m)
and
d*k 5 s
Mgz, = — / ——G(k + ¢)G* (k)= (k)v;. (A6)
Q2m)

Making use of the relation of Eq. (A3) for the product of
G(k)G(k + g) we obtain

([G*(K)Z(k) — G*(k + Bk + @)1 + GGk + QIZ(k + q) — T}y (A7)

= (k)lvg, (A8)

with the first term in parentheses in Eq. (A7) is seen to cancel out when shifting variables k + g—k.

The MT diagram of Fig. 1(c) is given by

d*kd’k'd?
Myr = 25 / P D (P)fy 0 fi s GGk + Gk + p)Gk + p + )G(K')G(K' + p)vi - vicsp.

X Qn)’

We represent it as [Ty = H}(‘f,)T + H}(‘%, with

oo _ g2 d*kd*k d?
. S @en)

—(Isg, + Msg,),

_ / WG(")G(" + Tk + g: )k =

(A9)

LD ()2, 0 17,5 GGk + )Gk + PGk + p+ G(K)G(K + p)}

(k) — Xk + Q)vz
U

1qo

d’k
(A10)
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which means that the sum of Hz(xz)r + Isg, + sg, exactly cancels. The remaining part of the MT diagram HgZ)T with the use of

Eq. (A3) can be transformed as

@ [ dPkdkd3p

gy = DX(D)fE, 3 oy GUOGH + Gk + PGk + p+ OGK)GK + pox - (Vkp — Vi)

X3 Qr)
_ g [Ekdkdy D*(D)f2 0 [7_» (2G()G(k + q) — GK)G(k + p + q) — G(k + @)G(k + p)}
(iq0)* & @n)y k+3k -3
x G(K)G(K' — p)vk - (Vgip — Vi), (Al1)

with the change in integration variable from k" to k€’ — p in the last equality.
The AL, diagram coming from Fig. 1(d) equals
@ [ PkdKSp 5 ., o |
M = 5 | =gy D Ol u g OOk + )Gk + p+ )GUROGEK + )Gk = pjvic - vy]
0
1 @ [dkdKdp 5, 5,
- 2] Ty P Gk + p+q)G(K —
(ig0)* x§ ) P fiyofuy Gk +p+ @GR —p)
x {G(k)G(K") + G(k' + ¢)G(k + q) — G(k)G(k' + q) — G(K')G(k + @)} vy - vy
1 @ [(PkdKdp , o,
) el e - GEGK - A2
(iq0)* X3 2r) (P)fir2 fo_p GKHGK — p) A1)

where in transitioning from the first to the second line, we used Eq. (A3), and when transitioning to the third equality, we
performed a change of integration variables according to ¥'—k’ — g and p— p — ¢ in both the second and third terms in braces,
and k—k — g in the last term. These changes of variables are justified because the free bosonic propagator D(p) is frequency-
independent, given that g has only a nonzero frequency component.

Similarly, the AL, diagram coming from Fig. 1(e) equals

1 & [dkd’kKd’p ,
M, = —— | — 5 D®)fn i GEIGW — p)
© g0’ 3] @y LR
x {2G(k)G(k + p) — G(k + p)G(k + q) — G(k)G(k + q + p)}vg - vy _p. (A13)
Hence, the sum of the diagrams is given by [cf. Eq. (A.10) in Ref. [14] without form factors]

1 g [ dkd’kd’p
N0+ Map, + Ma, = —— 5 | ——5—D*O) 20 f2_ s GUKGK — p)2G(K)G(k +
MT ALy AL, (lq0)2 Xg (27_[)9 (P)kargfk_% ( ) ( p){ ( ) ( P)
— Gk +p)Gk+q) — G)G(k + g + plvr - (Vksp + V) — Vi — Vy). (Al4)
What remains to get the Eq. (10) is to perform some symmetrization of the indices. Let us make a change of integration variables
according to k—k — p/2 and k'—k’ + p/2. Then

1 gz d3kd3k/d3p p p p p
) 2 2 (2 / ’
M + Tag, + My, = (iqo)2 _x§ ) D (p)fi [y G(k + —2)G<k — —2){2G<k — —2>G<k + —2)

p p p p
- G(k -2+ q)G(k + 5) - G(k - E)G(k +2+ q)}vk_g . Av, (A15)
with Av given by Eq. (11).

Let us transform the first term in the braces by changing integration variables according to k <> k¥’ and p— — p. The
corresponding part of Eq. (A15) becomes

1 2 [ dkdkdp p p p p
I’ = = | ————D*)fAf32G(K + 2 )G(K — 2 )Gk + = )Gk — = Jop,e - Av. Al6
(ig0)* X; any D Pk ( * 2) ( 2) ( * 2) ( 2)"“‘5 Y (A16)
The remaining terms are transformed as
1 g [ d*kd3k'd?p p p
=== | ———=p° 2FAG(K 4+ Z)G(K - =
@3 Qr) P)fifi ( 2) ( 2)
p p p p
X {G(k -£ +q)G(k + 5) + G(k +24 q)G(k - §>}vk_g - Av
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1 @ [ &kdKd?

@ @r)’
<G+ S -2 +o(k+L+2)a(x

1 & [dkd*kd’p 2 2 p

G(k’
§+2)G(k+£+€)g(k_e_z)}
(-

- P D (o) v s - Av{ + g + g)G(k’ Py g)G(k L 2)

22 22

2

)

2 2 2 2

x {6k + g +4)G(k - £) +6(k - g +4)G(k + g)}vk_g - Av

2

gz 3 371,713
x {G(k - g + q)G(k n g) + G(k n g + q)G(k - g)}vﬂg . Av. (A17)

Moving to the second line, we adjusted the integration variables as k—k — ¢/2 and k'—k’ 4+ g/2. The shift to the third line
comes from applying p— p + ¢ in the first term and p— p — ¢ in the final term within the braces. The concluding equivalence

arises by swapping k <> k’ and setting p— — p.
Summing up the Eqgs. (A15)-(A17), we finally obtain
1 @ [ dkd*kd’p

Ty + Ma, + Mag, = =5 =5
MT AL, AL, 2q(2) Xg (27_[)9

+G<k+ P +q>G<k— f) —2G<

2 2

2

DR 6(K + 2)6(K - 2)]6(k- £ +q)o(k+ 2)

k — S)G(kﬁ- g)}(vk_g + vkurg) - Av

_ 4_;%;% %Dz(p)szfﬁG(k/ + §>G<k/ - g) {ZG(k - g)G(k + g)
~6(k= B v a)a(k+ B) = 6+ 5+ a)o(k - ) fanr (A18)

where the transition to the last line involves the change of p— — p, taking into account that Av is an odd function of p. The
integration over the frequencies [ dkodkydpy - - - is elementary, given the simple pole structure of the free electron’s Green’s

function (4), leading to Eq. (10).
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