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Anisotropic Dirac cones can appear in a number of correlated electron systems, such as cuprate superconductors
and deformed graphene. We study the influence of long-range Coulomb interaction on the physical properties of
an anisotropic graphene by using the renormalization group method and 1/N expansion, where N is the flavor
of Dirac fermions. Our explicit calculations reveal that the anisotropic fermion velocities flow monotonously to
an isotropic fixed point in the lowest energy limit in clean graphene. We then incorporate three sorts of disorders,
including random chemical potential, random gauge potential, and random mass, and show that the interplay of
Coulomb interaction and disorders can lead to rich and unusual behaviors. In the presence of strong Coulomb
interaction and a random chemical potential, the fermion velocities are driven to vanish at low energies and the
system turns out to be an exotic anisotropic insulator. In the presence of Coulomb interaction and other two types
of disorders, the system flows to an isotropic low-energy fixed point more rapidly than the clean case, and exhibits
non-Fermi liquid behaviors. We also investigate the nonperturbative effects of Coulomb interaction, focusing on
how the dynamical gap is affected by the velocity anisotropy. It is found that the dynamical gap is enhanced
(suppressed) as the fermion velocities decrease (increase), but is suppressed as the velocity anisotropy increases.
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I. INTRODUCTION

Massless Dirac fermions with a relativistic dispersion are
known to be the low-energy elementary excitations in a variety
of two-dimensional (2D) condensed matter systems, including
d-wave superconductors [1,2], topological insulators [3], and
graphene [4-9]. Different from the conventional Schrodinger
electron systems with a finite Fermi surface, 2D Dirac fermion
systems have discrete Fermi points and a vanishing density of
states (DOS) at the lowest energy. Due to this difference, Dirac
fermion systems exhibit nontrivial properties that cannot be
realized in electron systems with a finite Fermi surface. These
properties become particularly interesting when massless
Dirac fermions couple to some kind of massless bosonic
modes. For instance, Dirac fermions may interact strongly
with a gauge field, a long-range Coulomb potential, or critical
fluctuations of an order parameter, depending on the concrete
materials.

If a Dirac fermion system has an isotropic Dirac cone,
there will be a uniform fermion velocity vy that can be
defined from the kinetic energy e(k) by the relationship,
v o de(k)/dk|i,. However, in many cases, the Dirac fermion
systems may be spatially anisotropic for various reasons. A
well-known example is the case of quasi-2D d,>_,>-wave
cuprate superconductors [1,2], where the massless nodal
quasiparticles have a Fermi velocity vy and a gap velocity
va, obtained from the derivatives of the Fermi energy and
superconducting gap, respectively. These two velocities are not
equal in magnitude [2], and their ratio vr/va can be as large
as 10~20. The velocity ratio is known to strongly affect many
observable quantities [2]. Moreover, it is recently discovered
that the isotropic Dirac cone of graphene can be made
anisotropic once some external force, which might be uniaxial
strain [10-13] or an external periodic potential [14—16], is
applied to the originally ideal honeycomb lattice. When this
happens, Dirac fermions have two different velocities, v; and
vy, with their ratio § = v,/v; measuring the extent of spatial
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anisotropy. In addition, it is also possible to realize anisotropic
Dirac cones in other Dirac fermion systems.

An interesting and widely studied problem is how the
velocity anisotropy in Dirac fermion systems is affected by
various interactions. We would like to know whether it is
enhanced, weakened, or entirely suppressed. These problems
deserve serious and systematic investigations for two reasons.
First, the velocity ratio enters into many observable physical
quantities, and hence should have measurable effects. Second,
the interaction-induced nontrivial renormalization of velocity
ratio can lead to a number of unusual behaviors. In the existing
literature, the interactions of Dirac fermions with two sorts of
critical bosonic excitations are broadly studied: gauge fields
and order parameter fluctuations.

Gauge field. It has been proposed that much unusual
physics of underdoped cuprates can be described by an
effective QEDj3 theory [1,17-21]. Within this effective theory,
massless Dirac fermions couple strongly to an emergent U(1)
gauge field, which may have different physical origins in
different models [1,17-21]. Detailed renormalization group
(RG) calculations have shown that gauge interaction drives the
anisotropic fermion velocities to flow to an isotropic fixed point
[18,21,22],i.e., vp/va — 1. Therefore the velocity anisotropy
is irrelevant, leading to a restored relativistic invariance [18].

Order parameter fluctuation. In the close vicinity of certain
quantum phase transitions, massless Dirac fermions may
couple to the fluctuation of some order parameters. For
instance, the fermions interact with the fluctuation of a nematic
order parameter at a nematic quantum critical point [23-29],
which is supposed to exist in some d-wave superconductors.
In contrast to the case of a gauge interaction, such interaction
leads to an extreme anisotropy of fermion velocities [23,24],
i.e., va/vr — 0. Such an extreme anisotropy can give rise
to a series of intriguing properties, such as non-Fermi liquid
behavior [23,25], enhancement of thermal conductivity [26],
and suppression of superconductivity [28]. Furthermore, Dirac
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fermions may couple to an incommensurate antiferromagnetic
order parameter. It was demonstrated [30] that this coupling
is very similar to that between fermions and a nematic
order parameter, so one could expect an analogous extreme
anisotropy in this case.

In this paper, we further investigate the influence of strong
interactions in anisotropic Dirac fermion systems. Here, we
consider the long-range Coulomb interaction in a graphene
that exhibits an anisotropic Dirac cone. RG techniques [31]
will be used to address this issue. We are mainly interested in
how the velocity ratio § flows in the low-energy regime and
how such flow affects the physical properties of the system.

Recently, the influence of Coulomb interaction on Dirac
fermions with anisotropic dispersion is studied by Sharma
et. al. [32], who have performed RG calculations by making
perturbative expansion in powers of coupling constant «; =
e?/vie, where v is supposed to the larger component of the
two velocities. It was argued [32] that Coulomb interaction
can give rise to unusual behaviors. The RG scheme adopted
in Ref. [32] could be improved in two important aspects.
First, in the present problem, the Coulomb interaction strength
is actually determined by both of the two components of
fermion velocities, i.e., v; and v,, hence the RG calculations
performed by making expansion in powers of «; may not
be able to capture all the essential features, especially when
the anisotropy becomes strong. Second, the perturbative
expansion in powers of coupling constant ¢ is valid only in
the weak coupling regime, i.e., «; < 1. However, the Coulomb
interaction is known to play a much more significant role in
the strong coupling regime, which cannot be accessed by the
expansion scheme based on small ;.

In order to perform a more general analysis that applies
to both weak and strong couplings, here we will make use of
the 1/N-expansion method, with N being the flavor of Dirac
fermions. This method proves to be powerful in dealing with
field-theoretic models of strongly interacting fermionic sys-
tems. Although the physical fermion flavor is taken to be N =
2, to be explained in Sec. II, we will consider a general large
N. An important advantage of this 1/N-expansion method
is that it can be straightforwardly generalized to include the
nonperturbative effects of strong Coulomb interaction. After
performing explicit RG calculations, we will show that both
vy and v, increase monotonously with the decreasing energy
and that the velocity ratio flows to unity, i.e., vp/v; — 1, in the
lowest energy limit. Apparently, the anisotropic Dirac fermion
system is driven to approach a stable isotropic fixed point at
low energies by the Coulomb interaction.

It is also interesting to study the effects of quenched
disorders, which exist in almost all realistic graphene samples
and are known to govern many low-temperature transport
properties [6,8,9]. The interactions between Dirac fermions
and various disorders have recently stimulated extensive
research works [33-36]. According to their coupling to Dirac
fermions, disorders are usually divided into three classes:
a random chemical potential, a random gauge potential,
and random mass. We investigate the interplay of Coulomb
interaction and fermion-disorder interaction, and demonstrate
that it leads to a series of unusual behaviors, including the
breakdown of Fermi liquid and emergence of non-Fermi liquid
states. Further, it is shown that a random chemical potential
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exerts very different influence on the system compared with a
random gauge potential and random mass. To understand these
behaviors in more detail, we calculate the Landau damping
rate, the DOS, and the specific heat after taking into account the
effects of singular velocity renormalization and then discuss
the physical properties of these quantities.

When the Coulomb interaction is sufficiently strong, a
finite fermion gap may be dynamically generated through
the formation of excitonic particle-hole pairs [37-48]. The
dynamical gap generation drives an instability of the original
semimetal ground state of graphene and leads to a semimetal-
insulator quantum phase transition. Since the conventional
perturbative expansion is unable to study this problem, we will
combine the 1/N expansion with the Dyson-Schwinger (DS)
gap equation methods, and then analyze the nonperturbative
effects of strong Coulomb interaction. Our main interest here is
the dependence of the dynamical gap generation on the fermion
velocities and velocity ratio. In the presence of velocity
anisotropy, the DS gap equation is formally very complicated.
To simplify numerical computations, we introduce a number of
approximations and try to extract some common feature from
the numerical results. Our results show that the dynamical gap
gets enhanced (suppressed) as the fermion velocities decrease
(increase), whereas the dynamical gap is suppressed as the
anisotropy increases.

The rest of the paper is organized as follows. In Sec. II,
we write down the Hamiltonian and provide the Feynman
rules that are used in the following calculations. Three sorts of
disorders are introduced explicitly in this section. In Sec. III,
we calculate the corrections to the self-energy function of
fermions and the fermion-disorder vertex due to the interplay
of Coulomb interaction and fermion-disorder interaction. We
then derive the RG flow equations for fermion velocities and
disorder strength parameters. In Sec. IV, we present numerical
solutions of RG equations at four different limits and give a
detailed interpretation of the results. In Sec. V, we compute
a number of physical quantities after taking into account the
velocity renormalization. In Sec. VI, we consider the effects of
anisotropy on the dynamical gap generation after including the
nonperturbative effects of Coulomb interaction. In Sec. VII, we
summarize our results and discuss their physical implications.

II. MODEL HAMILTONIAN

After monolayer graphene was successfully separated in
laboratories [4,5], a great deal of experimental and theoretical
efforts have been devoted to explore its novel and fascinating
properties [6,8,9]. Compared to the conventional metals, the
most remarkable new feature of graphene is that its low-
energy excitations are massless Dirac fermions having a linear
dispersion. Since the fermion DOS vanishes at the neutral
Dirac points, the Coulomb interaction between Dirac fermions
remains long-ranged after including the dynamical screening
due to particle-hole excitations. It is thus widely expected that
such a long-range Coulomb interaction is responsible for many
unusual behaviors of graphene [6,8,9].

The physical effects of Coulomb interaction have been
extensively investigated, with those on fermion velocity renor-
malization [49-51], thermodynamics [52-54], and electric
conductivity [35,55-62] being particularly intriguing. Here
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we are mainly interested in the singular fermion velocity
renormalization caused by the Coulomb interaction. If the
Dirac cone is isotropic, the uniform velocity vy will be strongly
renormalized by Coulomb interaction, and driven to diverge
in the lowest energy limit [49-51]. It is remarkable that the
predicted singular renormalization of fermion velocity has
already been observed in ultraclean suspended graphene [63],
in graphene placed on a boron nitride (BN) substrate [64], and
in ARPES measurements of quasi-free-standing graphene on
silicon carbide (SiC) [65]. However, when graphene exhibits
an anisotropic Dirac cone, the two components of fermion
velocities should be renormalized separately. In this case, the
velocity ratio may flow to some nontrivial fixed point.

We now write down the total Hamiltonian of the system. The
free Hamiltonian of massless Dirac fermions with anisotropic
dispersion is

N
Hy=1i)_ / d*xWy (X) 111 V1 + 122 Va] W (x), (1)
o=1

where W = Wiy, Here we have defined 4 x 4 matrices
Yo.1.2 = (13,—iT2,iT;) ® T3 in terms of Pauli matrices T;
with i = 1,2,3, which satisfy the anticommutation relation
{Yu,vv} = 2diag(1,—1,—1). The spin index is o, which takes
all integers from 1 to N. The physical value of spin degeneracy
is N = 2. However, to perform 1/ N expansion, it is convenient
to generalize the flavor to a large, general N. The two spatial
components of the anisotropic fermion velocities are v; and
vy, respectively. The massless Dirac fermions couple to each
other through the long-range Coulomb interaction

N
1 Y [ axax e’ ,
I—Iee = E fd xd X,O(,(X)E|X_X/|,0(r’(x )a (2)

o,0'=1

where p,(x) = U, (X))o W, (x) and € is the dielectric constant
whose magnitude is determined by the substrate.

The disorder scattering process can be described by
coupling the Dirac fermions to a random field A(x) in the
following manner [34]:

N
Hao=vr Y [ @xB,0r0,@A0.  ©)
o=1

The random field A(x) is a quenched Gaussian variable, which
satisfies

(Am) =0, (AMAX)) = AF(x —x), “
where A is a dimensionless variance. Here, we consider three
types of disorders distinguished by the definitions of the T’
matrix [34]. More concretely, I' = y; for a random chemical
potential, I' = (y,y») and vr = (vr,vr,) for arandom gauge
potential, and I' = 14,4 for random mass. Physically, arandom
chemical potential may be induced by local defects, neutral
impurity atoms or neutral absorbed atoms in the plane of
graphene [7,66]; a random gauge field can be generated
by ripples of graphene [6,35,36,67]; random mass may be
produced by the random configurations of the substrates
[68,69].

PHYSICAL REVIEW B 89, 195404 (2014)

w,k

0.9 0,49 0q Qq

w+ k+q

FIG. 1. One-loop Feynman diagram for dynamical screening
of Coulomb interaction, where the solid line represents the free
propagator of Dirac fermions, the thin wavy line represents the bare
Coulomb interaction function, and the thick wavy line represents the
dynamically screened Coulomb interaction function.

Starting from Hy, it is easy to obtain the free Dirac fermion
propagator

1

Goliw k) = — . 5
‘ —iwyy + vikiy1 + v2kays
The bare Coulomb interaction is
21 e?
Dy(q) = . 6
€lq|
At the one-loop level, the polarization is given by
ni,q) N/dw e’k Tr [10Go (i.K)
i,q =— — iw,
q o7 2n ) Yo Yo
x Goiw+iR2,k+ q)]
N V22 + 12¢2
_ 191 249> _ )

8uiv2 \/92 +vig} + v3ig3

It is consistent with the polarization obtained by Sharma ef al.
[32]. It is shown perviously [70,71] that the polarization in
strained graphene is related to the polarization in unstrained
graphene by an additional prefactor and a linear transformation
for the momenta. Here, the polarization is calculated by
starting directly from a fermion propagator with an anisotropic
dispersion, namely Eq. (5). The polarization obtained in
Refs. [70,71] is basically equivalent to Eq. (7) at the zero
chemical potential limit.

According to the diagram shown in Fig. 1, the dressed
Coulomb interaction should be written as

elal N vigi +vig;
. .
e B Jor 1 adg? 4 032

In the isotropic case, v; = v, = v, hence the strength of
Coulomb interaction can be well described by a single parame-
ter o = €2 /ve. In the anisotropic case, however, the Coulomb
interaction is actually characterized by two parameters, i.e.,
the coupling «; = ¢?/v € and the velocity ratio § = v,/v;.
Therefore, at any given coupling «, the effective interaction
strength is changing as one tunes the ratio §.

D7(iQ,q) = ®)

III. RENORMALIZATION GROUP ANALYSIS
TO THE LEADING ORDER OF 1/N EXPANSION

In this section, we first calculate the self-energy corrections
of Dirac fermions caused by the interplay of Coulomb interac-
tion and disorder scattering, and then calculate the corrections

195404-3



JING-RONG WANG AND GUO-ZHU LIU

Qq
w,k w+Q,k+q w,k
(@)
k-q
/- T N
w,k / w,q \ w,k

(b)

FIG. 2. Fermion self-energy correction due to (a) Coulomb
interaction and (b) disorder. The dashed line represents disorder
scattering.

to the fermion-disorder vertex. On the basis of these results,
we will be able to derive the analytical expressions of RG
flow equations for fermion velocities and disorder strength
parameters. Our calculations are done to the leading order of
1/N expansion.

A. Fermion self-energy and vertex correction

The Dirac fermions receive self-energy corrections from
both the Coulomb interaction and the fermion-disorder interac-
tion, described by the diagrams shown in Fig. 2. According to
Fig. 2(a), the fermion self-energy due to Coulomb interaction
is given by

. d*q [dQ o
Yc(w, k) = — EVoGo(lQ+lw,Q+k)Vo

(2m)?
x D(iQ,q). )
After substituting Egs. (5) and (8) into this expression and

performing tedious analytical calculations, which are detailed
in Appendix A, we obtain

dXc(iw,K) )
“ImA - —iwyyCo + vik1y1C1 + 12k 2 Gy, (10)
where
1 400 2
Co=—— dx[ do
83 —00 0

—x% 4+ cos?0 + (v2/v1)2 sin? 0
X ;
[x2 + c0s2 0 + (vy/v1)? sin? ]2
1 +o00 2
Cl = 3 dX/ do
8 —00 0
—x2 4+ cos? 0 — (v2/v1)?sin? 0
X :
[x2 + c0s2 0 + (vy/v1)? sin? ]2
1 +o00 2
C2 = 3 d.X/ do
8 —00 0
—x2 —cos?6 + (v2/v1)? sin? 6
X .
[x2 4+ c0s2 0 + (vy/v1)? sin? 612

G(x,0), (11)

G(x,0), (12)

G(x,0), (13)
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and

1 N cos? 6 + (vp/v1)? sin” 6

8v2/v1 \/x2 + cos? 0 + (vy/v)? sin? 6
(14)

G (x,0) =

27‘[6(1

with oy = ;]—25 Here, we point out that Egs. (11)-(14) can also
be written in the symmetric forms presented in Appendix C. In
order to directly compare our results to those obtained based
on a perturbative expansion in powers of «; [32,72], we will
use the nonsymmetric expressions of Cy ;» and G.

According to Fig. 2(b), the fermion self-energy induced by
disorder takes the form

. 2 d’q .
Ygis(fw) = Avy (Zn)ZFGO(lw’q)F
d’q Iyl

= iwv%A (15)

Q) (o? + vig} 4+ v3g3)

Different from the case of the Coulomb interaction, Xgis(iw)
is independent of momentum, which reflects the fact that
disorders are static. We now have

dZyis(iw) .
w7 _C , 16
dinA g @Yo (16)
where
2
(UVAN
= 17
£ 2ru, an

for a random chemical potential and random mass, and

C, =
2T V1V,

(18)
for a random gauge potential.

We next consider the corrections to the fermion-disorder
vertex, which receives contributions from both Coulomb
interaction and fermion-disorder interaction, as described by
the diagrams shown in Fig. 3. According to Fig. 3(a), at zero

|
| P
I
wk w+Q k+q : w+Q k+q+p w,k+p
Qg
(@)
|
| p
I
w,k w.k+q : w,k+q+p w,k+p
\\ |
N /
N /
N - q _ 4

FIG. 3. Fermion-disorder vertex correction due to (a) Coulomb
interaction and (b) disorder.
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external momentum and frequency, the vertex correction due
to Coulomb interaction is calculated as follows:

d2 d? . .
Ve = —/ py a Y0Go(i2,qurI'Go(iL2,Q)y0

(2m)?
x D(iS2,q). (19)
After analytical calculations detailed in Appendix B, we have
dVe
- C —C 20
A = Urvo (=Co) (20
for a random chemical potential,
dVe (—C1) @
=V —_
dInA riYi 1)
dVe
— - = —C 22
YN (=) (22)

for the y; and y, components of a random gauge potential,
respectively, and
dVe
dln A

for random mass.
According to Fig. 3(b), at zero momentum, the vertex
correction due to averaging over disorders is found to be

=vrl(Cy - C1 — G) (23)

d? , .
Vi = Av2 / (2732FGo(lw,q)vaGo(lw,q)F. 24)

It is shown that

= Ur ]/()Cg (25)

for a random chemical potential,
dVais
dinA

for a random gauge potential, and

(26)

=~ _yrlc, 27)

for random mass.

B. Derivation of the RG equations

The fermion self-energy corrections and fermion-disorder
corrections obtained in the last section will be used to derive
the relevant RG equations. According to the renormalization
group theory [24,27,31], after integrating out the fields in the
momentum shell A/b <k < A with b > 1, where b can be
written as b = e/ with a running scale / > 0, we can get the
following action for the fermion:

N orde &%k . o .
$u.=3 [ 57 (s Vil Gy a0 — et

— Zais(i0,K) | W, (i, k),

N 2
~ Yy / do dk U, (i, K)[—iwypels A1CorCo)
—J 2n (2m)?

+ 1k eh M 4 eh I (i k). (28)
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In the spirit of RG theory [24,27,31], one can perform the
following rescaling transformation:

ki = kie™, (29)

w=ale, (30)

W, (iw,k) = W, (i K)et h@C=Co - (31)
v =) oho dI=Co+Cr+Cy). 32)

vy = vgefé di(=Co+Cr+Cy) (33)

which should keep the kinetic term of fermions invariant,
namely

S N /da)’ 42K B (o K =i yo + VK,
) = E _— lw , —lw v
v p— 2 (271)2 o Yo 1%

+ VKV (i K). (34)

After including the influence of interaction, the action for
the disorder scattering to the fermion becomes

N
do d*k d*k; -
Siis = ) / 2 —— 0, (iwk) (T + V¢
o=1

2 2r)2 ] @)
+ Viis) Yo (iw k) Ak — ko). (35
Specifically,
N
do d’k d*k, -

Sais A @ LG ok
dis ;/27[ @ryp | Gy Lot RN

x eh MCo+rCOy_ (i kA — k) (36)

for a random chemical potential,

N
do d*k 4’k -
Sdis%E / e I‘I’a(ia),k)vrh
o=1

27 272 ] @)
x eh 1w (i k) Ak — k), (37)
s XN:/da) d’k /dzquj oK)
is ~ AN A _ v A _ o *To ,K)U
! =) 2n@2my? ) Qn)y HorYs
% eh =Y _(iw k) A — k) (38)

for the y; and y, components of a random gauge potential,
respectively, and

N
do d*k d*k; -
Suis = L 22w kel
dis ;/271 oz | @y Lotk

x eh MC=C1=C:=Coy () kKNAK —k;)  (39)

for the random mass. Carry out the scaling (29)—(31) along
with

Ak) = A'/(K)é, (40)
and

Ur = v (41)
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for a random chemical potential,

1
v = vi"lefo dl(—Co+C1+Cg)’ (42)

1
Ura = vfyeh ACCHOAC 43)

for the y; and y» components of a random gauge potential,
respectively, and

!
vp = Ufefo dl(—2Cy+C+C2+2C,) (44)

for random mass. Then the corresponding action can keep the
invariant form as

N
do' d*K
Sis = Lo
dis ;/ 2 27)
x W' (i K)A'(K —K)). (45)

From Egs. (32), (33), (41)-(44), we can get the renormalization
group equations:

d’K

\TEPN / /
2n)? v (o' K)vp I’

dv
—L = (Co—Ci = Cyuy, (46)
dl
dv
—2 = (Co— Cy — Cpuy, (47)
dl
d
M — (Cl — Cz) 2’ (48)
dl 1]
and
dUr
=0 49
i (49)

for a random chemical potential,

dvrl

= (Co — C1 — Cy)vry, (50)
dv
dl” = (Cy—Cy — Co)vr (51)

for the y; and y» components of a random gauge potential,
respectively,
d ur

o (2Cy— C1 — C, —2C)ur (52)

for random mass.

IV. NUMERICAL RESULTS

In this section, we present numerical solutions of RG
equations obtained in Sec. III and discuss their physical
implications. In order to examine the effects of various physical
mechanisms and parameters, it is helpful to analyze the results
at different limits. First, we consider the case of an isotropic
Dirac cone in the absence of disorders. Second, we consider the
case of an anisotropic Dirac cone in the absence of disorders.
Third, we consider an isotropic Dirac cone in the presence of
disorders. Finally, we turn to the anisotropic Dirac cone in the
presence of disorders.

A. Clean isotropic case

We first consider graphene with isotropic Dirac cones and
uniform velocity, v; = v, = v, and assume the sample is clean.
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FIG. 4. (Color online) Renormalized fermion
isotropic Dirac cone and without disorder.

velocity  for

In this case, the velocity flows as

dv
I Cuo, (53)
where
ﬁ arccos(A) A <1
4 Ir 1 |
sz l—zg—i—x ﬁarccosh(k) A>1
1 r=1

with A = %. This result has previously been obtained
by Son [51]. The renormalized fermion velocity, shown in
Fig. 4, increases monotonically in the low-energy regime.
It is interesting that this behavior is recently observed in
experiments [63-65].

B. Clean anisotropic case

We then consider clean graphene with an anisotropic Dirac
cone. We obtain the following flow equations of fermion
velocities v; » and their ratio:

v _co—Ch) (54)
dl = 0 1) V1,
dvz
2 (o= Co)va, 55
T (Co 2) U2 (55)
d
2O (¢ —en 2, (56)
V]

where Cy ;7 are given in Sec. III. From Fig. 5, it is easy to see
that both v; and v, increase monotonically with the decreasing
energy scale, and that the velocities flow to the isotropic limit
at the lowest energy, i.e., v,/v; — 1 as [ — 0o. Apparently,
the velocity anisotropy is irrelevant, analogous to the case of
QEDs [18,21,22]. Notice this conclusion is different from the
nonmonotonic flow of velocity ratio claimed in Ref. [32].

It is now necessary to make a comparison between our
results and those of Ref. [32]. Sharma et. al. investigated the
influence of Coulomb interaction on Dirac fermion systems
with an anisotropic dispersion by performing a perturbative
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FIG. 5. (Color online) Renormalized v;, v,, and v,/v; at fixed
coupling oyg = e?/ev;y = 1 in the absence of disorders.

expansion in powers of o; = e?/v;€ [32]. They found that the
system will flow to three different fixed points, depending
on the initial values of «; and § = v;/v; — 1 (notice that
the meaning of § in our paper is different from Ref. [32]),
where it is assumed that v, < v; with § = —1 representing an
infinite anisotropic limit. When «; is small and |§| is smaller
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than a certain critical value, the flow of § is not monotonic.
In particular, the anisotropy of fermion dispersion initially
increases with decreasing energy in a range of energy scale,
but finally goes to an isotopic limit at the lowest energy. If o is
strong enough, the system can become an anisotropic insulator.
If «; is small and |§] is larger than a certain critical value,
the system will become a quasi-one-dimensional non-Fermi
liquid. It is obvious that these results differ significantly from
ours.

We would point out that the perturbative expansion
presented in Ref. [32] is valid if the Coulomb interaction
is weak. This expansion scheme is no longer valid when
the Coulomb interaction becomes strong. In addition, the
Coulomb interaction strength actually depends on both ¢} and
8. Since § itself also flows strongly with the varying energy,
it seems questionable to make a perturbative expansion in
powers of «; alone. In order to avoid these problems and make
the RG analysis reliable for both weak and strong couplings,
we have chosen to study the influence of Coulomb interaction
on velocity anisotropy by means of the 1/N expansion. As
demonstrated in our results, the anisotropic system flows to
an isotropic fixed point. An earlier calculation of Aleiner
et al. has showed that the long-range Coulomb interaction
tends to suppress the strength of a trigonal wrapping term,
which otherwise can make the system anisotropic [73]. Our
conclusion, though based on a different approach, agrees with
that of Ref. [73].

‘When the Coulomb interaction becomes sufficiently strong,
the perturbative 1/N expansion is also invalid since the
interaction may lead to an excitonic instability. We do agree
with Ref. [32] on the opinion that the excitonic insulating
transition should be investigated by means of a nonperturbative
method. This issue will be addressed in Sec. VI by constructing
and solving the self-consistent DS gap equation.

C. Disordered and isotropic case

Now we come to the case of an isotropic Dirac cone in
the presence of disorders. After assuming v; = v, = v and
introducing disordered potentials, we find that

dv
= (C = Cy, 57
and that
dvr‘
— =0 58
T (58)
for a random chemical potential,
dU[‘
— =(C—Cour (59)
for a random gauge potential, and
d
é%:mc-gmr (60)

for random mass. Apparently, the flows of vr in a random
gauge potential and random mass are very similar, but are
quite different from a random chemical potential.

The fixed point o for a random chemical potential, a
random gauge potential, and random mass can be obtained
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by setting
Cla*) — Cye(a™) = 0. (61)

The expression of C as a function of « is presented in
Sec. IV A. As will be shown in Egs. (63), (65), and (67),
C, can also be written as a function of «, in different forms
for different kinds of disorders. This issue has been studied
earlier by Stauber ef al. [34], who have made perturbative
expansions in powers of interaction strength. It was discovered
in Ref. [34] that a* o« A~! for a random chemical potential,
a* o A forarandom gauge potential, and a* o< A3 forrandom
mass. Our calculations are performed by means of a 1/N
expansion approach and have reached quantitatively different
results, depicted in Fig. 6. However, in agreement with the
qualitative results of Stauber et al. [34], we find that the fixed
points for both a random gauge potential and random mass are
stable, whereas there is no stable fixed point for a random
chemical potential. We now present our results for a ran-
dom chemical potential, arandom gauge potential, and random
mass, respectively, in order.
For a random chemical potential, Eq. (58) implies that

Ur = vro, (62)

then C, can be written as the function of a:
L= vlz-A _ U%OA _ v%OAe2 o2, 63)

2rv? 2wl 2met

The lines of fixed points are shown in Fig. 6(a). Apparently,
the fixed points are unstable in this case. Figure 7(a) shows
the velocity flow at different values of «y. If o is smaller than
some critical value a*(A), the velocity increases continuously
as the energy scale is decreasing, and the effective strength
of Coulomb interaction flows to the infinitely weak coupling
limit. In this case, the weak Coulomb interaction is obviously
irrelevant. However, when oy > a*(A), the fermion velocity
decreases with decreasing energy scale, and finally vanishes at
certain finite energy scale, which means the effective strength
of Coulomb interaction is greatly enhanced and flows to an
infinitely strong coupling limit before ! approaches infinity.
Such unusual behaviors may be interpreted as a signature for
the emergence of an interaction-driven insulating phase [34].

For a random gauge potential, Egs. (5§7) and (59) combine
to yield

ur Uro

=2, (64)
Vo

now C, can be written as

2 2
vrA  up A
i et (65)

C =
§7 g2 Tvg

which is a constant. The lines of fixed points are shown in
Fig. 6(b). The fixed points are stable in this case. We see from
Fig. 7(b) that the fermion velocity either increases or decreases
with the decreasing energy scale, depending on the concrete
value of «, but finally are saturated to certain finite values.
This behavior is consistent with previous results obtained in
Refs. [34] and [35]. It is argued in Ref. [35] that such disorder
dependent fixed point can give rise to a number of interesting
properties, such as nonuniversal minimum dc conductivity.
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As shown in Fig. 6(c), the fixed points are stable. According
to Fig. 7(c), the fermion velocity is also saturated to finite
values at the low-energy limit, similar to the case of a random
gauge potential. An apparent conclusion is that a random
chemical potential leads to very different behaviors compared
with a random gauge potential and random mass.

It is necessary to remark on the insulating behavior
happening in the presence of a random chemical potential.
This presumed insulating state is formed by the interplay of
strong Coulomb interaction and a random chemical potential,
and is signalled by the absence of a stable fixed point and the
divergence of interaction strength. At this stage, it is premature
to judge whether this insulator is associated with an excitonic
pairing instability [37—48] or a disorder-driven localizationlike
state. We feel that the present RG scheme alone is unable
to uncover the fundamental nature and detailed properties of
such an insulating state. Further research effort is called for to
investigate this problem.

D. Disordered and anisotropic case

We finally come to the general and most interesting case
in which both anisotropy and disorder are present. We will
show that Coulomb interaction and fermion-disorder coupling
can result in rich behaviors. The physical properties are very
complicated and determined by several parameters, including
Coulomb coupling oo and bare velocity ratio §;90 = va0/v1o-
To simplify our analysis, we fix the coupling at ojp = 1 and
examine how the two velocities and their ratio flow as Jg is
varying.

For a random chemical potential, we remember that v
remains a constant, i.e., vr = vpg. At a fixed Coulomb
coupling a9 = 1, the renormalized velocities v, and the
ratio v, /v; for different bare values of ratio §y are presented
in Fig. 8. In the current case, there is a critical value §,
lying in the range 0.6 < §p. < 0.7. When &, < &y < 0.9,
the corresponding Coulomb interaction is relatively weak.
Both v; and v, increase monotonically as the energy scale
is decreasing, whereas the velocity ratio v,/v; — 1 at the
lowest energy, which corresponds to an isotropic fixed point.
On the other hand, if 0.5 < §y < J¢., the Coulomb interaction
becomes sufficiently strong. In this case, both v; and v,
decrease rapidly as the energy is lowering, and are driven
to vanish at certain finite energy scale. The latter behavior
suggests the disappearance of well-defined quasiparticles, and
probably indicate the appearance of an anisotropic insulating
phase.

In the presence of a random gauge potential, we know from
Eqgs. (46), (47), (50), and (51) that

Uri Urio d Ura

—=—— and — =

V1 V10 V2 V20

gra. (68)

The RG flows of velocities v  and ratio v, /v; are presented in
Fig. 9. Itis easy to observe that, both v; and v, increase initially
but finally approach certain finite values. In addition, the ratio
vy/v; eventually flows to an isotropic limit, i.e., vo/v; — 1,
at the lowest energy. Comparing to the clean and anisotropic
case, vy/v; flows to unity more rapidly.

For random mass, the flows of vy, vy, v2/v; and vr are
depicted in Fig. 10. v; » and vr are all saturated to finite values
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FIG. 8. (Color online) Renormalized v;, v,, and v,/v; at fixed
coupling a9 = 1 in the presence of a random chemical potential
with v3,A /v, = 0.05.

and vp/v; — 1 in the lowest energy limit. These properties
are qualitatively very similar to those in the case of a random
gauge potential, but is apparently distinct from those in the
case of a random chemical potential.

PHYSICAL REVIEW B 89, 195404 (2014)

vzo/v10=2

v20/v10:1 5

Va/V1o=1

Vzo/v1 0=0-75

v20/v10=0.5

0 . . . . . . . T T
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
l x10°
15
101
o
N
>
~
Q
s}
sk
Va/Vip=2
v20/vm=1 5
Vao/V1o=1
v20/V1 0=0.75
VZO/VWOZO.S
0 . . . . . . . T ;
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
l x10°
2 T T
(C) Voo/V1g=2
1.8 VoiVig=15 [
16l VZO/V10=1 |
! Vipo/V4o=075
1.4 Vzo/v10=0'5 il
1.2f B
S
~ 1
Q
S
0.8 i
0.6 B
0.4 B
0.2f B
0 L L L L L L L L L

l x10°

FIG. 9. (Color online) Renormalized v;, v,, and v,/v; at fixed
coupling a9 = 1 in the presence of a random gauge potential with
vZ,A /v, = 0.05. Here, we take vrig = vrag = Vro.

V. INFLUENCE OF FERMION VELOCITY
RENORMALIZATION

In the last section, we have already shown that the long-
range Coulomb interaction, sometimes in collaboration with
disorders, can have remarkable effects on the low-energy
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FIG. 10. (Color online) Renormalized vy, v,, and v, /v, with ;9 = 1, where a9 = ez/evlo if there is random mass with v%OA/va = 0.05.

properties of fermion velocities and velocity ratio. These
effects should manifest themselves in various physical quanti-
ties. In order to make these effects more transparent, here we
calculate several physical quantities, including quasiparticle
damping rate, DOS, and specific heat, and discuss the physical
implications of the results.

A. Landau damping rate

Landau damping rate is an important quantity that is
frequently used to characterize the effects of inter-particle
interactions and to judge whether an interacting many-body
system is a Fermi liquid or not. This quantity is intimately
related to the wave renormalization function, which can be
calculated as follows:

1

Zy(@) = 1= ZRexF(w)

, (69)

where ReX ®(w) is the real part of the retarded fermion self-
energy function. However, taking advantage of the RG scheme
used in this paper, it iS more convenient to write it in the
following form:

Z; = ehCo=Codl, (70)

Using the results obtained in Sec. II1, it is easy to get

921 _(co—Coz
a0 el
where Cy and C,, given in Sec. III A, represent effects of
Coulomb interaction and disorders, respectively.
In the clean limit, C, = 0, we have

dZy
dl

As shown in Fig. 11, Z initially decreases with growing /,
but is saturated to a finite value as [ — oo, independent of the
values of bare velocity ratio. The finiteness of Z indicates
that the Dirac quasiparticles are well-defined. These results
are well consistent with previous RG analysis presented in
Ref. [50].

In the presence of disorders, the initial value of C, becomes
finite. We show the flowing behaviors of Z; with growing [
in the presence of a random chemical potential in Fig. 12.
At fixed coupling o9 = 1, there is a critical value &y, in the
range 0.6 < §y < 0.7. In the range 8y, < 8o < 0.9 where the
Coulomb interaction is relatively weak, Z r approaches certain
finite value as/ — oo and the system is a stable Fermi liquid. In

(71)

= CoZ;. (72)

195404-11



JING-RONG WANG AND GUO-ZHU LIU

0.9 b
0.8 b
0.7 B
0.6 b
Ny 05 E
0.4 b
0.3 v20/v10:2
ozl v20/v10:1 5 |
VaoV10=!
01k v20/v10=0.75 i
v20/v10=0.5
0 L L L L L L L L L

0 01 02 03 04 05 06 07 08 09 1
[ x10°

FIG. 11. (Color online) Wave renormalization factor for different
v20/ V10 at fixed coupling ;9 = 1 in the absence of disorders.

such a case, the fermion velocities and Z ¢ all flow in the same
way as that in the clean limit, so the observable quantities (such
as DOS and specific heat) are also very similar to those in clean
graphene. However, in the range 0.5 < 8y < 8y, where the
Coulomb interaction becomes sufficiently strong, Z ; vanishes
even when [ is still finite. In addition, the fermion velocities
decrease rapidly to zero at certain finite energy scale. These
unusual behaviors indicate the instability of Fermi liquid and
may, as aforementioned, correspond to the formation of an
insulating state, where observable quantities (including DOS
and specific heat) should all vanish in the low-energy regime.

The [ dependence of Z in the presence of a random gauge
potential and random mass are shown in Figs. 13 and 14,
respectively. The most noticeable common feature of these
figures is that Z vanishes as [ — 0o, which is independent
of the concrete values of bare velocity ratio §y. This property
is a signature of the emergence of non-Fermi liquid behaviors.
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FIG. 12. (Color online) Wave renormalization factor for different
v20/ V10 at fixed coupling 19 = 1 in the presence of arandom chemical
potential with vZ,A /v, = 0.5.
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FIG. 13. (Color online) Wave renormalization factor for different
v20/ V10 at fixed coupling o9 = 1 in the presence of a random gauge
potential with vZ,A /v}, = 0.05.

More concretely, Z ; behaves as

llim In(1/Zp)/l=n O<n<l) (73)
—00
in the low-energy limit. Here, the magnitude of constant 7 is
determined by the parameters oo, v29/v10 and v3,A /v?,. We
can further write

Zpoc(e). (74)
Rewriting the energy as @ = wpe ™, it is then easy to obtain
the real part of retarded self-energy:

ReZ®(w) o« o' . (75)

Using the Kramers-Kronig relation, we obtain the imaginary
part of retarded self-energy

ImEZ*(w) x ', (76)

which is typical non-Fermi liquid behavior since 0 < n < 1.
Therefore both a random gauge potential and random mass can
lead to breakdown of Fermi liquid and emergence of non-Fermi
liquid ground state.
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FIG. 14. (Color online) Wave renormalization factor for different
v20/ V10 at fixed coupling oy = 1 in the presence of random mass with
vZ,A /v, = 0.05.

We have seen in this subsection that the interplay of
Coulomb interaction and fermion-disorder interaction can lead
to a series of interesting behaviors in graphene samples with
an anisotropic Dirac cone. The system may be a normal Fermi
liquid, a non-Fermi liquid, or an exotic insulator, depending
on the concrete values of bare velocity ratio and the sorts of
disorders. In particular, a random chemical potential behaves
quite differently from a random gauge potential and random
mass.

B. Density of states

We now study the influence of Coulomb interaction on DOS
using the method employed by Xu et al. [25]. The DOS p(w)
is defined as

dk,dk,
@n)?

N [ dk|dk,
vy ) @)

Tr{Im[G R (w,vik1,v2k2)]}

plw) =

Tr{Im[G®(w,k},k)]},  (77)

where GR(w,k;,k,) is the retarded two-point Green’s function
(propagator) of Dirac fermions. In the absence of Coulomb
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interaction, G®(w,k,ky) is simply the retarded free fermion
propagator, and it is well-known that DOS exhibits a linear
energy dependence, i.e., p(w)  w. This behavior can be
significantly affected by Coulomb interaction and a random
gauge potential (random mass). In the present problem, the
interaction effects are manifested in the RG flows of v;»
and the anomalous dimension of fermion propagator. After
straightforward calculations shown in Appendix D, we find
that

dlnp _ 1—|—3C0—C1—C2—3Cg

dlnw  1-Co+Ci+C, (78)
for v; > vy, and that
dlnp=1+3C0—C1—C2—3Cg (79)
dlnw 1-Co+C+C,
for v, > vy.

In the clean limit with C, = 0, the w-dependence of p(w)
for different bare ratios are presented in Fig. 15(a). In the
low-energy regime, @ — 0, we have

pl) ; (80)
w In(w)

When there is a random gauge potential or random mass,
the corresponding p(w) for different bare ratios are shown in
Figs. 15(b) and 15(c). It can be found that p(w) behaves as

p@)~ '™ 0<n<l) (81)
in the limit @ — 0. Comparing this expression to the linear
w dependence of DOS obtained in the noninteracting case,
we know that n reflects the corrections arising from Coulomb
interaction and disorder scattering.

The dynamical exponent describes how the energy should
be rescaled relative to the momenta [74—76]. In our notations,
z is encoded in velocities of the Dirac fermions. For a free
anisotropic Dirac fermion system, the fermion velocities are
constants, so the dynamical exponent z = 1. Including the
interaction effects, we have two dynamic exponents defined as

dlnv(l)
=1 —1 2
21 T (82)
dInvy ()
=1- —-. 83
2 T (83)

Due to interplay of Coulomb interaction and a random gauge
field (random mass), v;(!)/v2(I) — 1inthe lowest energy limit
| — 00, which corresponds to an isotropic fixed point. At the
same time, v| (/) and v,(/) approach a finite constant. Therefore
z satisfies

z2=212(l > 00) = 1. (84)
Our result of p(w) is different from that obtained in

Ref. [35], where it is shown that the fermion velocity is
saturated to a finite value in the presence of a random gauge
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FIG. 15. (Color online) DOS for different v,/v;¢ at fixed cou-
pling a1p = 1 (a) in the absence of disorders and (b) in the presence
of a random gauge potential with v3,A /v, = 0.05. (c) Wave
renormalization factor for different v,/ vy at fixed coupling 19 = 1
in the presence of random mass with v3,A /v?, = 0.05.

potential and that p(w) ~ w since z = 1 in the low-energy
regime. However, we notice that the nontrivial corrections to
DOS actually come from both the change of dynamic exponent
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and the nontrivial wave function renormalization. Although the
dynamical exponent z = 1, the wave renormalization function
receives a nontrivial correction given in Eq. (74) and lead
to non-Fermi liquid like damping rate of Dirac fermions.
Consequently, the behaviors of low-energy DOS are disorder
dependent, as can be seen from Eq. (81).

C. Specific heat

To calculate specific heat, we also follow the method used
in Ref. [25]. The free energy F =T InZ/V contains the
following singular part:

F = (£:&E)7, (85)

where &; ~ 1/T, &, ~ vi&;, and &, ~ v,&;. In an interacting
anisotropic graphene, the free energy is found to depend on T
as

1
F~—T°. (86)
U102
The corresponding specific heat is given by
%F |

— 72 (87)

Cy=-T—
v aT?  viv

Here, the interaction effects are reflected in the nontrivial

flows of v; and v,. After performing calculations shown in

Appendix D, we find that Cy varies with T as
dlnCv 2 2C0—C1—C2—2Cg
dinT 1—C0+C1+Cg

(88)

for v; > vy, and

dlnCv
dinT

2C)— C, — C, —2C
~op 2 e (89)
1-Co+Cr+C,

for v, > v.

In clean graphene, the specific heat Cy(T) for differ-
ent parameters is shown in Fig. 16(a). We can see that
Cy(T)/T? — 0 in the limit of w — 0. More concretely, we
find that

Cy(T) N 1

T2 In(T)’ ©0)

which is consistent with the results obtained in Ref. [52].

In the presence of a random gauge potential or random
mass, the corresponding specific heat Cy(T) for different
parameters are shown in Figs. 16(b) and 16(c). Cy(T) behaves
as

Cy(T) ~T? 1)

in the limit 7 — 0. General scaling analysis shows that the
specific heat should satisfy Cy(T) oc T/% [75,77], where d
is the spatial dimension and z is the dynamical exponent. In
the present case, the fermion velocities are saturated to finite
values and the dynamical exponent z — 1 in the low-energy
regime, so Cy(T) o T?. It might seem strange that, the DOS
is not linear in w as shown in Eq. (81) but the specific heat
still exhibits quadratic T -dependence. This can be understood
as follows. When the Dirac fermion propagator acquires a
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FIG. 16. (Color online) Specific heat for different vyy/vyy at
fixed coupling oo = 1 (a) in the absence of disorders, and (b) in
the presence of a random gauge potential with vZ)A /v}, = 0.05.
(c) Specific heat for different v,y /v at fixed coupling 19 = 1 in the
presence of a random mass with vZ,A /v}, = 0.05.

finite positive anomalous dimension 7, the Landau damping
rate of the fermion takes non-Fermi liquid behavior and the
DOS is no longer linear in energy. However, the anomalous
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dimension does not change the T -dependence of specific heat.
To better understand this problem, we make a brief discussion
in Appendix E.

VI. DYNAMICAL GAP GENERATION IN
ANISOTROPIC GRAPHENE

Recently, a number of theoretical and numerical works
[37-48] have predicted that the long-range Coulomb inter-
action between massless Dirac fermions in graphene may
generate a dynamical gap by forming excitonic pairs and
consequently lead to semimetal-insulator transition. This
gap-generating mechanism is of great interest to theorists
because it can be considered as a concrete condensed-matter
realization of the nonperturbative phenomenon of dynamical
chiral symmetry breaking, which was first proposed by Nambu
and Jona-Lasinio [78] and has played a significant role in
the development of modern particle physics [79,80]. From
a technological point of view, a gapped graphene is more
promising than a gapless one as a candidate for manipulating
novel electronic devices [45,81]. For these reasons, the
mechanism of dynamical gap generation and the resultant
semimetal-insulator transition have stimulated considerable
effort in recent years.

Earlier calculations carried out using the DS equation ap-
proach have reached an optimistic conclusion that a dynamical
gap is generated by Coulomb interaction in suspended clean
graphene [37-42]. However, a number of approximations
are adopted in these works, which more or less lowers the
reliability of this conclusion (see Ref. [48] for a brief review
of these approximations). More recently, we have revisited
this problem by improving most of these approximations and
found that the Coulomb interaction in suspended graphene is
indeed not strong enough to open a dynamical gap [48]. At
the same time, experimentalists have measured the energy
spectrum of suspended graphene at ultralow temperatures
and observed no evidence of insulating behavior [63,82]. A
key factor that weakens the effective Coulomb interaction is
the unusual renormalization of fermion velocity. It is known
that the Coulomb interaction coupling o oc e?/v with v being
the universal fermion velocity in isotropic graphene. As v
diverges at the lowest energy, o tends to vanish, which means
the effective interaction strength is significantly reduced.
Apparently, fermion velocity renormalization plays a crucial
role in this problem, and needs to be carefully treated.

As shown in the last sections, the renormalization of
fermion velocities in anisotropic graphene can be different
from that in the case of isotropic graphene. Such an
important difference may lead to remarkable change of the
effective strength of Coulomb interaction. It is therefore very
interesting to investigate how dynamical gap generation is
affected by the velocity anisotropy. In this section, we are
particularly interested in whether the velocity anisotropy
enhances or suppresses dynamical gap generation in clean
graphene. The nonperturbative DS equation approach
[37-42,46,47,78-80,83] will be used to address this issue
since the conventional perturbative expansion is unable to
tackle the nonperturbative phenomenon of dynamical gap
generation. Moreover, in this section, we will not consider
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il

FIG. 17. Diagrams for the fermion self-energy in the DS equation
approach. The thick solid line denotes a dressed fermion propagator.

¥

the effects of disorders, which are technically difficult to be
incorporated in the self-consistent DS equation [40,47].

After including the interaction induced self-energy correc-
tions, the free fermion propagator, given in Eq. (5), will be
renormalized to the following full propagator:

1

G(iw,k) = )
(i, k) —iwAoYo + viki A1y + vk Ary, +m

92)

where m represents a finite dynamical gap and Ag . are
the three components of wave function renormalization.
According to the Feynman diagram shown in Fig. 17, the
dressed fermion propagator is related to the free one via the
following DS equation:

1. 1. do d’k )
G l(ie,p) = G, 1(1g,p) + / E(Zn)z 1 Giw, Ky
x D(i(¢e — w),p — k). 93)

To the lowest order of 1/N expansion, we take Ag = A; =
A, =1 for simplicity and substitute Eq. (92) into Eq. (93).
After straightforward calculations, we obtain an integral
equation for the dynamical gap m,

dk, [ dk,

2 2
m(io.ky.k)

X+ R+ m i,k k)

1
, 94
W v e O

2me? 2.2
e S o gt ig

where Q =€ —w, q; = p1 — ki, and g, = p» — kp. This
nonlinear equation is very complicated and needs to be
numerically solved. A finite fermion gap is generated by the
Coulomb interaction once this equation develops a nontrivial
solution. In the anisotropic case, the equation of m depends on
energy and two components of momentum separately, which
makes it difficult to solve the integral equation numerically.
In order to simplify the numerical computations, we adopt
several frequently used approximations, and then compare the
results obtained under these approximations. If some common
features can be extracted from all the results, then we can
qualitatively judge whether spatial anisotropy is in favor of
dynamical gap generation or not.

We will consider six different approximations. First, we
consider the instantaneous approximation, which drops the
energy dependence of polarization function [37-39] as fol-
lows:

. dw
m(ie,p1,p2) = =

1 1
— .
lal N _ vigitvies lal N_ |22 2 2
2,7:2 8vjvy [+ +02q? zﬂfz + su iV V141 + v59;

95)
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Now the gap equation is simplified to

1 dkl dk2 m(kl,kz)
m(p1,p2) = z g E
K+ 828 4 m(k ko)
1

X
2 2
NI 4 X Jat + 003

, (96)
2may

where § = v,/v;. In the derivation of this gap equation, we
have performed the re-scaling transformations

vipia = P12, Vikio = k. o7

Such transformation will also be used in the calculations to be
performed below.
Second, we utilize the following approximation [41]:

1 1
— .
ol N vigi+v3g3 lql N 20, .22
p —— N v v
I e et ¥ g0, V V41 T V24
(98)

The corresponding gap equation has the form

| [dk [ dks mky ky)
m(Pl,Pz) = 5 2— 2—
w ) 2m \/kf + 8202 + m2(ky ko)

x = 99)

N 2 2
27.[0(' + m ql +82q2

Third, we consider the approximation used in Ref. [42],
which assumes that m(ie,p) is energy-independent, i.e.,

m(i€, p1, p2) = m(p1,p2)- (100)
Applying this approximation leads to
( ) /dk1 dky 1
mp,p2) =01 | — | -———
2 2
11 T /qlz +q§
ki,k2)J(d,
m(ky,k2)J(d,g) ’ (101)
\/kf + 82K2 + m2(ky ko)
where
(d* — 1) [ — ge(d)] + dg>e(g)
Jd,g) = , 102
d.g) o (102)
with
\/12_7005_1 ® x<l1
c(x) = \/)%cosh_l x) x>1, (103)
2 x=1
k? + 82k2 2(ky,k
d:\/1+ 22+’2”2(1 2 (104)
qiy +6%q;
Nrai/qt + 82q3 S
. (105)

g =
48,\/qi + a3

In these approximations, the fermion velocities v; and v,
are assumed to take bare values. However, both v; and v,
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are indeed strongly renormalized by the Coulomb interaction.
To incorporate the feedback effects of strong velocity
renormalization on the DS generation, we can replace the bare
fermion velocities by the renormalized, momentum-dependent
velocities [41], vi» — vi2(k), which are determined by the

(a)

m(0)/v1 A

m(0)/v1A

—— a1=2.5
-6
10 - -
107 107 10° 10"
0
107"
(e)
<
o
S
>
~
=
o
=
g
—o— 0110=1
—a—a, =15
r110=2
—— a10=2.5
107! . -
107° 107 107" 10°

do

PHYSICAL REVIEW B 89, 195404 (2014)

solutions of Eqgs. (54) and (55), and then solve the new gap
equations.

We present the numerical results for the dependence of
dynamical gap m(0) on § and «; obtained by applying the
first three approximations in (a), (b), and (c) of Fig. 18,

(b)

.
P

m(O)_{va

—o— 0, =1
A (x10=1.5

10
—— 0, ;=2.5

10 10 10

m(O)/vl oA

10°L —e—o=1 |
—D— oc1=1.5
o=
#0&1:2.5
107 . .
107° 107 10” 10°
do

FIG. 18. (Color online) Dependence of the dynamical gap m(0) on the bare velocity ratio § obtained under a series of approximations:
(a) approximation (95); (b) approximation (98); and (c) approximation (100). In (d), (e), and (f), the bare fermion velocities used to obtain the
results of (a), (b), and (c) are replaced by the renormalized velocities obtained from the solutions of (54) and (55).
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respectively. We then replace the bare velocities appearing in
Egs. (96), (99), and (101) by the corresponding renormalized
velocities, and show the results in (d), (e), and (f) of
Fig. 18, respectively. From these six figures, we see that the
quantitative results of dynamical gap are very sensitive to the
concrete approximations and significantly differ from each
other.

Strictly speaking, all the results of m(0) presented in Fig. 18
may not correspond to the precise values of the dynamical
gap. Nevertheless, one can extract a common feature from the
results obtained in all these six cases: at some fixed coupling
o) = e?/v;e, the dependence of m(0) on bare velocity ratio
is not monotonic. As ¢ is growing from zero, the dynamical
gap m(0) first increases, then reaches its maximal value at
certain critical ratio 8., and finally decreases rapidly. This
common feature is independent of the concrete magnitudes
of the coupling constant o, provided that «; is sufficiently
large. Certainly, the precise positions of the peaks of m(0) are
strongly case dependent.

We first look at the results presented in Figs. 18(a)-18(c).
At certain fixed ratio §, we see that the dynamical gap is always
enhanced as the coupling «; increases, which in turn drives
both v; and v, to decrease for a given €. If we fix the value of «
and increase the ratio §, the dynamical gap is initially enhanced
but then gets suppressed once § exceeds some critical value.
For fixed o, the deceasing of § from 1 results in two effects:
reduction of v, and enhancement of velocity anisotropy. The
nonmonotonic dependence of the dynamic gap on § implies
that these two effects are competing with each other. Since the
first effect always enhances dynamical gap, the second effect
should always suppress dynamical gap. At fixed coupling o1,
increasing § from 1 also leads to two effects: growth of v,
and enhancement of velocity anisotropy. Both of these two
effects are capable of suppressing the dynamical gap. Indeed,
Figs. 18(a)-18(c) clearly shows that the dynamical gap is
always suppressed as § increases from § = 1.

It is also interesting to make a comparison between
Figs. 18(a) and 18(d). For smaller values of bare ratio §y, the
velocity renormalization promotes the happening of dynamical
gap generation. However, for relatively larger values of &y, the
velocity renormalization suppresses the dynamical gap. The
same conclusion can be drawn if we compare Fig. 18(b) with
Fig. 18(e), and compare Fig. 18(c) with Fig. 18(f).

In conclusion, our calculations have shown that the dynam-
ical gap is enhanced (suppressed) as the fermion velocities
decrease (increase), but is always suppressed as the velocity
anisotropy increases. Apparently, the velocity anisotropy turns
out to be a negative factor for the occurrence of dynamical gap
generation.

In this section, we have acquired only the §-dependence
of dynamical gap for several fixed values of coupling «;.
Unfortunately, it is difficult to obtain a quantitatively reliable
8 dependence of critical coupling o, that separates the
semimetal and insulating phases, primarily because of the
complexity of anisotropic DS equation. However, the unusual
8-dependence of dynamical gap presented in Fig. 18 suggests
that it is both interesting and necessary to solve the anisotropic
DS equation more precisely. We expect a large scale Monte
Carlo simulation [43,44] can be performed to investigate this
issue and clarify some crucial problems.
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VII. SUMMARY AND DISCUSSIONS

In this paper, we have investigated the influence of long-
range Coulomb interaction on various properties of Dirac
fermions in the context of graphene with a spatial anisotropy by
performing detailed RG calculations based on 1/N expansion.
We find that the renormalized fermion velocities increase
monotonously as the energy scale decreases and the system
approaches a stable isotropic fixed point in the low-energy
regime.

The effects of three types of static disorders, including
a random chemical potential, a random gauge potential,
and random mass, are also examined using RG techniques.
We have shown that the interplay of Coulomb interaction
and fermion-disorder coupling leads to a series of unusual
behaviors. In the case of random chemical potential, the
anisotropic system approaches an isotropic fixed point for
weak Coulomb interaction. However, when the Coulomb
interaction is sufficiently strong, the fermion velocities are
driven to vanish in finite energy scale and the system is very
likely an anisotropic insulator. On the other hand, both random
gauge potential and random mass turn the anisotropic system
to a stable isotropic fixed point in the low-energy regime, at
an efficiency higher than that in the case of clean anisotropic
graphene. An apparent conclusion is that random chemical
potential leads to very different behaviors compared with
random gauge potential and random mass.

In order to understand the unusual behaviors produced by
Coulomb interaction and disorders more explicitly, we have
calculated several physical quantities, including wave renor-
malization factor, Landau damping rate, DOS, and specific
heat, after taking into account singular renormalization of
fermion velocities. These quantities exhibit non-Fermi liquid
behaviors in many cases. Once again, the random chemical
potential is found to result in qualitatively different behaviors
of these quantities compared to the other two disorders.

We have further studied the nonperturbative effects of
Coulomb interaction and included the velocity anisotropy into
the DS gap equation. We have acquired the dependence of
dynamical gap on the coupling «; and the velocity ratio §,
at several different approximations of the DS equation. Our
results demonstrate that the decreasing (increasing) fermion
velocities can enhance (suppress) the dynamic gap. In addition,
increasing velocity anisotropy tends to weaken the effective
strength of Coulomb interaction and therefore suppressed the
dynamical gap.

Recently, with the help of symmetry considerations, Herbut
et al. have studied semimetal-insulator transition [84,85] and
semimetal-superconductor transition [86,87] in honeycomb
lattices, and systematically considered the corresponding
quantum critical behaviors. It would be interesting to gen-
eralize these studies to the case of anisotropic graphene.
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APPENDIX A: FERMION SELF-ENERGY CORRECTION
DUE TO COULOMB INTERACTION

In this Appendix, we provide the details for the calculations
of fermion self-energy due to Coulomb interaction. The self-
energy is given by

. dq [ dQ
Scliw,k) = —f ) / —Goi(Q + w),q + Ky

x V(i,q). (A)

An ultraviolet cutoff is introduced by multiplying both fermion
propagator and boson propagator by a smooth cutoff function
KC(k?/A?). Here, KC(y) is an arbitrary function with K(0) = 1.
It falls off rapidly with y at y ~ 1, e.g., K(y) = e~”. However,
the results will be independent of the particular choices of
K(y). Now the self-energy becomes

Tcliowk) = —/ (zn)Z/—VOGO(l(Q‘Fw)Q‘f‘k)VO

2 2
X V(iQ,qk (M> K (%) (A2

A2
Namely,
[ &0 (q +k)?
Yc(K) = —/ n )3F(Q + K)V(Q)/C( e )
¢
x K (A2> (A3)
where
F(Q+w,q+k)
_ i(Q+ o)y +vilgr +kD)yr +va(q2 + k) (Ad)

(R + @)+ 02 (q1 + k)* + 02 (g2 + k2)?

and K = (w,k) and Q = (2,q) are 3-momenta. One can make
the following expansion to the first order of K ,:

(q+k)?
F(Q + K)K ( - )

. [aF(©Q) q
<[ Trk (55) - FoRen (§5)]

where K, = (w,K), k,, = (0,k). Therefore the self-energy is
rewritten as

B *Q [IF(Q) 2 (@
Felk) = —Ky (27)3[ T (A2>
+ POV ik (q—2) 1% (“—zﬂ (A6)
A2 A? A2 ’
which yields
dEc(K) d*Q [[IF(Q)4q 44,
Y /(27‘[)3 {[ 90, A2 F(Q)F}

2
v (£)<(5)
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2
+F(Q)V(0Q) q e [ic2 ( Az)

Q
1!
() (Azﬂ} @
Converting to cylindrical coordinates by defining
0, = yA(vix,cosf,sinh), (A8)
0, = (vix,cos b, sin@), (A9)
qu = YA(O, cos 6, sinf), (A10)
g, = (0, cos 6, sin0), (A11)
d*Q = y*Avidxdyd?, (A12)
we have
d%c(K)
din A

400 2 BF(Q)
/1.2 3/ dx/ d@”: BQ +F(Q)qﬂ:|

n

+00
< V(0) /0 dyyKGHK 0P + F(OWV(0)i

+00
x/ dyy3[16’2<y2)+/C(y2>16”(y2)1}. (A13)
0
Since
+00 1
f dyle(yz)lC/(ﬁ):—Z, (A14)
0

“+00 l
f dyy’ [K?(y®) + KK (v)] = T (A1)
0

one can further obtain

dZc(K) v K g F Q)

# +00
= d
dnA 873 /_oo x/o 90,

where

V(Q),

(A16)

1 ixyy + cosOy; + (va/vy)sinby,

FQ) = v; x2+4cos?6 + (va/vy)?sin?2 @ (A7)
V(Q) = v1G(x.6), (A18)
with
) _ N
g 0= % * 8(v2/v1)
2 2 in2
cos” 0 + (vp/vy)” sin” 0 (A19)

Vx2 4 ¢cos2 60 + (vy/v;)? sin2 0 ’

Using these expressions, we can finally obtain the self-energy
correction given by the Eqgs. (10)—(13).
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APPENDIX B: FERMION-DISORDER VERTEX
CORRECTION DUE TO COULOMB INTERACTION

The correction to fermion-disorder vertex due to Coulomb
interaction is given by

/ )2 L G2, T Goli 2.
x V(Q,q). (BI)

One can impose a momentum cutoff by multiplying both
fermion and boson propagators by a smooth function
KC(k?/A?), and then obtain

d? i
Ve = —vr / (27?27/oGo(Q)FGo(Q)VoV(Q)’C3 (%) '
(B2)

Therefore we have

dv, d*Q
T =6 [ S5 nGHQr G Y(©)

@ EE -

After converting to cylindrical coordinates defined by
Egs. (A8)—(A12), it is easy to get

dVe _ 3u; /+md /27r do G(Q)]"G(Q) V(Q)
TN A A 70 "
+00
x/ dyyK*(yHK' (y%), (B4)
0
where
+00 5 ) 1
/ dyy K2 (K% = — 2. (BS)
0

Finally, we obtain

dVC _ V] 400 2w R
A _vr@/_w dx/O doH(Q), (B6)
where
H(Q) = nGo(OTGo(O)yoV(Q). (B7)

APPENDIX C: SYMMETRIC FORM OF C;, AND G

The parameters Cy | » and G appearing in RG equations can
also be written in the following symmetric form:

1 2 +00
Cyp= — de d
07 8 /0 fm *

x% — (v1/v2) cos? 0 — (v2/v;)sin® O
[x2 + (v1/v2) cos? 6 + (vy/vy) sin? 012

1 2 +o00
Ci=—— do d
! 8n3fo /_w *

x2 — (v1/v2) cos? 6 + (va/v;)sin” @
[x2 + (v1/v3) cos2 O + (vy/v1) sin2 ]2

G(x.0),
(CDH

G(x,0),

(C2)
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2 +oo
C, = @ d@/

x2 4+ (v1/v2) cos? 0 — (v2/v;)sin® O

[.x2 + (vl/v2) COSZ 9 + (v2/v]) Sin2 9]2 g(x,@),
(C3)
with
€Jvivz N
G '(x,0) = T + T
(v1/v2) cos? @ + (vy/vy) sin® O -

\/xz + (v1/v2)cos? 6 + (Uz/Ul)SiHZQ.

The expressions for Cy | » and G shown in Eqs. (C1)-(C4) are
indeed equivalent to those in Egs. (11)—(14).

APPENDIX D: DERIVATION FOR THE DIFFERENTIAL
EQUATIONS OF DOS AND SPECIFIC HEAT

We now study the influence of Coulomb interaction on DOS
using the method employed by Xu et al. [25]. The DOS p(w)
is defined as

dkidk
p(@) =N 2 T Im[GR (o, v1ky, v2k2)]}
(2m)?
N [ dkdk,

1 R !t

= m o) Tr{Im[G " (w.k}.ky)]},  (D1)
where GR®(w,ki,k;) is the retarded propagator of Dirac
fermions. According to the method in Xu et al. [25], DOS
p(w) and specific heat Cy(T) can be calculated through
the differential equations j}zp and d;‘nCTV , respectively. The
qualitative behavior of p(w) is related to both the fermion
anomalous dimension, s = —Cp + C,, and the dynamical
exponents z;,, which are encoded in the flow of fermion
velocities v; ;. However, the qualitative behavior of Cy(T)
is only related to the dynamical exponents z;,. Therefore

one should represent Z{;‘Z in terms of the fermion anomalous

dimension n s and the RG equations of v , but express d dl;‘nCT"

only through the RG equations of v ». In Sec. III B, we have
obtained the / dependence of the RG equations of v ,, as well

as Co . In order to get dInp apnd 4Cv e need to replace

a4 e d dnw dInT >
Zing O g7 With g
At a certain glven energy w, the corresponding momentum

scale should be determined by the larger component of the
fermion velocities [25], namely,

1)
P=—"""-, (D2)
max (vy,v2)
which leads to
dlnaj _ 1_i_dlnmax(i;],vz)‘ (D3)
dlnp dln p
Now the scaling equation for p(w) takes the form
dlnp  dlnp
dlnw dln péme
dlnp
= (D4)
dln p[1 + HRERGLl ]
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Since p ~ Ae~, which leads to d In p ~ —dl, we can get

dinp dlnp s)
- dInmax(v;, 1)’
dlnw dl[l — +]
namely
dlIn
dlnp —(1+C0—C )+ (11“2) (D6)
- d Inmax(v;,v
dinw [1- d—l(Z)]

The first term —(1 + Co — C,) in the numerator comes form
the scaling exponent of the fermion propagator in Eq. (Dl)
The second term d ln(—) /dl is induced by the prefactor —
in Eq. (D1). Equation (D6) can be further written as

1+C(]_C +dlnv1 +dlﬂv7
dInmax(v;, vz)]
di

dinp
dinw [1-

D7)

Using the RG equations of v; and v, i.e., Egs. (46) and (47),
the above equation can be simplified to

dln,o_ 1+3C0—C1—C2—3Cg (D)
dlno  1-Co+Ci+C,
for v; > vy, and
dl 1+3Cy—Cy—C,—-3C
np= + 3C 1 2 g (DY)
dlnw 1-Co+Cr+C,

for v, > vy.

To calculate the specific heat, we also follow the method
used in Ref. [25]. The free energy F = T In Z/V contains the
following singular part:

F = (£:£&)7,

where &, ~ 1/T, &, ~ vi&;, and &, ~ v,&;. In an interacting
anisotropic graphene, the free energy if found to behave like

(D10)

1
F~—T> (D11)
V12
The corresponding specific heat is given by
PF 1
Cy=-T—~—T2 D12
v 8T2 V1V ( )
After taking differentiation with respect to T', we get
dinC dln (-4
dinCy _, 4n(5z) (D13)
dinT dinT

At certain given temperature 7, the corresponding momentum
scale should be determined by the larger component of the
fermion velocities as [25]

T
p=——-:, (D14)
max(vy,v2)

which leads to

dlnT_
dlnp

d Inmax (vy,v;)

D15
dnp ( )
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Now the scaling equation for Cy becomes

dincy _ din(5g)
dinT " din ppt
4 (L) -
dln p[1 + MmLe) ]
Using the expression d In p ~ —dl, it is easy to get
1
dinCcy  din(zy)
- dl V1,V
dIinT di[1- —“mf?l( 1 2>]
dlnv1 + dll’ll)z
=24 (D17)

After substituting Eqgs. (46) and (47) into (D17), we finally
obtain

2C) — Cy — G, —2C,
I1-Co+Ci+C,

dlIlCV _
dinT ~—

(D18)

for v{ > v,, and

dInCy
dinT

2C) — Cy — Cy — 2C
—pp 012 g (D19)
1-Co+Cr+C,

for v, > vy.

APPENDIX E: DIFFERENT DEPENDENCE OF DOS
AND SPECIFIC HEAT ON A POSITIVE
ANOMALOUS DIMENSION

In this Appendix, we would like to demonstrate the different
influence of a finite positive anomalous dimension on DOS
and specific heat. This may help us to understand the results
obtained in Secs. V B and V C. For this purpose, it is convenient
to consider a generic model of interacting Dirac fermions.

Let us start from a free Dirac fermion propagator with an
isotropic dispersion,

—iwy Yo+ vry -k

1
G iw, ,k = = = B
oEn.k) iwnyo — vry - K w2 + v2k?

(ED)

where w, = (2n 4+ 1)m T is the Matsubara frequency. Carrying
out analytic continuation iw, — w +i§, we can get the
retarded propagator

1
R _ . 2 .272
G() ((l),k) = |:’Pa)2——v%:k2 — znsgn(w)S(a) — ka )]
X (@yo —vry - K). (E2)
From this propagator, it is easy to get a spectral function

1 R
Ao(w,kK) = —;Tr [ImG{ (0.k)]

=2[8 (vrk — |o|) + 8 (vrk + |w)] . (E3)

The fermion DOS can be computed directly, i.e.,

N
po(@ )_N/(z )zAO( k) = p— 2le (E4)
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The free energy for free fermions is therefore

2
FO(T)=4NTZ/ dk

) In

=2N / ak TZln +vik?].
= a) v
@y d

The summation over frequency w, can be easily performed,
leading to

[(@ +v34)?]

(E5)

d’k gk
FO(T)=2N/W[vpk—2T1n(1—I—e )], (E6)

which is clearly divergent. In order to get a finite free energy,
we redefine Fy(T') — Fy(0) as Fo(T) and get
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The corresponding specific heat is

PFo(T)  9IN¢(3) 72

Cvo=—T -
Yo aT? Tk

(E8)

Now suppose the fermion propagator acquires a finite
positive anomalous dimension 1 due to some interaction
[19,85,88,89], yielding

1

G(iw, k) =
. /wz 2k2 —_
(iwnyo — vrYy 'k)(%) !

—(iw,yo — vry - K)

= E9)
d’k vk 3N{(3) 5 272\1—3 (
Fo(T)= —4NT | ——In[14+e 7 |= (v A (2 + vEk?)
o) /(271)2 [+ ] 210l "
(E7) The retarded propagator is therefore given by
J
1 : (wyo — vry - K)
GR(w.k) = 0(vrk — |w|) [73—2 — insgn()8(w® — v%kz)}
w? — vpk? (UFA)'?( /v%kz _ wz)*n
1 . 2 2.2 (wyo — vry -K)
+0(w| — vrk) [Pm — msgn(a))(S(a) —vik ):| —,
F (vFA)”( W vk )
X | cos A/ sgn(w)i sin T , (E10)
2 2
which results in the following spectral function:
A@.K) = lT [ImG R (w.k)] = 4 O0(Jw| — vrk)|w| sin (7") ELD
w, ——Tr[ypImG " (w
(va)"(,/a)2 — v,zpkz)2 "
Now the fermion DOS depends on 7 as
() N/ I’k =21 (””) s (E12)
w) = K= ——sin| — | ———,
P 2n) 727 2 ) Vi(ur Ay
where 1 modifies the w dependence of p(w). However, the free energy of interacting fermions is
F(T)=4NT Z/ @k In [(w2 + kaz)%‘%] =0-n) ZN/ @k T Zln [0F + vik?] (E13)
~ | @n)? " Qn)? & noor
=(1- )ZN/dz—k[v k=2TIn(1+e )] (E14)
= n 2n)? F )

which is also divergent. Similar to Eq. (E7), the finite redefined
F(T) has the form

2

F(T):—(l—n)4NT/ d n[1+e 7]

(2m)?

3N§(3)
=—-mn , (E15)

27 v

which leads to the specific heat

0> F(T) IN(B), ,

Cy=-T =1-n——=T El6
v ar = (-5 (E16)

(

Comparing Eq. (E4) with Eq. (E12), we see that the fermion
DOS is linear in energy for the free system, but the linear
dependence on energy of DOS is changed once a finite positive
anomalous dimension 7 is generated in the fermion propagator
[90,91]. The quadratic T dependence of specific heat does not
change even if n # 0 [85,91,92]. From Eq. (E16), we see that
1 enters into the specific heat only in the prefactor of T2.

Now let us go back to the interacting model considered in
this paper. Due to the interplay of Coulomb interaction and
a random gauge potential (random mass), the fermion DOS
is no longer linear in w in the limit @ — 0, but the specific
heat still exhibits quadratic 7 dependence in the limit 77 — O.
The reason for this behavior is that the fermion velocities
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v; and v, approach a constant at the lowest energy, which
means the dynamical exponent z — 1, whereas the fermion

PHYSICAL REVIEW B 89, 195404 (2014)

propagator acquires a finite positive anomalous dimension n =
lim;_, oo [=Co(l) + Cg(D].
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