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We present a theory of the isotropic-nematic quantum phase transition in the composite Fermi
liquid arising in half-filled Landau levels. We show that the quantum phase transition between
the isotropic and the nematic phase is triggered by an attractive quadrupolar interaction between
electrons, as in the case of conventional Fermi liquids. We derive the theory of the nematic state
and of the phase transition. This theory is based on the flux attachment procedure which maps
an electron liquid in half-filled Landau levels into the composite Fermi liquid close to a nematic
transition. We show that the local fluctuations of the nematic order parameters act as an effective
dynamical metric interplaying with the underlying Chern-Simons gauge fields associated with the
flux attachment. Both the fluctuations of the Chern-Simons gauge field and the nematic order
parameter can destroy the composite fermion quasiparticles and drive the system into a non-Fermi
liquid state. The effective field theory for the isotropic-nematic phase transition is shown to have
z = 3 dynamical exponent due to the Landau damping of the dense Fermi system. We show that
there is a Berry phase type term which governs the effective dynamics of the nematic order parameter
fluctuations, which can be interpreted as a non-universal “Hall viscosity” of the dynamical metric.
We also show that the effective field theory of this compressible fluid has a Wen-Zee-type term.
Both terms originate from the time-reversal breaking fluctuation of the Chern-Simons gauge fields.
We present a perturbative (one-loop) computation of the Hall viscosity and also show that this term
is also obtained by a Ward identity. We show that the topological excitation of the nematic fluid,
the disclination, carries an electric charge. We show that a resonance observed in radio-frequency
conductivity experiments can be interpreted as a Goldstone nematic mode gapped by lattice effects.

I. INTRODUCTION AND MOTIVATION

Electronic nematic phases have been a focus of atten-
tion during the past few years in several areas of quan-
tum condensed matter physics.! An electronic nematic
is a state of a strongly correlated electronic system in
which rotational invariance is broken spontaneously with-
out breaking translation symmetry. Unlike their classi-
cal liquid crystal cousins, 23 whose tendency to exhibit
orientational order can be traced back to the micro-
scopic cigar-shaped nature of the constituent nemato-
gen molecules, an electronic nematic phase arises from
the self-organization of electrons in a strongly correlated
material.

The electronic nematic state belongs to a class of
phases of strongly-interacting quantum-mechanical elec-
tronic matter, known as electronic liquid crystal states 2
which are characterized by the spontaneous breaking of
the spatial symmetries of a physical system. Electronic
nematic phases have by now been discovered experimen-
tally in many different systems ranging, among others,
from high temperature cuprate superconductors, such as
in YBapCu3Og,% 8 for a broad range of doping levels,
and in underdoped BiySryCaCuz s 5,2 to iron-based su-
perconductors such as Ca(Fe;_,Co,)2As2,% and also to
the bilayer ruthenate SrzRusO7.L

However, the first and to this date the most spectacular
experimental evidence for an electronic nematic state was

discovered in two-dimensional electron gases (2DEG) in
high magnetic fields in the middle of the second, N = 2,
Landau level (and higher), in regimes in which the 2DEG
is compressible and the fractional quantum Hall (FQH)
effect is not observed1212 In these experiments, longi-
tudinal and Hall transport measurements were made in
the center of the Landau level for Landau levels N > 2.
It was found that the longitudinal transport properties
exhibit a strong spatial anisotropy (with a ratio of resis-
tances as large as 3,500 in the cleanest samples at the
lowest temperatures, originally down to T' 2 25 mK).
This anisotropy has a fairly rapid increase at a tem-
perature T ~ 65 mK from a nominal anisotropy of a
fraction of a percent at T' ~ 1 K. Importantly, in this
regime the I-V curves are linear at low bias and, hence,
do not show any signs of translation symmetry break-
ing, e.g. no threshold electric fields, characteristic for
a charge-density-wave ground state, were ever detected
in this regime. In contrast, in the same samples and at
the same temperatures, a reentrant integer quantum Hall
plateau is observed away from the center of the Landau
level, and, in this regime, an extremely sharp threshold
electric field is seen, with a sharp onset of narrow-band
noise for larger electric fields.t14:15 Nevertheless, these
experiments were originally interpreted as evidence of a
striped ground state, an interpretation still used in the
literature.

Hence, in the compressible anisotropic regime, down



to the lowest temperature accessible in the experiments
(which currently go down to about 10 mK), the 2DEG
behaves as a compressible charged fluid with a large
anisotropy which onsets below a well defined tempera-
ture. This behavior strongly suggested that there is a
(thermal) phase transition of the 2DEG, rounded by a
very weak native anisotropy (with a characteristic energy
scale estimated to be ~ 3 —5 mK, whose microscopic ori-
gin has remained uncleari®) to a low-temperature elec-
tronic nematic state.2 The nematic nature of the state
was verified by detailed fits of the transport anisotropy
data to classical Monte Carlo simulations of the thermal
fluctuations of nematic order 1718

Subsequent experiments in 2DEGs in quantum wells,
earlier by tilting the magnetic field 222° and, more re-
cently, by the application of hydrostatic pressure in the
absence of an in-plane magnetic field,2! have revealed
the existence of a complex phase diagram in which com-
pressible nematic phases were found even in the first
Landau level, N = 1, competing with the famous, pre-
sumably non-Abelian, paired, FQH state at filling frac-
tion v = 5/2. More recent tilted field experiments have
also revealed the existence of an incompressible nematic
FQH state in the N = 1 Landau level at filling frac-
tion v = 7/3, competing with the isotropic Laughlin-like
FQH state at that filling fraction.2223 No nematic state
has ever been reported in the lowest, N = 0, Landau
level.

Early Hartree-Fock theories of the 2DEGs near the
center of the Landau level, for Landau level index N
large enough, have predicted a stripe-like ground state,
i.e. a compressible state in which the electron density
is spontaneously modulated along one direction.24 28 For
this reason, the anisotropic states in the compressible
regimes in Landau levels N > 2 were originally referred
to as striped states. Most microscopic theories for the
anisotropic state at ¥ = 9/2 (and in higher Landau lev-
els) were built on this proposal 2733 The resulting pic-
ture of the stripe state is an array of “sliding” Luttinger
liquids.34 37

On the other hand, an exact diagonalization study by
Rezayi and Haldane32 for a system of up to 16 electrons
for half-filled Landau levels in a toroidal geometry gave
strong evidence for both a paired FQH state and a stripe-
like state as a function of the effective interactions in the
Landau level. We should note that in such small system
(and in a toroidal geometry) finite-size effects can blur
the distinction between a stripe state and a nematic state,
but it is an evidence for at least short-range stripe order.

Interest in nematic quantum Hall states attracted re-
newed attention after the experimental discovery of an
incompressible nematic phase inside the fractional quan-
tum Hall state in the N = 1 Landau level at filling frac-
tion v = 7/3 by Xia and coworkers.2%23 This state has
been studied theoretically by several groups.32 42 These
studies have revealed that nematic fluctuations are inti-
mately related to the geometric response of the quantum
Hall fluid and, in particular, to the Hall viscosity. The in-

compressible nature of nematic fractional quantum Hall
states strongly constrains the behavior of the nematic
fluctuations and largely determines the structure of the
effective behavior at low energies. These studies have also
shown that the nematic transition inside the FQH state
is triggered by a softening and condensation of the stable
collective mode of the FQH fluid, the Girvin-MacDonald-
Platzman (GMP) mode, at zero momentum.

The close vicinity of nematic order of a compressible
state or a FQH state (which is hence incompressible)
strongly suggests that the nature of the effective inter-
actions in the 2DEG in Landau levels N > 1 favor both
paired and nematic ordered states. In this context, it
is surprising that, in spite of all the work on nematic-
ity in the incompressible state, there has been almost no
work on the compressible nematic state for more than a
decade. Aside from the notable semi-phenomenological
theory of the quantum Hall nematic of Radzihovsky and
Dorsey, 2 based both on a microscopic theory and on
quantum hydrodynamics, and of the work of Wexler
and Dorsey,4” who made estimates of the dislocation-
unbinding transition of a quantum Hall stripe state to
a quantum Hall nematic based on the Hartree-Fock the-
ory of the stripe state, except for a variational Monte
Carlo wave function study by Doan and Manousakis4®
the compressible nematic state has not been studied.

In principle there are two logical pathways to reach
a nematic phase by a quantum phase transition: a) by
quantum melting of a stripe phase, or b) by a (Pomer-
anchuk) instability of an isotropic Fermi liquid type state.
Although the close vicinity of the isotropic compressible
Fermi liquid state to the observed nematic state in Lan-
dau levels N > 1 suggests that the latter may be a suit-
able starting point, the fact that exact diagonalization
studies find local stripe order3® suggests that the actual
physics is likely to lie somewhere in between these two
regimes. Also, it is possible that the state is nematic
above some critical temperature while the ground state
may be a stripe phase. However, the fact that there is
strong evidence for rotation symmetry breaking but not
of translation symmetry breaking, down to the lowest ex-
perimentally accessible temperatures, suggests that the
ground state may be a nematic state (perhaps close to a
quantum phase transition to a stripe phase.)

The purpose of this paper is to develop a theory of the
compressible nematic state of the 2DEG in large mag-
netic fields. Throughout this work we will use the map-
ping of electrons in Landau levels to composite fermions
in the same Landau levels but now coupled to a Chern-
Simons gauge field 2220 i.e. a flux attachment transfor-
mation. At a formal first-quantized level this mapping
is an exact identity. However the resulting theory has
no small parameter and in practice a mean field the-
ory, the average field approximation, must be used. For
FQH states, which have a finite energy gap already at
the level of the mean field theory, this approach has been
shown to yield exact predictions of the universal prop-
erties of the fractional quantum Hall fluid, including the



Hall conductance, the charge and statistics of the ex-
citations, degeneracy on a torus, and the Hall viscosity
and related geometric responses.2? 22 On the other hand,
here we will be interested in compressible phases which
do not have a gap (by definition) and hence the theory
is not as well controlled as in the FQH regime. As our
starting point we will consider the isotropic Fermi liquid
state of Halperin, Lee and Read®32% (HLR) of compos-
ite fermions,22 which is based on the same mapping, and
look for a Pomeranchuk quantum phase transition to a
nematic state. This is a natural point of view which has
been used extensively as a description of nematic Fermi
fluids.2¢ However, the HLR Fermi liquid is a non-Fermi
liquid to begin with which makes the application of these
ideas not straightforward.

At the level of mean field theory, the HLR (or Jain)
Fermi liquid states are the limiting state of the FQH
states in the Jain sequences®® with filling fraction v =
p/(2np + 1), where p and n are two non-negative inte-
gers. In Jain’s picture, a FQH state of electrons can
be viewed (in mean field theory) as an integer quantum
Hall state with filling fraction +p of composite fermions,
which is made of gluing 2n fluxes to every electron, in
a partially screened magnetic field B/(2np + 1). In the
compressible limit, |p| — oo, the effective magnetic field
felt by the composite fermions vanishes (on average) or,
equivalently, the effective charge of the fermions vanishes
in the same limit. In this regime, the charge-neutral com-
posite fermions fill a Fermi sea and form a (composite)
Fermi liquid.2” This simple picture, and its subsequent
extensions, has given a successful description of numer-
ous experiments in the compressible regime.28 81 Also,
a current picture of the microscopic origin of the non-
abelian paired state in the first, N = 1, Landau level, at
filling fraction v = 5/2, is a paired state in the p, + ip,
channel of composite fermions.62:63 It is then natural to
look for a similar quantum transition to a compressible
nematic state from the HLR state.

In Ref. [41] we worked out a theory of the incompress-
ible nematic state in a fractional quantum Hall state us-
ing the flux attachment via fermion Chern-Simons gauge
theory%? as a quantum phase transition in a Laughlin
FQH state. Much as in the case of the nematic tran-
sition in a conventional Fermi liquid,2® we showed that
the quantum phase transition (the Pomeranchuk insta-
bility) can be caused by an effective quadrupolar inter-
action of among the electrons if it becomes sufficiently
attractive. Furthermore, we showed that the electrons
feel fluctuations of the nematic order parameter as an
effective dynamical metric field. A direct consequence
of this coupling is that the effective Lagrangian of the
nematic fluctuations has a time-reversal breaking parity-
odd Berry phase term, which is closely related to (but
not equal to) the Hall viscosity. Due to this parity odd
term, the quantum critical theory has dynamical expo-
nent z = 2. There are also Wen-Zee-like term in terms
of the “effective” dynamical metric, i.e., nematic order
parameters. In the nematic phase, there is a topologi-

cal soliton, the nematic disclination, which in this fluid
carries an (unquantized) electrical charge. The resulting
effective field theory of the nematic fractional quantum
Hall state obtained by this approach has the same struc-
ture and properties as the one proposed on symmetry
grounds by Maciejko and coworkers.43

The theory of the compressible nematic state that we
will present here is naturally connected to our earlier
work on the incompressible nematic FQH state. Thus,
we will represent the problem of the half-filled Landau
level and, in fact, for all the compressible limiting states
of the Jain sequences, at filling fraction v = 1/(2n), as
a system of composite fermions minimally coupled (i.e.
in gauge-invariant way) to both the external electromag-
netic field A, and to the statistical gauge field a, which
implements the flux attachment. Hence, here too, the ac-
tion also includes a Chern-Simons term (with a suitable
coefficient).

Also, in addition to the Coulomb interaction, which
only involves a coupling of the local densities, as in the
case of a Fermi liquid,2® we will also include an attractive
interaction in the quadrupolar channel, i.e. an attractive
interaction between the nematic densities. The coupling
constant of this quadrupolar interaction is nothing but
the Fy Landau parameter of a Fermi liquid. By gauge
invariance, the quadrupolar coupling of the fermions also
involves both the gauge fields, 4, and a,, since the ne-
matic densities are bilinear of the Fermi fields which nec-
essarily involve spatial derivatives.

We will not attempt here to provide a microscopic
derivation of the value (and sign) of the effective
quadrupolar interaction. Nevertheless, it is well known
that the effective interactions of composite fermions are
quite different than those of electrons,;%! and depend on
the Landau level index, as well as on properties of the het-
erostructure (or quantum well) which define the 2DEG.
In addition, the estimate of values of Landau parame-
ters, which is notoriously difficult even for conventional
Fermi liquids, is much harder in the case of composite
fermions. The currently available numerical estimates®?
for F5 obtain values that for N > 1 are very close to —1.

However, the physics of the compressible state is ac-
tually quite different from the FQH states, and the ex-
tension of this theory to the compressible state involves
several problems. One is the lack of a small expansion
parameter to control the theory. In the incompressible
FQH states this is not a serious problem provided that
one focused only on the long distance and low energy
regime where it behaves as a topological fluid. This sim-
plification is absent in the compressible state since it is
gapless. Even though at the level of mean field theory
the state is predicted to be a Fermi liquid, the coupling
of the fluctuations of the statistical gauge field turns the
(mean-field) HLR state into a non-Fermi liquid. Thus, al-
ready at the leading perturbative order, imaginary part of
the the composite fermion self-energy ¥’ (w) overwhelms
the real part,236% ie. ¥/(w) o |w|?/? for short-range
interactions although it is milder for Coulomb interac-



tions, ¥ (w) x |w| ( a “marginal” Fermi liquid), and
the composite fermion quasiparticles become ill-defined.
In addition, a calculation of the Landau parameters F;
for the HLR theory®® revealed that, for all angular mo-
mentum channels [ > 1, all the Landau parameters are
equal to the Pomeranchuk value, F; = —1. Therefore, the
quasiparticle picture breaks down and even the relic of a
Fermi surface appears to be prone to instabilities (such
as a nematic instability). Current numerical estimates
in the half-filled Landau level yield negative values of
F; and close to the Pomeranchuk instability value.84 Al-
ready the conventional theory of the nematic transition is
non-trivial since at the Pomeranchuk point the Fermi lig-
uid breaks down, and in the HLR state the Fermi liquid
picture has been already broken down due to the cou-
pling to the fluctuating gauge field. Nevertheless, prop-
erties of the fluid determined by gauge-invariant currents
and densities are well behaved, in the sense that they are
free of infrared singularities, although the results are at
best qualitative since the theory does not have a small
parameter.87.08

A further complication is the lack of particle-hole sym-
metry in the HLR theory.!2 This problem is the focus
of intense current work.7®7® It has also been a focus
of attention in the theory of the paired (Pfaffian) FQH
state. 7280 Particle-hole symmetry in the half-filled Lan-
dau level can exist only in the absence of Landau level
mixing and if only quadratic interactions are allowed. On
the other hand, although the flux attachment transfor-
mation is an exact mapping, at the level of the average
field approximation there is a large reorganization of the
Hilbert space which involves a large mixing of Landau
levels. For this reason the Jain wave functions are pro-
jected onto the Landau level. However, in the field theory
approach there is no such projection.

In the incompressible FQH states the effects of Lan-
dau level mixing become negligible at long distances and
at low energies provided that the quantum fluctuations
(“one-loop” or “RPA”) are included, as a consequence
of incompressibility, Galilean and gauge invariance.81:82
The correct universal properties, encoded in the effec-
tive topological field theory, of the FQH states are re-
produced only after these leading quantum corrections
are included. These quantum corrections at long dis-
tance and at low energies turn the composite fermions
into anyons with fractional charge and fractional statis-
tics and, in this sense, there are no composite fermions
in the spectrum of states of the FQH fluids. On the
other hand, because of the absence of a small param-
eter, the theory yields quantitatively incorrect values
for dimensionful (and non-universal) quantities, often by
significant amounts although improvements have been
made.%® These problems become more complex in the
case of the HLR state and, for this reason, theories of
the compressible state projected onto the Landau level
have been introduced.23:24 These theories are technically
more complex and non-local, and are only qualitatively
understood.

In what follows we will set aside these important
caveats, and develop a theory of the compressible ne-
matic state as an instability of the HLR composite Fermi
liquid (CFL) state. In Section [[Il we present the theory
of the nematic composite Fermi liquid, following closely
the structure and results of the theory of the nematic
Fermi fluid of Oganesyan, Kivelson and Fradkin,®® and of
the composite Fermi liquid of Halperin, Lee and Read®3
Here we introduce the gauge-invariant quadrupolar in-
teraction, and present the basic structure of the effective
action for the nematic order parameter fields. In Sec-
tion [[IIl we derive the parity-even part of the nematic
fluctuations, and in Section [[V] we derive the parity-odd
component which yields the Hall viscosity using a dia-
grammatic approach. In Section [V] we derive a set of
important Ward identities which we use throughout the
paper. In Section [VI we discuss the effective quantum
dynamics of the nematic fields and their electromagnetic
response which is relevant to resonance experiments. In
Section [VIIl we derive the Wen-Zee term for the CFL.
Here we find that, due to the non-local nature of this
term in the compressible state, not only its coefficient is
not quantized (as it is in the incompressible FQH state?!)
but its relation with the Berry phase term for the nematic
fields (i.e. the effective Hall viscosity of the CFL) is not
straightforward. In Section [VIII] we derive the geometri-
cal response of the CFL and in particular the Hall viscos-
ity of this compressible fluid. Here too, contrary to what
happens in the FQH states, this response is not quan-
tized and it is not universal. In Section [X] we discuss
the connection of our theoretical results on the nematic
CFL states with various experiments showing transport
anisotropy in half-filled Landau levels. Section [X]is de-
voted to our conclusions and open questions. Details of
our calculations and of previous results are presented in
the Appendices. In Appendix [Al we give a summary of
the theory of the quantum phase transition to a nematic
state in a Fermi liquid of Oganesyan and coworkers,2¢
and in Appendix [Blwe summarize the HLR theory of the
half-filled Landau level.>? Details of the derivation of the
Berry-phase-type term for the nematic fields are given in
Appendix [Dl and for the Wen-Zee term for the nematic
fields in Appendix [El The derivation of the nematic cor-
relators is given in Appendix[E] and the vertex correction
for the nematic polarization in Appendix

II. THEORY OF NEMATIC PHASE
TRANSITION OF THE COMPOSITE FERMI
LIQUID

In this Section we consider the nematic-isotropic quan-
tum phase transition inside the CFL. We will construct
the theory using the theory of the nematic transition
in a Fermi liquid of Oganesyan, Kivelson and Fradkin®®
(OFK), summarized in Appendix [Al and the theory of
the isotropic CFL of Halperin, Lee and Read,53:54:82.86
summarized in Appendix [Bl as our starting points.



Our starting point is the action for electrons in a half-
filled Landau level of HLR with a quadrupolar interaction

D?
_ 2 .t .
S = /dtd rUT(rt) [th + 5 +u}\IJ(r,t),

- %/dtd%d%' V(r—r")dp(r,t)dp(r',t)
- %/dtd%d%' Fy(r - r’)Tr(Q(r, t)-Q(r', t)),
(2.1)

where D, = 0, + 1A, is the covariant derivative and the
index u = t,z,y (not to be confused with the chemical
potential which is also denoted by u!). Here V(r — 7/)
is the pair interaction potential, and the quadrupolar in-
teraction F> in momentum space is represented as

I

Fy(q) = T+ rg?

(2.2)

Here we will use the same prescription we used in Ref.[41]
in the context of the nematic FQH state, and we will be
careful to include the gauge field A, in the definition

D?
S = /dtdQT\IJT r,t) [th + o +u+ aDﬂ (r,t) —

/ dtd?rS
/ dtd2

where the covariant derivative now is D, = 0, + ida,
where da,, is the fluctuating component of the Chern-
Simons gauge field (See Appendix [B]), and where we have
used the Chern-Simons constraint to replace the density
fluctuation dp(r,t) with the Chern-Simons flux fluctua-
tion §b(r,t) (as shown in Appendix [Bl)

The action of Eq.(24]) is the theory that we will an-
alyze in this paper. This action now also contains a
higher-order gradient term, aD*, in the fermion disper-
sion needed to stabilize the nematic phase, i.e., making
the sign of the quartic term of the free energy of the ne-
matic order parameter positive.26 However, we will be
mainly interested in the leading scaling behaviors of the
various correlators in ¢ and w for small ¢ < kp where
we linearize the kinetic energy of the fermion near kr to
calculate the correlators. Then the higher-order disper-
sion does not affect the leading scaling behaviors of the
dynamic properties of the correlators. Therefore, from
here and on, for the most part we we will drop the aD*
term when calculating the dynamical properties of the
CFL. We note that in our earlier work on the nematic
fractional quantum Hall states! it was necessary to in-

R(VM)Q}

2
2

— §A,)8,(5ax — 6A) + /dtd%[%\lﬁ(r, 1)(D? — Dg)\p(r, t) + %\IJT(T,t)(ZDsz)\IJ(r, t)]

of the nematic order parameter, the traceless symmetric
tensor Q(r),

Q) =5 S

D2 - D
2 V(" )(2D D, D?- D%) w(r),  (23)

where D, and D, are the x and y components of the
covariant derivative which is explicitly dependent on the
gauge field A,,. Hence, the nematic order parameter cou-
ples to the electromagnetic gauge field as a quadrupole.2!

A. Flux attachment and nematic order

Now we proceed to attach the flux using the Chern-
Simons term and follow the same strategy as in the con-
ventional CFL theory of Appendix [Bl to find the fol-
lowing effective theory. In addition to this, we perform
a Hubbard-Stratonovich transformation to decouple the
quadrupolar interaction in terms of a field M(r,t) =
(My(r,t), M2(r,t)) (see also Appendix [A]), to find an ac-
tion of the form

(r, )V (r —r")ob(r',t)

(2.4)

clude a term of order D% to stabilize the nematic state,
whereas here, in the compressible case, a term of order
D* is sufficient.

Our goal in this paper is to derive the effective the-
ory for the external electromagnetic gauge field 64, and
for the nematic order parameters M. In this section we
will sketch the calculation and highlight the important
features of the results. The derivations of the main re-
sults are presented in the following Sections and in the
Appendices.

We will proceed in two stages. First we will expand
the effective action resulting from integrating out the
fermions about the isotropic HLR state. The result is
an effective action that depends also on the fluctuating
piece of the Chern-Simons gauge field da,, (as it is done in
Appendix [Bl for the HLR theory). After integrating out
the composite fermions we obtain the following effective



action

D2
See[day,, M,0A,] = —itrln {iDt + o + pu+ aD?

Ml 2 2 M2
+ 3+ (D= D)+ 3220.D,]

+ / d%dt%a“” (6a, — 5A,) 8, (5ar — 5Ay)

—% /d2rd2r’dtﬁlw25b(r,t)\/(r —7r")ob(r',t)

—/d%dt% [MQ +I£(VM)2}( |
2.5

Since we are interested in deriving an effective field the-
ory near the nematic (Pomeranchuk) quantum phase
transition, we will expand the fermion determinant (the
first two lines on the right hand side of this effective ac-
tion) up to the quartic order in the nematic fields M
(and quadratic orders in their spatial derivatives). We
will also expand the effective action up to the quadratic
order in the fluctuations of the Chern-Simons gauge field
da,. Notice that the only trace of broken time reversal
invariance in this effective action is in the Chern-Simons
action (the third line of this effective action), and that
the fermion determinant represents a system of compos-
ite fermions at finite density (the HLR composite Fermi
liquid) coupled to the fluctuations of the Chern-Simons
gauge fields da,, and to the nematic fluctuations M.

The result of this expansion is an effective action for
the nematic fields M and an effective action for the fluc-
tuations of the Chern-Simons gauge fields da,. The ef-
fective action has the general form

S[M, 5CL#, 5A#] :Sn[M] + ScrL [50,#, A#]
+Sa1M[5CL‘u, M] + SayMya[éa#, M] (2.6)

The first two terms of the right hand side are the ex-
pected terms for the effective action for nematic fields
alone, S,[M], identical to the result of OKF for effec-
tive nematic theory (shown in Eq.(AT]) of Appendix [Al
and subsequent equations), and terms for the Chern-
Simons gauge fields alone, Scrr, identical to the HLR re-
sult (given explicitly in Eq.(B6) of Appendix [Bl). Thus,
the nematic order parameter fields M condense at the
Pomeranchuk instability and become overdamped (with
dynamical critical exponent z = 3.) Likewise, the
Chern-Simons gauge fields are overdamped and also have
z = 3 dynamic critical exponent. In both theories,
the fermionic quasiparticles are destroyed by these over-
damped fluctuations.

The physics of the nematic composite Fermi fluid orig-
inates in the last two terms of the effective action of
Eq.([Z6). Although the nematic order parameters are
charge-neutral, they still couple to the gauge fields but
as a quadrupole. This coupling leads to two new terms
in the effective action, not present either in the theory of
the nematic Fermi fluid, or in the theory of the composite

Fermi liquid. The effective action S, ar in Eq.(Z0) has
the form (see Eq.(CH) of Appendix [C] for details)

1
Sa,M[Mu 6(1/”] = _5 / Mi (q7 w)ﬂu (q7 w)éal/(qu W)
q,w

(2.7)
This term is a mixed bilinear form in the nematic field M
and in the Chern-Simons gauge field da,, and represents
the quadrupolar coupling.
The other new term, represented by the effective ac-
tion Sg e of Eq.(2:6), has the form of (see Eq.(C8) of
Appendix [C] for details)

1
Sutalbo,, M) = =3 [ Ga,(q.0)Vi[M]oa,(~q. ~),
q,w

(2.8)
which represents the parity-even coupling Maxwell-type
terms of the Chern-Simons gauge fields to the local fluc-
tuations of the nematic order parameters. In this last
term, the nematic fields M couple to the gauge fields as
a fluctuating spatial metric.

The couplings between the Chern-Simons gauge fields
and the nematic fields in Eq.(2.6]) imply that these fields
mix. This has important consequences for the effective
dynamics of the nematic fields. This is found in our third
and last step in which we now integrate out the fluctua-
tions of the Chern-Simons gauge fields. Since the effec-
tive action of the Chern-Simons gauge fields has a Chern-
Simons term which is odd under parity and time-reversal,
this step leads to parity-odd terms in the effective action
of the nematic fields. Also, from the form of the coupling
to the external electromagnetic fields, we will now obtain
an effective action for these probe fields (the same as in
the HLR theory) plus their quadrupolar coupling to the
nematic fields. This last effective coupling leads to the
signatures of the nematic fluctuations (and order) in the
current correlation functions.

In Ref.[41] we presented a theory of a nematic FQH
state based on a Chern-Simons gauge theory of flux at-
tachment. An important feature of that theory is that
already at the mean filed level (i.e. the average field
approximation) the effective action of the nematic fields
has a Berry phase term, originating from the broken time
reversal invariance, which dictates the quantum dynam-
ics. The actual coefficient of this term can be exactly
obtained at the level of mean field theory, and further
gauge fluctuation correction does not modify the result.
This coefficient is part of the actual, universal, value of
the Hall viscosity. However, in the case of a nematic com-
posite Fermi liquid the situation is quite different since
at the mean field level (where the gauge fluctuation is ig-
nored) the gapless composite fermions do not see directly
a broken time reversal invariance which is encoded in the
Chern-Simons action of the gauge field fluctuations. We
will see below that the fluctuations of the Chern-Simons
gauge fields will induce a Berry phase type term for the
nematic fields although this term will be non-local and
its coupling constant is unquantized (and non-universal).



The same holds for the Wen-Zee term and the Hall vis-
cosity.

B. Effective field theory of nematic fluctuations

Before proceeding further, we first relate the various
parameters appearing in Eq.([24), i.e., the Fermi momen-
tum and the effective mass of composite fermions, to the
natural scales in a landau level: the magnetic length [y
and effective interaction strength between electrons. In
the Landau level, the density of electron is naturally re-
lated with the magnetic length. On the other hand, the
density is related with the Fermi momentum kr, result-
ing in the standard relations

kF: \/47Tp: l,

- (2.9)

where we use units in which %i/ec = 1. On the other
hand, the mass of the composite fermion is renormalized
by the interactions between electrons. In the limit of
a large magnetic field the effective mass is expected to
be determined by the scale of electron-electron interac-
tions alone, as shown by the work of Halperin, Lee and
Read.22 We can estimate the mass of composite fermions
in terms of the interactions via the dimensional analysis
(see Appendix [B]). Hence we obtain an estimate of the
effective mass m of the composite fermions in terms of
the density-density interaction V(q) as

C
m= T (2.10)

where C' is a numerical constant. In the case of Coulomb
interactions, HLR showed that the energy scale is the
Coulomb energy at the scale of the magnetic length. Here

St [M,6A,] = /
Q

+/ X i i Mi(p, Q) M;(—p, —2) +
p,Q

)

- / ) %MM@, Q) (Vi (p, Q) [M] + K, (p,Q)) 6A, (—p, —Q),

we are working with a model with short range interac-
tions and hence we will set the effective mass to be given
by Eq.(@Z.I0). Further, the high-frequency cutoff A is nat-
urally the Fermi energy, i.e.,

A= ESTY =052 /m. (2.11)
With these relations at hand, we can express all quanti-
ties in terms of the magnetic length [y and of the inter-
action 1/V(0).

We will work close to the Pomeranchuk quantum phase
transition to the nematic state, where the distance to
the nematic quantum critical point (the Pomeranchuk
instability) is parametrized by

_vo 1
T amld 2R,

(2.12)

We will keep terms in the effective action up to (and in-
cluding) quartic order in the nematic fields. Np is the
density of states at the Fermi surface. Here, as in the
HLR work on the composite Fermi liquid, we will keep
only terms in the effective action which are quadratic in
the fluctuations of the gauge fields da,. This amounts
to working in the random phase approximation (RPA).
Higher order terms are (presumably) unimportant and
we will neglect them. The effective action derived be-
low is effectively a loop expansion in the fluctuations of
the gauge fields. Although in most cases we will need
to consider diagrams with up to two internal gauge field
propagators, in the case of the Wen-Zee term the leading
non-vanishing three has three internal gauge field propa-
gators.

Before presenting the details of our theory, we first
summarize the main results. Here we show that the ef-
fective action for the nematic fields M is

M;(p, Q)L (p,w)M;(—p, —Q) — / dPrdtAM*

B0, (. ) (9,64, ) (~p, ~©)

p,Q

(2.13)

where®® X\ = (1/12)3(2a)/5, with a being the coefficient of the quartic term in the single-particle dispersion (see

Appendix [A]), and the coefficient 3 is given by 8 = —3:\/3,

(5

nematic fields

27rlg

—%pQ —6— cos2(26‘p)ﬁg

sin(26,) cos(26, ) 5= (m

In Eq.213) £;;(p,w) is the inverse propagator of the

sin(26,) cos(26,) ﬁﬁ (%)

202 1 12
e — 6 — sin(26,) g (2

. (2.14)
)

where, as in Eq.([2.12), ¢ denotes the distance to the quantum critical point (i.e. the Pomeranchuk instability), and

0, is teh angle of the momentum p with the z axis. The result of Eq.(214]) was first derived by Oganesyan et a

.56
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The second term in Eq.(2.I3)) is a Berry phase term and its (non-universal) coefficient x = 5= is the Hall viscosity

2
Tl

of the CFL (see Section [[V]). Finally, the tensor V), [M] represents the parity-even coupling between the Maxwell
terms of the electromagnetic gauge fields and the nematic fields (and couple as a metric fluctuation) is given by

2

V,uv(pvw)[M] = %K@(]),(U)

The function Ky(p,w) is given in Appendix [B] and
K, (p,w) is the polarization tensor of the electromag-
netic field in the HLR theory of the CFL.

We first remark that, due to the Landau damping
terms in the inverse propagator L;;(p, (), the nematic
phase transition of the compressible half-filled Landau
level has a dynamical critical exponent z = 3. However,
the effective action of Eq.(2I3) has also a Berry-phase-
type term for the nematic order parameters induced by
Chern-Simons gauge fluctuation. Although this term is
formally subleading to the Landau damping term, it is
kept since it is the leading parity-odd contribution to the
nematic fields.

By symmetry, the nematic order parameter acts as a
locally-fluctuating dynamical metric to electrons and to
composite fermions and modifies the local frames. In
the nematic phase, where the order parameters have a
non-vanishing expectation value, this coupling leads to
an anisotropic electromagnetic response. These effects
are encoded through the term V), of the polarization
tensor for the external probe electromagnetic gauge field
0A,. The isotropic part K, of the polarization tensor
was calculated in Ref.[53] (see Eq.(B1I)). Here w,, plays
the role the “spin connection” of the “dynamical metric”
defined by the nematic order parameter fields, and can
be explicitly written out in terms of the nematic order
parameter fields as

Wy = EijMiaoMj
Wy = EijMiamMj — ((%CMQ — 6UM1)
Wy = EijMiayMj + (6$M1 + 8UM2)

(2.16)

Due to the Wen-Zee-like term, ie., the term ~
e”l’)‘w#&,(SA)\ in the action, the disclination of the ne-
matic order parameters inside the nematic phase mini-
mally couples with the electromagnetic gauge field and
carries the (non-quantized) electric charge, which, in this
compressible state, will be eventually screened by the
gapless electrons.

The effective theory is both gauge invariant and ro-
tationally invariant. First of all, the inverse propagator
L;; in Eq.(213) and Eq.(2I5) of the nematic order pa-
rameter is constructed in the way that it is apparently
rotationally symmetric. We will come back to this later.
Secondly, the action is also gauge invariant. The Wen-
Zee-like term is apparently gauge invariant because it
involves the field strength F,, = 0,04, — 0,0A, explic-
itly. For the full polarization tensor V), + K, for the

Py — Do)
(Mipz + Mapy)w
(_M2py + MQpac)w

(Mipg + Mapy)w (—=Mapy + Mapy)w
M1w2 M2w2
MQ(UQ —M1w2

(2.15)

external electromagnetic gauge field dA4,,, it is clear that
the gauge invariance is respected, since 0,V,x = 0 and
0, K, = 0, which implies gauge invariance.

We present the detailed calculation for the main results
in the following sections.

III. PARITY-EVEN COMPONENTS OF THE
NEMATIC FLUCTUATIONS

FIG. 1. Nematic correlator: the full lines represent the com-
posite fermion propagator, and the broken lines represent the
nematic order parameters.

The propagator of the nematic order parameters in the
Fermi liquid state is (here T denotes time ordering and
1,7 =1,2)

i(TM;M;)o(p,w) = El-_jl (p,w) (3.1)
The diagonal component £47 (represented diagrammati-
cally in Fig[l]) has the explicit form

Lap.0) =i [ gtk p0+wlhe) ('“ - k)

k,w 2m

k1. 5 k3 (i
= o 08 (2917)% " +0(Q/p),

Vo) 1 /i
= — 20p) —= | — Q 2

ot~ @ (5) @/ (3.2
where

1
g(k,w) = T (3.3)
W — =5 +in sign(w)

is the time-ordered free composite fermion propagator.
In the same way, we can calculate the other components



of £;;(p,w) and replace kp, m in terms of Iy, V(0),

L1(p, Q) = cos(20,) sin(26,) —— <@) ,

2703 \ p
V(0) .9 1 1Q
L Q) = — 20,)——= | — 3.4
22(p7 ) 47_‘_13 S ( P) 27_‘_18 p ) ( )
which agree with the results of OKF .56
Now we can include the gauge fluctuations. This is

included through the loop expansion in the gauge fields,
and we calculate only the one-loop corrections. In Ap-
pendix [F] and Appendix [Gl we show that these correc-
tions are subleading to the leading term, and thus do
not change the dynamic scaling behavior of the critical
theory of the nematic-isotropic phase transition.

IV. PARITY-ODD COMPONENTS OF THE
NEMATIC FLUCTUATIONS: THE HALL
VISCOSITY

In our earlier work, 224! we investigated the isotropic-
nematic phase transition in FQH states and Chern in-
sulators. We concluded that the theory describing the
phase transition to the anisotropic state in such chiral
topological phases always contains a Berry phase term for
the nematic order parameters, which is odd under time
reversal and parity. In the nematic FQH states the coef-
ficient of the Berry phase term is related (but not equal
to) with a dissipationless Hall viscosity.412! In Ref.|41]
we concluded that the nematic fluctuation, regarded as a
dynamical metric, only couples with the stress tensor of
the composite fermion while the background metric also
appears in the covariant derivative as the spin connection
of the composite particle. Accordingly, the Berry phase
of the nematic order parameter s the odd Hall viscosity
of the mean-field state of the composite fermion theory,
not of the electron fluid. Hence, in the incompressible
FQH states, the Berry phase term is equivalent to the
Hall viscosity of the composite fermion filling up integer
number of the effective Landau levels. 4131

My ( 2 _ 2)
HO(qu W) 2 i qy
VMV (qu W) = o Mqu + M2qy)w

This term is the coupling to the dynamical metric or ne-
matic order parameter of the Maxwell term for the fluc-
tuating gauge field da,,. As the nematic order parameter
can be considered as a dynamical metric that modifies
the local metric of the composite fermion, the gauge bo-
son coupled to the fermion is also modified accordingly

For the compressible half-filled Landau levels, the
mean field state of the composite fermion without the
gauge fluctuation is a CFL with well-defined Fermi sur-
face. Furthermore, the state is time-reversal even so we
do not expect any Berry phase term for the nematic or-
der parameters to emerge. However, once we include the
dynamics of the gauge fluctuation da, and go beyond
the mean-field theory, the time-reversal symmetry is ex-
plicitly broken due to the Chern-Simons term for da,
and thus the Hall viscosity is expected to arise from the
fluctuations. This is to be expected since, for the same
reasons, the Hall conductivity of the CFL in the HLR
theory also comes from gauge fluctuations.

To study the contribution from the gauge fluctuation
to the Berry phase term, we formally integrate out the
fermions at one-loop order, and rewrite the theory in
terms of the fluctuating gauge field da,, and the nematic
order parameter. Throughout this section we use the po-
larization functions of the compressible fermions II,,,,, Ily
and Iy, defined in Egs.(C3)), (C4)) and (CH), respectively,
given explicitly in Appendix [Cl We first consider the lin-
ear coupling between the nematic field and the gauge
field at the mean field level,

1
Sa,M = _/ EMi(qyw)T%V(qaw)(sau(_qa_w)v (41)
q,w

where T;,(q,w) is the 2 x 3 matrix (with ¢ = 1,2 and
v=t,z,y)

_ _m G- Gaw —qw

is the effective vertex. This coupling can be regarded as
the symmetric part of the Wen-Zee-like term which we
will discuss later.

Beyond this, there is another term involving the fluctu-
ating nematic order parameter and Chern-Simons gauge
fields.

1
Sta =~ [ 00,0090V (g.0)00,(~g, ),
q,w

(4.3)
where
(M1gy + Magy)w (—Magy + Magy)w
M1w2 MQ(UQ (44)
MQ(UQ —M1w2

by the nematic order parameter.
Together with the original isotropic HLR result for the
action of the fluctuating Chern-Simons field da,,

1
Si==3 [ dua.w)llulawio,(-q-w), (15
q,w



we can obtain the Berry phase term of the nematic order
parameter by integrating out the fluctuating gauge fields
and performing the loop expansions. In the following, we
fix the gauge ag = 0 to facilitate the calculation.

S=-

/ da;(q,w) |:Hij + (t}jw2H0)M1 + (t?ijHO)Mg da;(—q, —w)
q,w,k,Q2
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The effective action S = S, 4+ Sg, a4 Of the gauge field
da,, defined by Eq.([27) and Eq.(Z38), coupled with the

nematic order parameter M, is

(4.6)

where the 2 X 2 matrices t}j and t2; denote the Pauli matrices o3 and o1, respectively, and M are the nematic fields. By
integrating out the fluctuations of the gauge fields, and performing the loop expansion, we obtain leading corrections
to the (time-ordered) correlators of the nematic order parameter M (shown in the Feynman diagram of Fig. 2)

GMM) . p) =1

q,w

tr (115! (w, q) w’Iot" 11! (w + Q, q + p) w’Tlot’]

= 71—

2

where we have approximate the form of the polarization
tensor II;; (w, q) valid for low frequency and momentum
with w < |g|vr (see Appendix [B]).

FIG. 2. Berry phase term. Here the bubble is the fermion
loop corrected by the fluctuating gauge field.

Hence, the anti-symmetric (and hence off-diagonal)
part of the nematic correlator E;jl gives a Berry phase
type term in the effective action for the nematic fields

SZ.];‘[ = / \ Xeij(iQ)Mi(n Q) M;(—p, —Q), (4.8)

)

9
= —A = —
X 3 m 37‘1’[8

(4.9)
with A the high-frequency cutoff of the CFL and m is
the effective mass of the composite fermions. Using the
HLR results®® (see Appendix [B]), since the UV cutoff
A = EEFL (the Fermi energy of the CFL), and the value
of the effective mass m (which in the HLR theory is ar-
gued to depend only on the scale of the Coulomb interac-
tion) one finds that mA = ¢, 2, and hence that the Hall

-Qeij/ M2q VP 4
qw H2@® +q?/41hq? +q?/4 7

(4.7)

viscosity seemingly depends only on the particle density.
This value of the Berry phase x is one of our main results
in this paper. It plays a key role in the effective dynam-
ics of the nematic order parameters. However, we should
caution that, contrary to the case of the FQH states, this
value of the Hall viscosity is not protected in the CFL,
and should be regarded as an estimate.

Our result indicates that the gauge field fluctuations
generate a Berry phase term which will in turn contribute
to the Hall viscosity of the compressible half-filled Lan-
dau levels. The way in which the Berry phase term is
generated in this case is different from that of the incom-
pressible FQH states. In the incompressible FQH states,
the Berry phase of nematic order parameters is already
present at the mean field level of the composite fermion
which forms an integer quantum Hall state, due to the ex-
plicitly broke the time-reversal symmetry of the compos-
ite fermions in the effective Landau level 412! Further-
more, the Chern-Simons gauge fields in the FQH state
are gapped and do not affect the value of the Berry phase
term in the low energy regime. In contrast, for com-
pressible half-filled Landau levels, the mean field state
is a Fermi liquid alone which seemingly respects time-
reversal symmetry, which is broken by the Chern-Simons
term for the gauge fields. Their fluctuations can affect
the low-energy dynamics of the nematic order parame-
ters and induce the non-zero Berry phase term for the
nematic order parameters. In particular, while in the
incompressible FQH states the coefficient of the Berry
phase term has a universal relation with the composite
fermion density, in the case of the compressible state this
“Hall viscosity” is non-universal as it depends explicitly
on the UV energy cutoff A of the compressible composite
Fermi fluid.



V. WARD IDENTITIES

We now present another way to compute and check the
Berry phase term, Eq.([@38). Here we will use the Ward
identity between the current operators J and the stress
tensor T;; (and the linear momentum density Tp;). We
start with the explicit expressions for these operators in
the CFL,

Ji = %[\Iﬁ(r, £)(0; + i6a;)U — (05 + i6a;) W)U (r, 1)),

T;j = ﬁllﬁ(r,t)(ai +i6a;)(9; +ida;)W(r,t),

TOj = mJj. (51)
which are manifestly gauge invariant.

The conservation law of the energy-momentum tensor
(i.e. local conservation of energy and momentum), in the
presence of the Chern-Simons gauge field fluctuations,
implies that

0, T, = b €], (5.2)
where 0b = €;;0;0a; is the fluctuating flux of the gauge
field da,. Upon expanding out in components the ex-
pression of Eq.(5.2), we have

Bom.y + Oy Tay + 0yTyw = 8bJ,,

Oomdy + 0,1y + 0yTyy = —6bJ,. (5.3)
In what follows we will use the notation 171 = Tz — T}y,
and Ty = Ty +T,,. Focusing only on the anti-symmetric
response, we find the following relation between the cor-
relation functions of current, stress tensor and density
operators,

82 < (Tl,tl)J (7"2,t2)> +831 <T1(7"1,t1)T2(7"2,t2)>
= 4< (’l"l,tl)Jm(’l"l,tl)p(’l"g,tg)Jy(’l"g,tg)>. (54)

Hence the Berry phase term, i.e. the Hall viscosity de-
termined by the parity-odd correlation function of the
stress tensor,2222:8791 i related with the correlation
function of the composite operators of densities and cur-
rents (shown on on the right side of Eq.(&4)). In mo-
mentum and frequency space (and in the low frequency
limit, 2 — 0) this results takes the form

p%ﬂ%ﬂnﬂﬁi/ 4(pp) (P — 4.0 + Q) (Ta ) (g, )

L 4{pd,)(p — g + Q) Jap) ()

(5.5)

23?,2]92—(5—cos (26, )2731 (Q)

Li; = (_ZQ(B 12) + sin(26,) cos(26, )7% %)
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The density and current correlators, (pp) and (J,J,),
are given by the polarization tensor of the external elec-
tromagnetic gauge field beyond the mean field level which
include the fluctuations of the Chern-Simons gauge field.

1 I
(pp)(w,q) = 4(2m) D(°0J=q>
<Jsz>(w’q) - Q(Z;T),
1 I qyw ZQz
P D) = =5 Dilorq) ~ 3"
() .) = = 5 B~ 57
20)(w, 1(27) D( 9) 207
D(w,q) = (How — = — Tog?( ‘1/;5(72)) >0

Using these relations we obtain a result consistent with
the previous approach,

<T1T2>(Q p) =0, 24<mepr>(9,2@)

ZQ mA =iQ—s

37r12 (5.7)

VI. EFFECTIVE DYNAMICS AND
SUSCEPTIBILITY OF THE NEMATIC ORDER

With the results of the calculation of the Berry phase
term and Landau damping terms for the nematic order
parameters at hand, we can proceed to derive the ex-
pression for the nematic correlators including both con-
tributions. The effective theory for the nematic order
parameter field M close to the nematic transition is

S[M] = M;(p
p,Q

Q)L Mj(—p, —Q) — / d3zAM*

(6.1)

in which the correlator £;;(p,w) is given by the sum of
the two contributions, which yields the result

Q522 ) + sin(26,) cos(20,) 5

L (12)
[19] )
S2-p? — § — sin® (20, )zwlg(?)

2F2



where § is the distance to the Pomeranchuk instability
of Eq.2I2)). As in the case of the nematic Fermi fluid,
L;;(p,w) is nothing but the inverse susceptibility of the
nematic order parameters, and zeros of the determinant
of L;;(p,w) yield the dispersion relation of the nematic
collective modes of the CFL. Clearly the nematic sus-
ceptibility is finite for § > 0 and diverges as 6 — 0, as
expected at a continuous quantum phase transition.
Except for the Hall viscosity term, which originates
from the gauge fluctuations which explicitly break the
time-reversal symmetry, Eq.(62) is almost the same as
the result for the nematic correlator of OKF.2 The
Berry phase term, which makes the effective theory
time-reversal odd, mixes the transverse and longitudinal
modes of the nematic order parameters. However, if we
focus only on the parameter regime where ¢ < kr and

12

w K vpq, then the off-diagonal terms are sub-dominant
and can be ignored. Hence the overdamped critical mode
is not affected by the gauge fluctuations. This leads
to the conclusion that the criticality of the isotropic-
anisotropic phase transition of half-filled LL still exhibits
z = 3 critical dynamical exponent.

A. Nematic Susceptibility

From the effective theory Eq.([@2]), we can read-off
the dynamic nematic susceptibility x*, i.e. the nematic
propagator. Inside the isotropic phase, § > 0, the sus-
ceptibility is given by

M=ol = 1 2F2p —§ —sin (29 )27313 (1%)-9 ’Q(swﬂ) — sin(26,) cos(29p)12;lgn%) 63)
Y Yo C(Q,p) \ iz 12) sin(26,) cos(26,) 523 (%) —ﬁpQ — & — cos?(26,) P =
where
K K 1 ,iQ 2 1 iQ
Cp)=(=—=p*+0)2 4+ (=—=p*+0)—=(—) - P (=) =’ +—=—. 6.4
(@) = (G’ + 0 + (e’ + O () = )~ 0 4 o (6.4)
[
The nematic susceptibility is finite in the isotropic phase matic order is in the M; direction (M; = %) The
1 .

o % < 1. As we approach the quantum criti-
0

cal point, § — 0, the nematic susceptibility diverges, as
expected. In the nematic phase, we assume the the ne-

(Q ) = 1 2F2p —|8| — sin (29 )2;1
X (2p) = C'(Q,p) \ —iUz2z) — isin(26,) cos(26, )
where
/ ~ i 2
C'(Q,p) = (2F p

B. Mode mixing in the Nematic phase and at
quantum criticality

In the theory of the nematic transition in a Fermi liquid
of OFK, when approaching the criticality, 6 — 0, the dif-
ference in the dynamics of the two polarizations becomes
more noticeable. At criticality there is an underdamped
longitudinal mode wy ~ ¢? and an overdamped trans-
verse mode wy, ~ i¢>. In the nematic phase this mode
becomes the (overdamped) Goldstone mode. In our ne-
matic criticality in the half-filled LL, due to the existence
of the Berry phase term, the transverse and longitudinal

1 i
+ ——=—1sin“(26,))|4/,
Ty )l

nematic susceptibility in the symmetry broken phase can
be obtained,

(?Q) 29(3%%) — isin(26,) cos(29p)2_%g(%) 6.5)
() TR o (20,) e () '

(6.6)

modes are mixed, leading to the following modified dis-
persions for these collective modes

VARV 0l P 1V (0) 4
+ ;
LY T Rl 5 1
K
~i 6.7
w2 12F2(7T/l%)3/2q ( )

Thus, the transverse mode, wsy, remains overdamped (as
in the OKF theory). In contrast, the longitudinal mode,
w1, is now underdamped (with z = 2) only in the deep
asymptotic long-wavelength regime ¢ — 0, crossing over



to an overdamped regime at larger values of ¢. This
crossover can happen at long wavelengths if the range of
the quadrupolar interaction is small.

C. Electromagnetic Response and Spectral Peak

In the nematic phase, the electromagnetic response
(and the conductivity tensor) can be obtained after inte-
grating out the gauge fluctuations. The calculation de-
tails of the electromagnetic response is presented in Ap-
pendix [Bl Here we propose a possible experimental test
of the nematicity by measuring the spectrum of the con-
ductivity o,.. To this end, let us assume that we are in
the deep nematic phase with a nonzero nematic order,
say in the M; component. The conductivity o, as a
function of momentum is,

Oxx = £<J1}JLE> = _WHO(quw)%u
D' () = To(g.) (hla.w) - 109 ) (@ + 21(¢2 - )
1

+ 13(g, w)w?

; (6.8)

In the limit of w/q <« 1, the conductivity is approxi-
mately given by

w(l+ Myp)/V(0)

(14 M, cos(29q))i—qu‘6)l0 +

~

Opu — (6.9)

Vit — 4°/4

Deep nematic phase where M; ~ O(1), the damping term
on the denominator will nearly vanish at 8, = /2. Thus,
by measuring 0., as a function of the angle 0, of the
direction of propagation measured form the nematic axis,
one will find a resonance, i.e. a peak in the spectrum, at
0, =7/2.

VII. THE WEN-ZEE TERM IN THE CFL

From the Hall viscosity term, we expect that there may
be the Wen-Zee type terms for the dynamical metric asso-
ciated with the nematic order parameters.142 The Wen-
Zee like term consists of two parts: a parity-even term
linear in nematic order parameter and in the gauge field,
and a second term that is parity-odd, and is quadratic
in nematic order parameter and linear in gauge field. At
the mean field level of the CFL, which is parity-even ex-
cept for the Chern-Simons term, the composite fermions
on the Fermi surface generate only the parity-even part
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of the Wen-Zee term. However, upon the inclusion of the
gauge field fluctuations, which are parity-odd, we will
find the parity-odd part of the Wen-Zee term, as well as
a modification of the parity-even part.

We start by calculating the first part of the Wen-Zee
term given by a Feynman diagram that has one gauge
leg and one nematic leg shown below in Fig. 3. The
coupling between gauge-invariant current, generated by
the probe electromagnetic gauge fields A,,, and nematic
order parameter M is given by

0S
OM0 Ay,

:i/ tr [Hfjl(w, q)chHotngi1 (w+Q,q + p)w? Qs |,
q,w

_ 1 (Aﬂ)l/3 (me pr)
67T\/§ p _pr sz “g,

where, as before, t; = o3 and to = o1, and where we

(7.1)

FIG. 3. Leading parity-even contribution to the Wen-Zee
term. The wavy lines are gauge field propagators and the
broken line is a nematic propagator. The blobs are composite
fermion loops.

used the notation @, = I and @y = —i03, and Tgil is
given by

T, = (am M) a0 qy“) (7.2)

1
T ymgw? (—wqy Gz

where we used the temporal gauge, ap = 0. This is the
parity-even linear coupling between the nematic order
parameter and the probe electromagnetic gauge field.

To calculate the parity-odd contributions to the Wen-
Zee term, we calculate a Feynman diagram with one ex-
ternal probe gauge field leg and two nematic order pa-
rameter legs. Once again we choose the gauge ag = 0,
and find the result



FIG. 4. Parity-odd contribution to the Wen-Zee term at cubic
level. The wavy lines are gauge field propagators and the
broken line is a nematic propagator.

(— -)578(
Mo Mid Ay
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which is manifestly odd under parity and time reversal
symmetries.

By combining the two contributions, we finally find a
Wen-Zee term of the form

! [(Am) +A—m}ewwua,,,4,, (7.4)

L = —
Y 63\ p p

where A is the frequency UV cutoff of the CFL. Further
reduce the expression by taking Am = [ 2 we have,

e"Pw, 0, A, (7.5)

L =
wz 37T\/§

Here we have denoted by w,, the spin connection associ-
ated with the nematic fields!

wo = EijMiaoMj
Wy = GijMiaxMj - (81M2 - 8yM1)
Wy = GijMiayMj + (81M1 + 8yM2)

(7.6)

Similar to what we did for the calculation of the Berry
phase term using a Ward Identity, the Wen-Zee term can
also be derived from the Ward Identity, and the result
is consistent with the diagrammatic calculation present
here. The details of the calculation of Wen-Zee term from
Ward Identity is presented in the Appendix [El

We should stress that the connection between the Hall
viscosity (given by the Berry phase term) and the Wen-
Zee term in the CFL is not as straightforward as in the

—JeM ek pY (ph + ph)
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Q1, Qo5 p1,p2) = (MM Ji) (Q1, Q23 p1, P2)

(7.3)

incompressible FQH states. In the incompressible states,
the universal coefficients s of the Wen-Zee term is directly
related to the Hall viscosity 7y, i.e., ny = 52 .51:52:87.92
However, in the compressible CFL state, the coefficients
of the Wen-Zee term and the Hall viscosity do not have
such relation because of the non-local nature of such re-
sponses in a compressible state. The coefficients appear-
ing in the expressions are seemingly numeric constants,
but it is important to remember that the coefficients are

in fact the functions of the ratio s = JFL\L\ (not to be

confused with the coefficient of the Wen-Zee term!), and
are in general non-local in space and time. Instead, in
the incompressible states where we can perform the well-
defined gradient expansions due to the energy gap to all
the excitations. Hence we find that in the CFL, the co-
efficients of the (seemingly local) Wen-Zee term and Hall
viscosities are not universally related to each other.

A. Nematic-Electric field correlator

The Wen-Zee-type term Eq.(TH), which couples the
nematic field and the electromagnetic field, implies that
the change in the nematic field will induce the electron
quadrupole moment. Thus, one can measure the nematic
susceptibility with respect to the external electric field



XM.E = g;‘gi as a function of momentum,

528 oT;
SM;SE, OF;

_ 2 (_Qw dy ) .
3rv3 \ 8y 4=
This susceptibility indicates that the energy-momentum

current will be induced in the presence of the spatially-
modulating electric field.

XM,E

(7.7)

VIII. GENERAL RELATION BETWEEN THE
HALL VISCOSITY AND THE HYDRODYNAMIC
GAUGE THEORY IN HALF-FILLED LANDAU
LEVELS

We have shown that, unlike the case of the incompress-
ible FQH states, in the CFL the gauge field fluctuations
contribute to the Hall viscosity of the half-filled Landau
level. In order to prove that the corrections to the Hall
viscosity come from the fluctuation of the Chern Simons
gauge fields, we start from CFL and dualize the CFL into
a hydrodynamic gauge theory.

If we couple our CFL to a smooth deformation of the
background geometry (instead of to the nematic order
parameter), we find that the composite fermions at the
mean field level receive an orbital spin from the flux at-
tachment procedure.®! Beyond this, if we include the
gauge field fluctuation, the viscoelastic response of the
CFL is related with the parity-odd electromagnetic re-
sponse of the hydrodynamic gauge theory2793 Since the
original CFL is coupled to the fluctuating Chern-Simons
gauge boson, the time-reversal odd electromagnetic re-
sponse of the hydrodynamic gauge theory is always non-
zero. Consequently, the CFL contains an additional con-
tribution to the Hall viscosity arising from the fluctuating
gauge field.

To see this, we start from the Chern-Simons theory
of CFL where we attach two flux quanta of the Chern-
Simons gauge field to the electrons to turn them into the
composite fermions,

. 1 ij
5= /drzdt Wt (1, )(iDy + 5 - D* + 24D, ) (1)

_ %/dr@dr?dt V(r—r")p(r)p(r')

+/dr2dt 8%6“”pauayap (8.1)
where D, = 0, + (A, + a, +w,) is the covariant deriva-
tive. Here, w,, is the spin connection of the background
metric g;;, which is related to the local frame fields by
gij = (e +67)(ef +07). We only keep the leading orders
in ef so that the distorted spatial metric is defined as,

o= (716
K ed e3

(8.2)
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The composite fermion has orbital spin s = 12! so the
covariant derivative of the composite fermion contains
the spin connection with coefficient 1 dictated by the
orbital spin s = 1. At the mean field level, the Chern-
Simons flux cancels the external magnetic fields so we
only need to consider the gauge fluctuation da.

We can now perform the functional bosonization pro-
cedure, following Refs.|50, [94-96], of our theory and in-
troduce the hydrodynamic gauge field bu,97

. 1 ij
S = /dTth \I/T(’I’,t)(’LDt + %DlDl + g—n{LDlDJ)\I/(’I’,t)
1
- /d’l”/Qd’l”th V(r —r")éb(r)sb(r")
3272

2 1
— /erdt 4—E'U‘Vpb#8,/bp +/dr2dt 2—6“”p5a#81,bp
T T
(8.3)

where D,, = 9, + i(da, + w),) is the covariant deriva-
tive , and 6b(r) = 0y0ay(r) — Oyda,(r) is the fluctuating
magnetic flux of the gauge field da,.

Solving the saddle-point equation of da,,, we find

Oubo — Ooby =E% = JF,
dybo — b, =E- = —JCF,

D,D
LB =TGF = v 2
8 x 12 owm )
D,D,
OyE, = —T5" = —\1/*27’—\11 (8.4)

Now we turn on a momentum current of the composite
fermion TG in the system. Different from the parity-
even Fermi surface where the metric only couples with
the momentum current, the composite fermions carry in-
trinsic orbital spin so the spin connection appears in the
covariant derivative. Hence,

0S

(8.5)
The composite fermion current T(G! is bound with the
spatial derivative of electric field of b, as 9, E2. Once we
have a nonzero 9, E%, a polarized charge density appears.
If the hydrodynamic gauge theory of the gauge field b,
contains a term like 5(V - E?)B®, the polarized charge
density associated with the field b, acts as a magnetic
moment which couples with magnetic flux of b,. Thus,
we have
oS

<A LN Baw(ambO - aOb;E)

§(0zby) (8.6)

By solving the equation of motion for the hydrodynamic
gauge field,

65 _, 08
5(Duby) " 600(uby)

X L
500(0zby) ~ 005(0oby)  0T11




We finally have

0S8 1
6((911)1/) = 6061 = ﬁ(r“)m (ambo — (%bm) (88)
Thus the Hall viscosity can be read off from
s 1 1
= =0oer + (uen) I T = (p+ 2)doer,  (8.9)

set B B

i.e., the Hall viscosity is (p + %) in which p is due to
the flux attachment,?! and 1/3 is due to the parity-odd
fluctuations of the hydrodynamic gauge field. The parity-
odd viscosity has two contributions: one is the intrinsic
orbital spin that the composite fermion carries, and the
other is through the term (V- E®) B? of the hydrodynamic
gauge field. Hence, if the dual hydrodynamic gauge the-
ory has the parity-odd 3(V - E*)B® term, we expect that
there should be additional Hall viscosity from the gauge
fluctuation. The theory of the b, field can be obtained by
integrating out the composite fermion surface and gauge
fluctuation of the gapless a,. However, if the effective
theory of a, is gapless and nonlocal, the coefficient 3 for
the term (V- E®) B® will be non-universal (and depend on
the UV cutoff in a singular way). This is in accordance
with our result for the CFL.

IX. CONNECTION TO EXPERIMENTS

In this section, we discuss the connections between our
results with the experimentsi?13:21:98 on half-filled Lan-
dau levels with N > 1. These experiments show that in
half-filled Landau levels with N > 2, there is a spectac-
ular anisotropy in the longitudinal transport with ratios
of the resistances as large as Rg;/Ryy ~ 3,500 at the
lowest temperatures. The anisotropy in the longitudinal
resistivities, expressed in the difference p,; — pyy, raises
very rapidly below a critical temperature 7, ~ 65mK
(for N = 2). These results were originally interpreted
as the signature of a striped phase,2*2¢ an unidirec-
tional charge-density-wave state which breaks transla-
tion symmetry (and, necessarily, rotational symmetry.)
However, further transport experiments showed that the
I —V (current-voltage) curves were metallic and showed
a linear behavior at low bias voltages.t2 In contrast, a
charge-density-wave (CDW) would have exhibited non-
linear I—V curves with a sharp onset at a critical voltage.
Extremely sharp onset behavior has been seen indeed in
the reentrant integer quantum Hall regime away from the
center of the Landau level and has been interpreted as ev-
idence for a “bubble phase” (i.e. a bidirectional CDW.)
Moreover, in the reentrant IQH regime the experiments
show broadband noise in the current, which are observed
in many CDW phases, but which is absent the anisotropic
half-filled Landau levels.

For these reasons, the experiments in the center of the
Landau levels (with N' > 2) have been interpreted instead
as evidence for a nematic phase phase, i.e. a uniform and
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compressible phase of the 2DEG with a strong anisotropy
(for a review see Ref. [1].) This interpretation is further
supported by comparing the anisotropy in transport data
with a simple model of a nematic, a two-dimensional clas-
sical XY model for a director order parameter. By menas
of Monte Carlo calculations it was found that indeed this
model fits really well the transport anisotropy data.7:18
Furthermore, these fits show that there is a very low en-
ergy scale for the native anisotropy is of the order of
3 — 5mK, which is presumably related to the coupling of
the 2DEG to the underlying lattice. Although the ex-
periments cannot exclude the possibility that the ground
state at T' = 0 is actually a possible striped state, which
will be melted thermally into a nematic state at finite
temperature, the absence of any evidence of stripiness at
the lowest temperatures seems to imply that the ground
state is a nematic (which, most likely, should be regarded
as a quantum melted striped phase.) A detailed review
on these experiments (prior to 2010) and their interpre-
tation can be found in Ref. [1.

In this section we focus on a relatively recent set of ex-
periments on radio-frequency conductivity measurements
in the N = 2 Landau level near filling fraction v ~ 9/2
by Sambandamurthy et.al.?® which, from our perspec-
tive, can be naturally interpreted as the following. In
this experiment,?® they observe an anisotropy in the lon-
gitudinal conductivities as well as a resonant peak of
the radio-frequency longitudinal conductivity along the
hard direction of transport, say o.,, with a frequency
of 100 MHz. This 100 MHz resonance was originally
interpreted as evidence for the existence of a pinning
mode of a stripe state.3! Given that the I — V curves
are linear, and hence that there is no evidence of transla-
tion symmetry breaking, it is natural to seek a nematic
explanation for this energy gap. In a nematic state in
the continuum there would not be a gap. On the other
hand, the transport anisotropy experiments show that
the anisotropy saturates below T ~ 20mK. Tilted-field
experimentsi®!® and the fits to the XY model with a
weak symmetry-breaking field,1” show that the energy
scale is of the order of 3—5mK, which is quite comparable
with a resonant frequency of 100nHz as seen by Samban-
damurthy et.al.2® Thus, we are led to the interpretation
that the radio-frequency conductivity measurements are
detecting a nematic Goldstone mode gapped out by the
coupling to the lattice which induces a term that breaks
the continuous rotational symmetry to the Cy symmetry
of the lattice (i.e. of the surface on which the 2DEG is
confined.) Tt is also important to note that the resonant
peak seen in by Sambandamurthy et.al. behaves remark-
ably close to what is seen in the transport anisotropy in
the DC experiments.

Finally, we should note that transport experiments in
the N = 1 Landau level have shown a close connection
between the nematic state and the paired FQH state at
v = 5/2. Indeed, earlier experiments?? showed that by
tilting the magnetic field the FQH state at v = 5/2 is de-
stroyed and that the resulting compressible state behaves



much like an anisotropic HLR state. A relatively recent
experiment?? has also given evidence of a nematic state
in the v = 7/3 FQH plateau (presumably a Laughlin-
type state) and was interpreted as such in several the-
ory papers.39745>90799 Very recent transport experiments
by Samkharadze et.al.,2! found that, by applying a suf-
ficiently large external hydrostatic pressure, the incom-
pressible isotropic FQH state at v = g spontaneously
gives a way to the compressible anisotropic phase. This
is possible since the pressure tunes the width of the quan-
tum well and thus tunes the effective interaction between
the electrons, as the form and spread of the electron
wavefunction will be varied as the width is changed. At
the critical pressure, it is found that the rotational sym-
metry is spontaneously broken and the anisotropy in con-
ductivities develops. Though this transition is between
incompressible QH state and compressible nematic CFL
instead of the transition from the compressible isotropic
state, namely CFL, to the compressible anisotropic state,
this result gives a strong hint that tuning an external
parameter, such as pressure, the effective electron inter-
action such as F in this paper can be tuned to find the
transition that we have studied in this paper.

X. CONCLUSIONS AND OUTLOOK

In this work, we considered the problem of a 2DEG in
a half-filled Landau level with strong quadrupolar inter-
actions. We mapped the fermion theory into a composite
Fermi liquid coupled to a gauge field with a Chern Simons
term, extended by a quadrupolar interaction. Both the
nematic fluctuations and gauge fluctuations are found to
soften the Fermi surface and drive the system into a non-
Fermi liquid state. We started from the nematic Fermi
liquid theory corrected by the fluctuations of the Chern-
Simons gauge boson fluctuations and looked at the ne-
matic instability of the non-Fermi liquid. The nematic
fluctuations are Landau-damped by the non-Fermi liquid
state and thus the dynamical critical exponent is z = 3.

The nematic theory was also shown to contain a Berry
phase term arising from the gauge field fluctuations,
which correct the nematic correlator. This non-zero
Berry phase term suggests the gauge fluctuation would
also contribute to the Hall viscosity of the half-filled Lan-
dau level. The resulting odd viscosity in this gapless
system is non-universal. In addition, inside the nematic
phase, the nematic vortex current couples with the gauge
field. This also demonstrates that the half-filled Landau
level orbital spin is not exactly equal to s = 1 as both
gauge fluctuation and orbital spin of the CFL in the mean
field level have separate contribution to Wen-Zee term.
The computation of the Hall viscosity was confirmed by
an argument based on a set of Ward identities.

The theory of the nematic composite Fermi liquid pre-
sented here is based on the concept of flux attachment,
i.e. on the equivalency between different theories of in-
teracting fermions in two space dimensions to a theory
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of composite fermions coupled to a gauge field. This ap-
proach has been known for a long time to give the correct
universal properties of the FQH states2? including subtle
responses to changes in the external geometry.2::22 These
theories are also known to give a qualitative description
of the compressible phases, i.e. the HLR theory.22 How-
ever, it is also well known that the mean field approxi-
mations based on this mapping involve a large amount
of Landau level mixing (even in the limit of a very large
magnetic field) which becomes extreme in the compress-
ible states. A symptom of these problems is the lack of
particle-hole symmetry even in the limit in which all ex-
cited Landau levels are projected out. These difficulties
have been the focus of intense recent work,”>7* already
noted in the Introduction. This approach proposes to
describe the half-filled Landau level, instead, as proxi-
mate to a theory of Dirac fermions “dually” coupled to a
dynamical gauge field. The problem of the possible con-
nection between the “more conventional” Chern-Simons
approach and these recent proposals is at present unclear,
including how they may relate to the nematic and paired
states. We will consider these connections in a separate
publication.

Finally we note that there have not been systematic
numerical studies of the nematic transition in 2DEGs in
large magnetic fields. Most of the existing studies of rota-
tional (and translational) symmetry breaking have been
done either by means of finite-size diagonalizations*?
(done on small systems with toroidal boundary con-
ditions which break rotational invariance explicitly) or
with projected wave functions®® or with variational wave
functions 48 mostly done on relatively small systems on
the sphere (which also poses problems for an order that
breaks rotational invariance). A more careful numerical
study of this problem is clearly needed.
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Appendix A: The isotropic-Nematic quantum phase
transition in a Fermi Liquid

The problem of the isotropic-nematic quantum phase
transition by a Pomeranchuk instability in a Fermi
liquid (without a background lattice) was studied by
Oganesyan, Kivelson and Fradkin®® whose work we fol-
low in detail. The lattice version of this problem was
studied by several authorst21°103 For a review of elec-
tronic nematic phases see Ref.[l]. Here we will use a



perturbative approach, following the standard work of
Hertz!% and Millist® (for a review see Ref.[106]). The
full non-perturbative behavior of Fermi fluid is not fully
understood and has been the focus of considerable work,
both analytict®? and, more recently, numerical 128 The
problem of the quantum phase transition to an electron
nematic state from a charge stripe state has not been
studied as much (see, however, Ref.[109].)

We start from the isotropic FL described by the free-
fermion action Sy in two space dimensions for spinless
fermions (spin will play no role here),

2 T ; V2
SO = /d Tdt\:[l (T,t) |:7/8t =+ % + ’LLj|\IJ(T', t)? (A]‘)

in which g is the chemical potential and W is the spin-
less fermionic field. This theory Sy is invariant under
arbitrary spatial rotations. It is known that this Fermi
liquid is stable to all infinitesimal interaction except the
superconducting (BCS) channel 212111 Hence, by exclud-
ing the pairing-channel, the only way to introduce any
qualitative and quantitative change is to turn on the
interaction beyond some finite strength. Hereafter, we
will ignore the pairing instability and concentrate on
phase transitions only in the particle-hole channel (al-
though the nematic quantum criticality can lead to a su-
perconducting state.212:113) Tn addition, Oganesyan and
coworkers,2¢ found that in order to stabilize the nematic
ground state it is necessary to include in the free fermion
Hamiltonian terms in the dispersion relation that are at
least cubic in the momentum relative to the Fermi mo-
mentum. Such terms are explicitly irrelevant in the Lan-
dau FL phase. Although in this section we will not in-
clude these terms explicitly, we will make them explicit
in the theory of the nematic CFL of Section [l

We are interested in the process of the spontaneous
breaking of the rotational symmetry in a FL. The most
obvious way to break the rotational symmetry is the
spontaneous distortion of the Fermi surface. In this pa-
per, we are mainly interested in the distortion in the d-
wave channel, i.e., the quadrupolar channel. The sponta-
neous symmetry breaking transition is thus induced nat-
urally by turning on the strength of the Landau param-
eter with an attractive coupling F5 for the quadrupolar
interaction, represented by a term Sg in the full action
of the form3%

Sa=1 / dtd*rd?r’ Fy(r — v/ (Q(r, 1) - Q(r', 1) )
(A2)

k2 — k2,

2m

Ml (q7 Q)

+/ / Uk +gq.w+9) [ =3
k,w ,Q F

[wf(k,w)(w _ 7)\1/(1@,@ b (1 + nk:2) IM(k:,w)IQ)
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where F5(|r — 7'|) is a short-ranged quadrupolar interac-
tion,

Fallr - ) = [ ot (A3)

(2m)2 1+ kg2

where x~! is the range of the quadrupolar interaction

and F; is the quadrupolar coupling. In Eq.(A2) denoted
by Q(r) the electronic quadrupolar density defined in the
OFK paper,

R 1 0% —-092 20,0
Q) =¥ (B sy ) W) (a)

Note that the electronic quadrupolar density in the OFK
paper is different from our definition in Section [Il up to
k2.

It is clear by dimensional counting that the interac-
tion Eq.([A2) is irrelevant at the Fermi liquid fixed point
of Eq.(AT)), and thus we will need the finite strength
of Fy in Eq.(A2) to be large enough (and attractive) to
drive a phase transition out of the isotropic Fermi liquid
Eq.(AT).

To understand the quantum phase transition better,
we decouple the interaction term of Eq.([A4)) by means of
a Hubbard-Stratonovich transformation, and replace the
quartic form of the action Sg by another one in which
the nematic order parameters are coupled linearly to two
real Hubbard-Stratonovich fields, My and Ms. After this
is done, Eq.(A4)) becomes

Lo= %:’t)\lfwnt)(aﬁ —0)¥(r,t)
%}@\IJT(T,IS)@&%)\IJ(T,U

- o MO 0P+ w (VM0 (a9)

where we introduced the director field M = (M, M>).

Hence we obtain a theory of the fermion nematic order
parameter coupled to the Hubbard-Stratonovich fields
M; and Ms. In momentum and frequency space the ac-
tion becomes

2F,

(k7 = k) +

z Yy

(A6)



Here we used the the short-hand notation fq o= %QWTCI;?

and have set the Fermi momentum to be kr = v/2mu,
and the chemical potential p is the Fermi energy.

After the Hubbard-Stratonovich transformation, we
proceed to integrate out the fermions to obtain the effec-
tive action for the order parameters M; and Ms. Close
to the quantum phase transition to the nematic state we
can approximate the effective action by a Landau expan-
sion in powers of the nematic order parameter fields. To
quadratic and quartic order one finds

S, / dwod®q Mi(q,w) L (q,) M, (q,0)

~ ONg

- / drdt {i (VM2 +\M*| (A7)
2F,
where®® \ = (3aNp|Fs|?)/(8E%), and « is the coeffi-
cient of the quartic term in the single-particle dispersion.
The inverse of the propagator of the order parameters,
L;;(q,w), contains the information about quantum criti-
cal dynamics of the order parameters. The analytic form
of £;j(g,w) can be obtained up to one-loop correction in
the fermions. The result is2®
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Lij(q,w) :5ij(2F2q2+5)+Mij(5a¢)a (A8)
where § = —% — NF1F2 parametrizes the distance from
the nematic quantum critical point at Fj = —% (the

— _w

Pomeranchuk transition), s = Teg) VF = % is the Fermi
velocity, and ¢ is the polar angle of the momentum gq.
The matrix kernel M,;(s, ¢) is given by

- _ S B(s) + A(s) cos(49) A(s) sin(4¢)
Mij(s,0) = 5 ( A(s)sin(4é)  B(s) — A(s) cos(4g)
(A9)
where
Bs)= ———,  A(s) = B(s)(VsE—1—s)*,

(A10)
Since we are interested in the dynamics of the asymp-
totic regime s = ﬁq < 1, we further expand the func-

tions A(s) and B(s) for small s around s = 0 and take
¢ =0 to find

‘Cij_<_lv:j_q+%Q2+5 w 2()/{ 2 )a
0 —(m) + 3554 +0

(A11)
where ¢ = |q|. This result of Oganesyan et al.5% shows
that the quantum dynamical exponent is z = 3. The
finite density of states at the Fermi surface is the origin of
this strong Landau damping of this longitudinal critical
mode.

Provided the rotational symmetry of the system is not
explicitly broken, inside the nematic phase there is a
Goldstone mode associated with the spontaneously bro-
ken rotational invariance. In this metallic system, the
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Goldstone mode is Landau damped. Oganesyan et al.
showed that this overdamped Goldstone mode leads, to
lowest order in perturbation theory, to a quasiparticle
self-energy whose imaginary part scales as %/ (w) o |w|?/?
and, consequently, to the breakdown of the quasiparticle
picture and to non-Fermi liquid behavior. However, in
the case of the 2DEG, the continuous rotations symme-
try is broken down to the C4 point group symmetry of
the surface. Although this explicit symmetry-breaking is
very weak, it results in a finite (but small) energy gap
for the nematic Goldstone mode. The results summa-
rized above hole above this energy scale.

It is important to emphasize that in this picture the
quadrupolar interaction of Eq.(A2) drives the quantum
phase transition to the nematic state, if the coupling con-
stant F5 exceeds the critical value. We will see in Sec-
tion [T that the same interaction will induce the nematic
quantum phase transition in the CFL.

Appendix B: The HLR Composite Fermi Liquid

Now we review briefly the physics of the composite
Fermi liquid (CFL) of Halperin, Lee and Read,53:54:85.86
which is another key ingredient of our analysis. Before
flux attachment, the action for the HLR compressible
CFL is

D2
S= /dtd2r\1ﬁ(r,t) [iDt to - tu U(r,t),
m

— %/dtd%d%' V(lr —7'|)op(r,t)op(r',t) (B1)

in which we have introduced the covariant derivative
D, = 0, +iA,, with p = ¢, z,y, where A, is the ex-
ternal electromagnetic gauge field. Here V' (|r — 7/|) rep-
resents the density-density interaction between the elec-
troms, i.e., dp(r) = Ui(r)¥(r) — p is the local deviation
of the electronic density from the average p. In Section [
we will also include a quadrupolar interaction discussed
in Section [Al

For a half-filled Landau level, the average density p
of the electrons and the uniform magnetic field B, are
related by the filling factor v = 27T% = % The HLR
theory also applies to the other compressible states at
filling factors v = 1/2n. In this paper we will focus on
the case v = 1/2. We will also include a probe (and un-
quantized) component of the electromagnetic gauge field,
which we denote by dA,,. The total electromagnetic field
is A, = A, +6A,.

Now we perform the flux attachment transformation
suitable for v = %, i.e. we will attach two flux quanta
to each fermion. The flux attachment is implemented by
coupling the fermions to a statistical gauge field a,, whose

action is a Chern-Simons term. The total action of the



transformed, composite, fermion is4?:53

2

D
_ 2 T i _
S= /dtd r Ul(r,t) [th—l— 5 —i—,u}\ll('r,t)

— %/dtd%d%' V(e —r'|)ép(r, t)dp(r',t),

1
+ / dtd2r8—ﬁa“”’\auaua,\, (B2)

Here D, = 0,+iA,+ia, (where u = t,z,y), is the covari-
ant derivative required by a gauge-invariant (minimal)
coupling of the fermions to the electromagnetic gauge
field A, and to the Chern-Simons gauge field a,,.

We now perform the average field approximation in
which the average part A,, of the electromagnetic gauge
field is cancelled by the average part a, of the Chern-
Simons gauge field, /_1” +a, = 0. After this approxima-
tion, we end up with the effective theory

2
S = /dtdQT\I/T(r,t) [iDt + = + u} U(r,t)

2m

1 v
+/dtd2r8—ﬂ_£” Aéaua,jéa,\,

—%/dtd%d%' V(lr —7'|)op(r,t)op(r',t), (B3)

with D,, = 0, +i0A, +ida,, where we set a, = G, +da,.

The Chern-Simons gauge theory is a topological field
theory.114 At the local level, its content is a a set of com-
mutation relations between the spatial components of the
gauge field, and a constraint on the space of states (a
Gauss law) which in this case reduces to a constraint be-
tween the charge density, dp(r,t) and the local flux of
the Chern-Simons gauge fields,

dp(r,t) = istijaiéaj(r,t) = iéb(r,t), (B4)

as an operator identity in the Hilbert space of gauge-
invariant states.

Finally, upon a shift of the Chern-Simons gauge field,
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da, — da, — 6A,, we can write the action in the form

D?
_ 2t ; -
S= /dtd r¥T(rt) {th + 5 +u}\IJ(r,t),

1
-3 / dtd*rd*r’

+ /dtd%%a“”(&au —0A,)0,(0ay —dAx), (Bb)

6.2 V(|r —7'|)db(r, t)6b(r’ 1),

where now the covariant derivative is D, = 0, + iday.
Here we have used the Gauss law constraint of Eq.(B4),
to write the density-density interaction in terms of the
fluctuations of the gauge flux §b(r,t), resulting in a flux-
flux coupling for the gauge fields. 2282 We will see in Sec-
tion [[Il that for the quadrupolar interaction this identity
does not apply and the form of the interaction is more
complex.

Therefore, the flux attachment transformation maps a
half-filled Landau level to a system of composite fermions
at finite density coupled to a dynamical gauge field (with
vanishing average) with a Chern-Simons term (and a
Maxwell-like term as well). The Fermi momentum of
the composite fermions is kp = (47p)'/2 = BY? = (!,
where ¢y is the magnetic length. Since the composite
fermions do not experience the magnetic field (on aver-
age), the composite fermions form a FL, provided that
the coupling to the gauge field da,, can be neglected. This
is a gapless state, the HLR composite Fermi liquid.22 The
crucial question is what tis he fate of the FL if the cou-
pling is included. In fact, it turns out that the coupling
of the composite fermions to the fluctuating gauge field
destroys completely the well-defined composite fermion
quasiparticles on the Fermi surface and leads to a non-
Fermi liquid state .

Since the CFL action of Eq.(B3) is quadratic in the
composite fermion fields, we can proceed to integrate out
the composite fermions, and obtain an effective action
for the fluctuating gauge fields da,. HLR showed that,
at the one loop (RPA) level, the fluctuation da, of the
gauge field experiences a strong Landau damping due to
the finite density of states of electron-like excitations at
the Fermi surface. The damping manifests in the po-
larization bubble of the gauge field when the fermion is
integrated out at the one-loop level (with the free fermion
propagator). To quadratic order in the gauge fields, their
effective action in the CFL state is,

SCFL[éauaéAu] =

1
_5 5a’,u(qaw)H,ul/(qaw)5a’l/(_q7 —CU)
q,w
Jrgi7T / dtd*re"* (8a, — 6A,)0, (Sax — §Ay),

(B6)

where II,,, (g, w) is the polarization tensor of the CFL,



¢*Ily(q, w)

qywllo(q,w)

where V(q) is the Fourier transform of the interaction.
The functions Ip(g, w) and I3(q,w) are

m ilw] 1

Ily(qw) = =5 — —=—=, I(qw)=—+7v

o(g.) @  plg? aw) = |q|3( )
B8

where p is the electron density, m is the electron bare
(band) mass, and v = 2+/3 is a numerical constant. Here,
we have temporarily switched off the external probe elec-
tromagnetic gauge field 0A,, for clarity of the presenta-
tion. Here the momentum ¢ = |q| carried by the gauge
field is much smaller than the Fermi momentum kg of the
composite fermions, i.e., ¢ € kp, and w < vpq, where
the quantum critical dynamics is manifest.

il V7

)

In contrast to the incompressible FQH states, where
the Chern-Simons term is the most relevant term and
dominates the low-energy physics, in the CFL the damp-
ing term o i;—s is the most relevant term in the low-
energy regime. Furthermore, by gauge invariance, the
gauge fields must remains gapless, which hence also play
a key role in the low-energy physics of the nematic phase
transition inside the composite Fermi liquid state of sec-

tion [II

By restoring the probe field A4, and integrating out
the low-energy fluctuation da, in Eq.(BGl), we can also
derive effective action for the probe external field §A,,,
which encodes de correlation functions of the densities
and currents of the CFL,

SutldA,) == [ 564,(0.) Ky (a,0)3A, (g, )

q,w
(B9)
where K,,,(q,w) is the Fourier transform of the polariza-
tion tensor of the CFL. Its components are given by23:82

Koo(a,) =5-a*Ko(a, ),

Koi(q,w) :%(qu'Ko(qaw) +i€irqrK1(q, w)),
Kio(4,) =5 (waiKo(a, ) — ieianKi(a,)),
Kij(q,w) = ! (w?6ijKo(g, w) — i€ijwkKi(g,w)

T or

+ (q25ij - Qin)K2(qvw))v (BlO)

where the functions Ky(q,w), K1(q,w) and Ka(q,w) are

quHO(quw)
M, (q,w) = % GawIlo(q,w) w?Tlh(q,w) — g (Hz(q,w) + V(q))

4yqe (Hz(q, w) + V(q))
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QyWHO(Q7w)
ay0: (T2(q. ) + V(0)) (BT)

WTlo(q,w) - ¢2 (T2(q, ) + V(a) )

given by
Ko(a.) = - 1982,
_1 1 V(g)y(q,w)q”
Ki(g,w) 2 + 8D(q,w) 1672D(q, w)
_Ih(q,w) | V(g)w?Ilp(g,w)?
Ks(g,w) ~ 4D(q,w) + 167r2DE)q,w)
N V(g)o(g,w)2(q,w)q”
167m2D(q, w) ’
D(q,) =TTo(g,0)’ (5’
+ To(g, w) (Ila(g, w) — ‘1/6(7?2))‘12' (B11)

From these expressions, we can calculate the spectrum
of collective modes. In the incompressible FQH state the
lowest energy collective mode is the Girvin-MacDonald-
Platzman (GMP), which in Ref.[41] we showed condenses
at the nematic quantum phase transition. From the po-
larization tensor of the external electromagnetic field,
Eq.(BI0). we can extract the analog of the GMP mode
for the HLR state. The pole in the polarization tensor
component Koo(q,w) determines the collective mode. In
the limit of ¢ < kr and w < vpq, the gapless collective
excitation of the half-filled Landau level is,

oy V3 [1 + (1 - 12';":% 1+ mV(q)))l/Q} (B12)

From the residue of the polarization tensor for this mode
we find a structure factor S(q) oc |g|*, in analogy of the
Girvin-MacDonald-Platzman mode in FQHE states.

Now we turn our attention to the composite fermions,
and calculate the self-energy correction ¥, (k,w) for the
composite fermion propagator by calculating the one-
loop diagram shown in Fig. 5. The inverse fermion prop-
agator g~ !(k,w) is

g (k,w) =gy " (k,w) = By (k,w)  (B13)

where go(k,w) is the free fermion propagator. The imag-
inary part of the self-energy X" (k,w) is

Y (q,w) ~ —2V3 sigrl(cu)(—i'o‘)')w3 (B14)
T

where f = 4% + V(0)kpy/m, and where we have

dropped the bare term w which is much smaller than

the correction |w|?/3. Here we have assumed the density-

density interaction is short-ranged, and hence only V(g ~




0) appears in the expression. Here and after, we only con-
sider the short-ranged density-density interaction. This
result shows that the singular forward scattering interac-
tion with the fluctuating gauge boson softens the Fermi
surface and that the composite fermion quasiparticle is
no longer well defined. The gauge boson drives the com-
posite fermion into a non Fermi liquid.22

1
S :/d2rdt Ul(r,t)[D; + —D? +
2m

%(ch = D2)+ =—=(2D;D,)]¥(r, )

22

p-k
—_—
p k p

FIG. 5. The gauge boson correction to the fermion propaga-
tor.

Appendix C: Coupling between the Gauge field and
nematic field

We start from the theory of the Fermi surface coupled
to the Chern-Simons gauge field,

M,
2m

1
+ o /dzrdt e"?éa,d,0a, + /dsz2T/dtV(’l“ —7")op(r,t)op(r’,t) (C1)
[
where D, = 0, + da,. The external magnetic field is  polarization for the gauge field
screened by the Chern-Simons flux while da; represent
the gauge fluctuation. In this mean-field level, the aver- _ 1 / o
age flux felt by the composite fermion is zero so the CF Sa = 2 Jgw 00u(q W)y (g, w)day (=g, —w)  (C2)
is in the Fermi liquid state. If we consider gauge fluc-
tuation to the quadratic order, we obtain the effective where
|
M Iy + iq, /2 Iy —igy/2
1 q-to ) qzW g iqy/ Qywllo —1qx/2
W = o gewllo —igy /2 Wy — q,(I12 +V(q)) ngm(nz +2V(Q)) —iw/2 (C3)
qywllo +iq2/2 qyqz(Il2 + V(q)) + iw/2  wIlo — gz (Il2 + V(q))
[
with field level has the form,
1
- SnlMb0,) = =5 [ Mila.w)Tilg.w)io(a.0)
o(qw) == — —= . (C4) e 6
7Vl . (C6)
1 ilw = where
L(g.w) = + + 1P, (5)
m [ (g, w)m (g7 —a; gz —qyw
T(q’ w) = 5 s Y ) 3
2 2(]1%; Wqy QW
where p is the electron density. > (q, w) _FYZ|L|U||;/5 (C7)
q

The linear, parity-even, coupling between the nematic
field and the gauge field, i.e. the quadrupolar coupling
between nematic fluctuations and gauge fields, at mean

where we used the overdamped form of I1z(q, w), for 1 >
<>

quF



We also have the coupling between the nematic order
parameter and the Chern-Simons gauge fields,

Sa,M,alb0au, M| = —%/ dau(q,w)Vu [Mléa,(—q, —w)
(C8)

W

M 2 2

V;w [M] = o

This parity-even term represents the coupling of the
gauge fields to the nematic fluctuations as a local fluctu-
ation of the spatial metric.

Appendix D: Details of calculation of the Berry
phase term

In this section, we show the detailed calculation of the
Berry phase term whose Feynman diagram is shown in

(M1qe + Magy)w
(=Maqy + Maq,)w
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(M1qy + Maqy)w
M1w2
M2w2

(=Maqy + Magy)w
M2w2
—M1w2

Fig.2. We obtained a similar term in the case of the FQH
in Ref.|41]. The Berry phase term is obtained once we in-
tegrate out the gauge fluctuation and expand the theory
in quadratic level. Here, we start from the gauge-nematic
order parameter theory. Here we choose the temporal
gauge ag = 0, and set m = 1 (which we will restore back
later).

1
S = —/ —6ai(q,w)[l_lij + t}j (W) M, + t?j (wTly) Ms)]da; (—q, —w)
q,w

)

Wy — g1y —quq,Ils — iw/2
-1 — —quqylla +iw/2 W’y — qil‘[g
B W3 — w1l — w?/4

Since we are looking at the limit |
keep the order of O(;Z
gauge boson propagator and drop terms like ( ) Af-
terwards, the inverse of the polarization tensor 1s

_qchQ _QzQyHQ - Z.W/2
! — —zqylla + iw/2 _Q§H2
m
2

2| <1, we only
) for the damplng part in the

2w Il 4+ w? /4

ilwlvp

HO(Q?“): H?(Qv )_ | |3 >

(D2)

Here we temporarily use units in which m = 1 for
convenience. Then the effective theory for the nematic
order parameters can be obtained as

oS
st sar Q) =

iTr/ I (w, @)w?Hot, 1T Hw + Q, ¢ + Q)w?Tlt,
q,w

= iQ/2¢Y /
q,w

H2q2 1
2¢% + ¢%/4 22 + ¢% /4

(D3)

(D1)

where t; = 03 and t3 = 07.
Thus the anti-symmetric part of the effective theory of
the nematic order parameters is

L3} = xeV Mi(2,Q)(iQ) M,

i(=2,-Q)  (D4)

where y = 3%/1, and A is the frequency cut off. After
putting back in the electron mass, we have y = %]\m.

Appendix E: Details of calculations of the Wen-Zee
term

First, we calculate the parity-even part of the Wen-
Zee term where the diagram has one gauge leg and one
nematic leg (see Fig[VII)) We use the temporal gauge ag =
0 and take units in which m =1, and find

oS

. 2 mn
—1) ———— = (amw Iyt
l) 5M15ak <a w 0t

anamw? Q' M;)  (E1)



where

(Chw _Qyw>
w W .
Tl = (amMi) (g w) = ~ I Jomi

mi H2q2w2 ) (E2)

0S
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with the notation @, = I,Q, = io2, and

~iSirsa, PV = / Te[ (2T 2T (w0 = 9/2,q = Q/2)T 1w+ 9/2,a + Q/2)Qx

_ <me _pr> /
pr D82 1k Jpow 2(](

1

IIq® + ¢3/4)

:67T\/§ p

Restoring the mass back, we have

Qpy

oS 1

B z(SMl(SCLk (p7 ) - 67T\/§(

1 A 1/3 P22 —py{d
P2$2

). (E3)

Ik

p Qpy, P

To calculate the cubic level of the Wen-Zee term where the diagram has one gauge field external leg and two nematic
fields external legs (shown in Fig. 4).We will choose the axial gauge where ag = 0 (and use units which the effective

mass is m=1), to find

s
5Mh6M16ak -

Similarly,

0S

(_Z) 6Mh5Ml<5ak

(21,Q2;p1,P2)

= (AW Ty "™ Qw0 Tl o™ Uy w0 T QY M)

(E5)

= — / Tr[l'[_l(w, q)(oJ?HoUh)H_l(w + Q1,9+ pl)(w2Hool)T_1(w + Q1 4+Q,9+p1+ pz)(w2H0Qk)
q,w

|wlq?

p¢?

= M pl (ph + ph) /

1 /A Ay,
_ . . vk v (1 14
67r\/§{<ﬁ) +p}€ €Ml (p) +pYy)

Restoring the mass back, we find the effective theory as

. oS
(_Z) 6Mh5Ml5ak (Qlu Q27p17p2)
1 Am\'?  Am Al
_ vk v 14
—67T\/§[<—ﬁ ) +—ﬁ }6 pi(py +p5)  (E7)

Similar to the calculation of the Berry phase term by
Ward Identity, the Wen-Zee term can also be derived

(M T2T%ey)(p1, P2, 1, Q2) =

+
aw [8q(qu3+q3/4)2 8q(Il2g3 + ¢3/4)?

(E6)

from the Ward Identity. The nematic order parameter
modifies the local geometry metric of the Maxwell term
and couples to the bilinear of the Chern-Simons gauge
fields. At this level, we can integrate out the gauge fields
and perform the loop expansion of the nematic fields at
the cubic level.

- / Tr [nfl(k,w)(now‘z)aznfl(k 1 pr,w + Q) (TTpw?)o T (k 4 p1 + pa,w + Ql)(now)a@ (E8)
k,w
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By taking advantage of the Ward Identity, we find

Moy + 04 Tye + 0y Tyw = 6b - J,,
Moy + 0Ty + 0yTyy = —0b- J, (E9)

We can set up several relations between the Wen-Zee term and the terms cubic in nematic order parameters,

m(T1(r1)T2(r2)00J2(r3)) + (T1(r1)T2(12) 02 Tua(r3)) + (T1(11)T2(12)0y Tya (13)) = 2(T1(11)T2(72)dp(r3) Sy (T3)
m(T1(r1)T(r2)00Jy(r3)) + (T1(11)T2(r2) 02 Tuy(13)) + (T1(11)T2(1r2)0y Ty (r3)) = —2(T1(r1)T2(r2)0p(T3) J2 (13))

Nyt

It is straightforward to see that the correlators on the right hand sides are actually zero. Also, the further calculation
shows that (T (r1)T2(r2)0: T (r3)) and (Th(r1)T2(r2)0,Tyy(r3)) does not generate any anti-symmetric term at the
leading order (O(¢?)). Now the identities become,

m(T1(r1)T2(r2)00Jx(r3)) = —(T1(11)T2(r2)0y Tyz (13))

m(T1(r1)T2(r2)00Jy(r3)) = —(T1(r1)T2(r2)0:Tay(73)) (E11)
We have
(TiT;0yTys) (P1, P2, w1, w2) = sewy (w1 + wa)(—pY — pY) — sewi (w1 + wa)py
(T;T;0:Tyy) (D1, P2, w1, w2) = —seijwl(wl +wo)(—p] — p3) + seijwl(wl + wo)pf (E12)

Thus, the Wen-Zee term has the form

(TiT;J2) (P1, P2, w1, w2) = Eﬁwwl(—piil —ph) — s€? (—w1 — wa)pf
S .. ..
(TiT3Jy) (P1s P2, w1, wa2) = = —eVwi (=py — p3) + s€ (—wi — w2)py (E13)
[
By taking advantage of the current conservation relation, Thus, we finally obtain that the Wen-Zee term Ly z of

the effective Lagrangian is

— 1/3 —
Oudu =0 (E14) 1 (Am) Am
Loy — _{ amy T} PR, A, (E17
wZz 67T\/§ 7 Fi N 14 ( )
We obtain
Appendix F: Nematic correlators
(TiT;Jo)(p1, P2, w1, w2) :igijp?ll(_pgf —p3) The self-energy of the composite fermion close to the
m Fermi surface is,
—se(—p{ —p3)pi  (E15)
Ys(w) = —i2V3 sign(w)(i—w)Q/g (F1)
0
Where the coefficient > is obtained to be The Fermi surface is softened by the gauge boson and

thus no longer well defined. Here we check the correction
from the self-energy to of the nematic correlator.
- 1/3 1 The nematic correlator of the Fermi surface without
S 1 Am Am L . .
2 = [ B + T} (E16) self-energy correction is shown in the Feynman diagram
m 6myV3 p p of Figlll and it is given by
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(c)

FIG. 6. Leading corrections from gauge field fluctuations to the nematic correlators: a) and b) composite fermion self-energy
corrections, and c) vertex correction.

.08
SN, (ThT1)o(p, Q)

o (k2 —k2) (k3 —k2)

= —Z/k)w gk +p,w+ Q)Tg(k’w)T

Iy 1 (k2 —k2) (k —k2)

- ~/k',w 4m? w4 Q — ((k +p)? + k%) /2m + in sign(w 4+ Q) w — (k2 + kF)/2m + in sign(w)
3 2

= Kb/ (dmm) — cos? (20, SE (192 p) — sin®(26,) T (0/p)? (F2)
v T

If we only look into the leading self-energy correction, it is the sum of the diagrams in Fig. [6]

(T1T1)1(p, Q) =

— Z/k (2 — k2)?/(4m?)[g(k + p,w + Q)T (w)g” (k,w) + ¢°(k + p,w + Qs (w + Q)g(k,w)]  (F3)

Here the self-energy Y.i(w) only affects the fermions near the Fermi surface where k ~ kg, Take advantage of the
identity

o+ P+ DS (ke 0) = — o) — g+ pos + D (k)]
0D+ DB+ (k) = P pr @) gl po D] (F)

We can rewrite the integral as

BT 0) = =i [ 02 = ) = E TR e o+ (k) (F5)
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In the same way, the other nematic correlators can be written as

TTah(p.9) = =i [ (2hak, )/ (4m?) Bal@) = el TQ) gy )g(k,w)

k,w Q—k:p/Qm

BT .0 = =i [ 02 = )k ) PP gk b p ot Qolhe)  (F6)
Here we first calculate (T171)1,
(T )1 (p, Q) =
B —i/ k*cos?(20) Yi(w) — Bs(w + Q) 1 1
N ke 4m?2  Q—kpcos(d —0,)/2m w + Q — (E(k) + kpcos(0 — 6,)/2m) + in sign(w + Q) w — E(k) + in sign(w)
(F7)

where E(k) = (k* — k%)/2m.
Since the self energy correction ¥(w) only appears near the Fermi surface, we can replace k/2m = vp = kr/2m in
the calculation to simplified the problem. We can replace the integral dk = dE(k)df 2m,

<T1T1>1(p7 Q) -
_ i/dwdE(k)d@ k% cos?(26) s (w) — Xs(w + Q) 1 |
dm  Q—wvppcos(d —0,) w+ Q — (E(k) + vrpcos(d — 0,)) + in sign(w + Q) w — E(k) + in sign(w)

B /dwd@ k% cos?(20) Ys(w) — Zs(w + Q)
B 4dm (Q —vppcos(d —6,))

5 (sign(w) — sign(w + Q) (F8)

First, we look at the static limit 2 = 0. Then we have ¥, (w) — E,(w + Q) = 0 and therefore the integral is zero. This
indicates the leading order self-energy correction does not generate any constant term, and thus the mass term of the
nematics remains unchanged by the imaginary part of self-energy.

Now we turn to the case when 2 is nonzero and take the limit p < kr and Q2 <« p. The integral of § can be done
by contour integral, we take the leading order in regard of 2/p. Since we are only interested in the leading order
behavior of the damping term, we calculate (1171 + T>7%));1 to simplify the calculation.

(TiTi)1(p, ) =
e B B0) St 0)
_/d a0 4m (2 — vppcos(d — 6,))2
kg Bs(w) — Zs(w + Q) Q 1

= /dw - (0rp)? (sign(w) — sign(w + Q))@ (1+ (Q/vpp)2)3/2

kE Ys(w) — Zs(w+ Q) Q

~ [ dw L= : sign(w) — sign(w + Q))—

[ i = () — sign(er + )
_ k%\/gﬂ2/395/3£

2m  (vep)? vEp

(‘sign(w) — sign(w + Q))

(F9)

The leading order damping upon the self-energy correction is ()83 /¢3, which is highly irrelevant so we can ignore
it. However, one might worry that (T177); could contain a singular damping term which could cancel when added
to (T»T5);. If this cancellation happened, then the damping coefficient (7777); would be a function of cos(46,). We
can then choose 6, = 0 and calculate (T171)1 to check the leading damping term. The leading order of damping for
(T\T1)1(6, = 0) is of order Q°/3/q¢?, which is still irrelevant compared to the damping term.

In conclusion, the leading order self-energy correction does not change the leading order behavior of the nematic
transition. In sum, the nematic polarization tensor is

(TiT5)(p, ) =

<k;g (4mm) — cos? (20,)5E (i92/p) — sin?(26,) 52 (/p)? sin(20,) cos(26,) 5 (/p) )
sin(26,) cos(26,) g—i (iQ/p)) k%/(4mm) — sin®(26,,) g—i (i2/p) — cos?(26,,) kg—ﬂm (Q/p()2 |
F10
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Appendix G: Vertex correction for nematic polarization tensor

In this section, we show the vertex correction for the nematic polarization tensor is irrelevant in our theory (shown
in Figlok)

(TiT1)o(p, Q) + (T2T2)0 (P, )

) )

6
- z/ a9k +p.w+Qglk,w)gk+p+q,w+Q+r)gk+q,w+Q)Dulg,v)
k,q,w,v

(G1)
To proceed, we first calculate the vertex,
I'(k,p,w,Q) =
—i/ gk+p+quw+Q+v)gk+qw+Q)Du(g,v)
q.v
_ z/ |9v
qv WH+Q+v—(Ek) +vrpq +vrpcos(d — 0,) + qupsin(@ — 6,)) + in sign(w + Q + 1))
* alv] +1b|Q'u|3) w+v—(E(k)+ vquz) + in sign(w + v) (G2)

where g, = gsin(f — 0,),q = gcos(d — 0,). a = 2m+/3 and b = 1/4 are constants which we will take as unity for
simplicity since we are only interested in scaling behaviors. Taking the integral ¢; first, we find

I'(k,p,w,Q) =

_,-/ |gv|( sign(w + Q +v) — sign(w +v))
g (8= vppcos(0 —6,) + qupsin(0 — 6,))(alv| + blgu|?)

|90 lw+Q, . |w]
~ —3 - In(1 + sien(w + Q) — In(1 +
/,h Q —wvrpcos(0 — 0,) + qupsin(0 — 0,) ( ( Ak ) sign( )~ Inl q]®

) sign(w))
(G3)

It is obvious that when Q = 0, this expression is vanishes. Thus the vertex correction does not contribute to the mass
term of the polarization tensor.

Now we turn to the damping term in the vertex corrections to the polarization tensor,

o]

lw+ 9|, . lw| | .
- In(1 + sign(w + Q) — In(1 + sign(w
9—9p)+qupsm(9—9p)( ( |qo]? ) sign( )~ In{ qul3) n ))

! /qu_’k_’w Q — vpp cos(
6 -1
X (w +Q — E(k) —vppcos(d — 0,) + in sign(w + Q)" Hw — B(k) +in sign(w))
m

(G4)
6 6

As the gauge field correction only affects the fermion propagator near the Fermi surface, we can take % = f# and

take this constant aside. We can then replace the integral over dk = dE(k)df 2m and integrate over dE(k) first,

(T,T)o(p, ) ~ / ]

lw+ Q[ . wl | .
In(1 ) —In(1
1.0 2 —vEpcos(0 —0,) + qupsin(d — 6,) ( n(1+ g |3 ) sign(w + ) —In(1 + ) 51gn(w))

|q0]?
sign(w + Q) — sign(w)
Q —vppcos(d —0,)
: |
| jwl 1
/qv,é) /0 s Q —vppcos(d — 0,) + gupsin(d — 6,) n(1+

G5
PR (G5)
By the change of variables [ = w/(, we get

1
Qg 1] 1
TT3)y (p, Q) ~ dl : In(1+Q Q6
< Jo(p, ) /qme /0 Q —vppcos(d — 6,) + gupsin(f — 6,) n(l+ |qv|3)Q — vppcos(6 — 6p) (G6)
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Performing the 6 integral (and take vy = 1 to simplify the expression), we find

(TS

l 1
n(l+Q 1

(G7)

|

B

(1= (Q/p)*)V1+ (a/vs)* - (Q/p)

Since we are looking at the fermion near the Fermi surface, g, shall have a cut off which is smaller than vy. Once we

assume g, /vp < 1,

(T\T})

1

n(1+Q L ||3) (G8)

lgo]®” (1 — (2/p)2)\/1 — (/p)?

where A is the UV momentum cut off for ¢,, integrate over ¢, and ignore the numerical constant,

(/T30 (p, Q) ~ / ar 2y
0 P p

1
(1= (Q/p)?)v1-(Q/p)?

1 8/3
~ / de—(l)2/3
0

p3

From the above calculation, it is obvious that the damp-
ing term from the vertex correction is of higher order
compared to %. One might worry that (T171), con-
tains some singular damping term which cancels when
sum with (T575),. If this cancellation happens, then

(G9)

the damping coefficient (7171), must be a function of
cos(46,). We can then choose 6, = 0 and calculate
(T1T1), to check the leading damping term. The leading
order of damping for (T171), (6, = 0) is of order Q°/3 /¢,
which is still irrelevant compared to the damping term.

Thus, the vertex correction to the overdamped mode
is irrelevant.
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