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We develop a theory for electron-electron interaction-induced many-body effects in three-dimensional Weyl or
Dirac semimetals, including interaction corrections to the polarizability, electron self-energy, and vertex function,
up to second order in the effective fine-structure constant of the Dirac material. These results are used to derive
the higher-order ultraviolet renormalization of the Fermi velocity, effective coupling, and quasiparticle residue,
revealing that the corrections to the renormalization group flows of both the velocity and coupling counteract
the leading-order tendencies of velocity enhancement and coupling suppression at low energies. This in turn
leads to the emergence of a critical coupling above which the interaction strength grows with decreasing energy
scale. In addition, we identify a range of coupling strengths below the critical point in which the Fermi velocity
varies nonmonotonically as the low-energy, noninteracting fixed point is approached. Furthermore, we find that
while the higher-order correction to the flow of the coupling is generally small compared to the leading order,
the corresponding correction to the velocity flow carries an additional factor of the Dirac cone flavor number (the
multiplicity of electron species, e.g. ground-state valley degeneracy arising from the band structure) relative to
the leading-order result. Thus, for materials with a larger multiplicity, the regime of velocity nonmonotonicity is
reached for modest values of the coupling strength. This is in stark contrast to an approach based on a large-N
expansion or the random phase approximation (RPA), where higher-order corrections are strongly suppressed
for larger values of the Dirac cone multiplicity. This suggests that perturbation theory in the coupling constant
(i.e., the loop expansion) and the RPA/large- N expansion are complementary in the sense that they are applicable
in different parameter regimes of the theory. We show how our results for the ultraviolet renormalization of
quasiparticle properties can be tested experimentally through measurements of quantities such as the optical
conductivity or dielectric function (with carrier density or temperature acting as the scale being varied to
induce the running coupling). Although experiments typically access the finite-density regime, we show that our
zero-density results still capture clear many-body signatures that should be visible at higher temperatures even

in real systems with disorder and finite doping.
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I. INTRODUCTION

Three-dimensional (3D) Weyl-Dirac semimetals, materials
that possess one or more Dirac points at which two bands in
the bulk touch with a linear dispersion E. (k) = L£hvg|k|, have
been of great interest in recent years. These materials may be
thought of as three-dimensional analogs of graphene or as solid
state (and nonrelativistic, i.e., the velocity of light is taken to be
infinite so the bare Coulomb interaction is unretarded although
there is a static background lattice dielectric constant reducing
the overall value of the Coulomb coupling) incarnations of
relativistic quantum electrodynamics since they are described
by quasirelativistic fermions with Coulomb interactions at low
energies. Dirac semimetals were first theorized long ago by
Herring [1] and by Abrikosov and Beneslavskii [2]. More
recently, these materials have attracted considerable attention
not only because they host a system of interacting massless
Dirac quasiparticles, but also due to the fact that they lie at the
intersection of many interesting topological phases of matter.
This observation has driven a concerted effort to identify
theoretically materials that possess symmetry-protected Dirac
points in the bulk [3-11]. Different topological states can
be realized by breaking certain symmetries; for example,
breaking inversion symmetry lifts the Dirac cone degener-
acy, giving rise to Weyl semimetals [3,4,6,10,11], materials
which exhibit anomalous transport properties [12—-19] and
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topologically protected Fermi arc states on their sur-
face [3,20,21]. Over the last two years, numerous experimental
works have confirmed that certain materials such as NazBi
and Cd;As; are Dirac semimetals by directly observing Dirac
cones in the bulk [22-27] and Fermi arcs on the surface [28].
Many additional works observing and elucidating transport
properties [29-38] and phase transitions [39—49] in Dirac
semimetals have appeared. Even more recently, the first
Weyl semimetals were discovered experimentally [50-52],
with evidence for Fermi arcs [52] and the unusual transport
signatures they entail [53-55]. The theory developed in this
work applies equally well to both Dirac and Weyl systems
[i.e., chiral linearly dispersing gapless 3D systems with filled
(empty) valence (conduction) bands touching at singular Dirac
points], and we refer to both as Dirac systems from now on in
this paper. The number of such Dirac points (e.g., from possible
valley degeneracy in the system arising from band-structure
effects) or, equivalently, the number of Dirac cones defines
the number of flavors or multiplicity (N) giving the ground-
state degeneracy (excluding the spin degeneracy for a Dirac
material or due to there being two separate cones per flavor in
a Weyl material) which would play an important role in the
theory.

A crucial feature of interacting Dirac materials is the
field-theoretic many-body renormalization of the quasiparticle
properties, i.e., the Fermi velocity, the quasiparticle residue,
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and the effective Coulomb interaction strength are no longer
pinned at their noninteracting band-structure values but ac-
quire a scale dependence. The strength of the renormalization
depends on the dimensionless ratio of the Coulomb interaction
to the kinetic energy as given by the effective fine-structure
constant:
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where e is the electron charge, v is the Fermi velocity, and « is
the effective lattice dielectric constant of the material (x > 1
in general for solid state materials). Because of the linear
band approximation, any correlation function is dominated by
high-momentum excitations as is manifested by an ultraviolet
divergent dependence of these correlators on a cutoff scale A.
Through a renormalization of the quasiparticle properties, this
ultraviolet cutoff dependence can be removed at the expense
of introducing renormalized parameters which now depend on
the scale (such as momentum, energy, temperature, or density)
at which they are measured. This scale dependence is dictated
by renormalization group (RG) equations. For example, the
coupling (1) obeys

da
dlnpu

= Bu> (2

where 1 denotes the renormalization scale. The coefficient on
the right-hand side is called the beta function and is uniquely
determined by the divergence structure of the theory. If (1)
is measured at one scale 11, Eq. (2) then predicts the value of
a(u') at a different scale w'. The quasiparticle renormalization
is an observable effect and has been measured most notably
in the two-dimensional (2D) Dirac material graphene in a
wide variety of experiments using energy, density (which
determines the Fermi energy), and momentum as the running
scale [56-60].

In principle, temperature, provided it is much higher than
the Fermi energy, could also be a varying scale to study the
RG flow, and may very well be the most suitable scaling
variable for 3D Dirac systems in terms of experimental
investigations. We note that our approach to the RG flow of
quasiparticle renormalization does not make any explicit use
of the precise value of the ultraviolet cutoff A since we express
renormalization at one scale simply in terms of that at another
value of the scaling parameter. This completely eliminates
choosing an arbitrary value of the ultraviolet cutoff which is
theoretically ill defined except as an ultraviolet cutoff, making
it problematic to assign its precise value. In particular, the basic
tenet of the RG approach is that physical quantities vary with
the energy or momentum scale (and equivalently, with carrier
density or temperature), but do not depend on the ultraviolet
cutoff scale which should not show up in observable quantities.
We should, however, mention that, in solid state systems,
unlike in relativistic quantum field theories [e.g., quantum elec-
trodynamics (QED) or quantum chromodynamics (QCD)],
there is indeed a true ultraviolet momentum cutoff given by the
inverse lattice constant. However, this cutoff is by no means a
sharply defined unique quantity for calculating renormalized
quasiparticle properties (e.g., it could be multiplied by 2w or
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some other constant or one could simply use the bandwidth as
an ultraviolet energy cutoff), and thus any explicit calculation
of quasiparticle renormalization using such a lattice (or band)
cutoff momentum (or energy) is not quantitatively meaningful
in systems, such as Dirac materials, manifesting ultraviolet
divergences.

In this work, we present a calculation of the renormalization
group (RG) equations for coupling, Fermi velocity, and
quasiparticle residue up to second order in the interaction
strength «. Previous theoretical works have investigated renor-
malization phenomena in 3D Weyl or Dirac systems using the
random phase approximation (RPA) or a large-N expansion
[44,61-63], as well as first-order perturbation the-
ory [13,41,64]. One of the primary motivations for our current
work is to explore the effects of the leading corrections
to RPA and to identify the parameter regime in which a
perturbative approach is valid. Similar investigations played an
important role in the case of 2D Dirac materials, in particular
graphene, where it was demonstrated that perturbative RG
results are invalid for all but very strongly screening media,
and that apparent agreement between experiment and first-
order theory is often completely spurious [65,66]. These
findings led to the development of a theory that quantitatively
describes renormalization effects in graphene that applies to
a broader range of experimental setups [66]. It is therefore of
direct experimental relevance and of considerable fundamental
interest to perform a similar analysis in the context of 3D Dirac
materials to investigate how physical properties of 3D Dirac
materials vary under RG flows with higher-order corrections
included.

Therefore, in this work, we consider the effect of a Coulomb
interaction on a system with N “flavors” of massless Dirac
fermions to two-loop order. At this stage, N is simply a
mathematical quantity defining the number of electron flavors
or species, but in reality N is typically the (often large) valley
degeneracy in the relevant 3D Dirac system. After reviewing
the previous one-loop results, we proceed to calculate the
polarization, electron self-energy, and vertex function to two
loops. We use the term “loop expansion” to mean the usual
order-by-order diagrammatic perturbative many-body expan-
sion in the Coulomb interaction, which is precisely equivalent
to an expansion in the effective fine-structure constant for
linearly dispersing Dirac systems. At one-loop order, we
already see logarithmic divergences in both the polarization
and self-energy as a function of momentum. Therefore, at
two loops, we expect to see log-squared divergences, and
we confirm this with explicit analytical calculations. We then
consider the renormalization of the theory, in which we not
only determine the necessary counterterms to cancel out the
divergences, but also perform several useful self-consistency
checks on our results. We then make use of these results to
derive RG equations for the parameters in our theory, namely,
the Fermi velocity v, the effective fine-structure constant «,
and the quasiparticle residue.

While the remainder of this paper gives a detailed account
of both the systematics and the calculations of the renormaliza-
tion group equations, we summarize here our main findings,
which are the renormalization group equations obtained up
to the two-loop expansion calculation for residue, Fermi
velocity, and coupling given in Egs. (196), (200), and (205),
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respectively:
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with C & 1.33318 a constant that we determined numerically
[cf. Eq. (72)]. We find that, in contrast to the one-loop result
that implies « always going to zero as we go to low-momentum
scales, the two-loop result reveals that there is a critical
value above which « instead diverges, just as in the case of
graphene [65]. However, this critical value is much larger than
in graphene; in 3D Dirac materials, itis o, = 14.1298(1 + %),
which should be compared to o, = 0.78 for graphene. This
would seem to imply that perturbation theory is reliable
over a much wider range of values of « in the 3D case
relative to the 2D case. In particular, with experimental
values of o ~ 0.1-1 in typical 3D Dirac materials (e.g., in
Cd;As;,, dielectric constants in the range « ~ 20—40 have
been measured [67,68], while velocities are typically [24-26]
in the range 10°-10° m/s), we might expect perturbation
theory to give quantitatively reliable results since the condition
o K o, applies here. However, we see from the equation for
the velocity renormalization that the second-order correction
has again the opposite sign relative to the first-order result,
producing a second special value of o, o, = 37/ N, where the
second-order term is equal in magnitude to the leading-order
term. It is generally the case that o, < o, and for oy, < @ <
o, we find the unusual situation in which both the velocity and
effective coupling decrease as the energy scale is reduced. This
trend continues until « reaches «,, at which point the velocity
reverses its trend and begins to grow as the noninteracting
fixed point in the infrared is approached. Moreover, we see
that «, decreases with increasing Dirac cone multiplicity
N, so that for larger values of N, o > «, is achieved for
modest values of the interaction strength. This observation
may be particularly relevant for the pyrochlore iridates where
N = 12 [3], meaning that for « ~ 0.1, the second-order term
in the velocity constitutes a large 25% correction. On the other
hand, for Cd;As, with N = 1, this term yields a few-percent
correction to the leading order. If we interpret the appearance of
o, as signifying a breakdown of perturbation theory (given that
for this coupling, the second-order corrections are comparable
to the leading order), then o, can be used as a criterion for
determining the validity of results based on the perturbation
theory in «. The fact that perturbation theory appears to
work better for smaller degeneracies is particularly interesting
in light of the fact that methods such as RPA or large-N
expansions work in exactly the opposite regime, suggesting
that perturbation theory may be complementary to these
approaches [62,66]. Thus, the perturbative loop expansion may
be a reasonable approximation for 3D Dirac systems for small
values of N, whereas in graphene it is only reasonable when the
effective coupling constant itself is very small (for example, for
substrates with very large dielectric constants so that effective
k values are large).

PHYSICAL REVIEW B 92, 115101 (2015)

We also discuss how this predicted renormalization can be
observed experimentally, namely, by measuring the plasmon
frequency and the optical conductivity. While the control over
the doping in experiments on a 3D Dirac material is more
restricted than in experiments on graphene (since gating is
not an option for 3D materials as it is for 2D graphene), the
temperature of the system can serve as another energy scale.
If this scale is much greater than the Fermi energy, which is
determined by the doping density, then we expect that our
results, which have been derived for an intrinsic (undoped)
system, are valid for the system realized in experiments. In
fact, having a finite temperature higher than the Fermi energy
associated with the unintentional doping density in the system
is a convenient and practical way of approaching the intrinsic
Dirac point physics [63,69,70]. We elaborate on this argument
by an explicit calculation of the Drude weight which is in-
dependent of initial doping even at intermediate temperatures
of T > ep/2, thus probing the intrinsic limit. While simple
dimensional analysis predicts a linear temperature dependence
of the intrinsic Drude weight, this linear scaling is violated
by the logarithmic renormalization of the charge and Fermi
velocity, giving rise to a superlinear temperature dependence
instead. To leading order in «, the strength of this superlinear
scaling is set by a renormalization group invariant quantity
known as the Landau pole A, a dimensionally transmuted
scale which marks the point of divergence of the one-loop fine-
structure constant at high energy. To probe the relative effects
of doping, temperature, and renormalization, we provide a
full calculation of the plasmon frequency (which is related to
the Drude weight) to leading order in the RPA, which clearly
shows the transition from a finite-density extrinsic regime at
low temperature to a zero-density intrinsic regime at high
temperature with superlinear logarithmic scaling violations.
An experimental observation of this superlinear temperature
dependence will yield direct evidence for our predicted
ultraviolet renormalization corrections.

We summarize how our ultraviolet renormalization results
compare with graphene, the 2D analog of the 3D Dirac
materials studied here, in Table I and with (3+1)-dimensional
[B4+1)D] QED in Table II, to which 3D Dirac materials
provide a nonrelativistic condensed matter analog. Let us
first discuss the comparison to graphene, whose many-body
renormalization effects were considered in detail in our
earlier works [65,66]. We note that, while the Fermi velocity
renormalizes in both graphene and 3D Dirac materials, the
charge only renormalizes in 3D Dirac materials (but not
in graphene). This is because in graphene (and, in fact, in
all solid state 2D Dirac systems), the Coulomb interaction
is given by a nonanalytic term in the action, and thus we
never obtain any terms in perturbation theory that renormalize
the charge. Physically, this is connected to the fact that the
Coulomb interaction in graphene still has the 3D Coulomb
form since graphene is not the solid state analog of (2+1)-
dimensional QED and is actually a 2D physical system existing
in the 3D world. Therefore, the only renormalization of
the overall interaction strength, as given by o, comes from
renormalization of the Fermi velocity in graphene. On the
other hand, the renormalization of « in 3D Dirac materials
is due to that of both charge and Fermi velocity [as in
(3+1)-dimensional QED where both charge and mass manifest
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TABLE I. Table summarizing the divergences appearing in graphene and 3D Dirac materials for various quantities.

Graphene [65,71]

3D Dirac

Vertex log divergence expected at O(a?) log divergence at O(a?)
Self-energy log divergence at O(a), log® at O(a®) log divergence at O(a), log” at O(a?)
Polarizability log divergence at O(a?) log divergence at O(e), log” at O(a?)
Charge No renormalization Renormalizes

Fermi velocity Renormalizes Renormalizes

Optical conductivity

log divergence at O(a?)

log divergence at O(«)

ultraviolet renormalization]; the Fermi velocity may be seen
in this case as an independent parameter of the theory from
a. One very important consequence of this is that, unlike in
graphene, in which the system becoming weakly interacting
at low energy scales necessarily means that the Fermi velocity
diverges logarithmically at the Dirac point, the Fermi velocity
can (and, as it turns out, does) actually remain finite even at
low energies in 3D Dirac systems since the noninteracting
limit can be achieved by the charge renormalizing to zero at
low energy. This gives us a very major distinction between the
2D and 3D Dirac systems: in 2D, we must see a logarithmically
divergent Fermi velocity at low energy because it is the only
way for the system to become weakly interacting [56,60,65],
but this is not necessary in 3D. Note also that we expect
to see a logarithmic divergence appearing for the vertex
renormalization in graphene at O(a?), even though it has
not been calculated. This is because, at second order, the
self-energy acquires a temporal component [65], just as it does
in 3D Dirac materials. Due to gauge invariance, we expect that
the vertex renormalization should diverge as well at orders
higher than the first, and in such a way that the Coulomb
field strength does not renormalize at any order, as we see
happens in 3D Dirac materials. Thus, as summarized in Table I,
there are major mathematical and physical differences between
many-body effects induced by the ultraviolet renormalization
in 3D and 2D Dirac systems arising in condensed matter
physics.

We now consider the comparison between 3D Dirac
materials and (34+1)D QED, as summarized in Table II. Here,
the situation is in some sense opposite to that of graphene.
The interaction strength in (34+1)D QED renormalizes only
because charge renormalizes since the speed of light cannot
renormalize due to the requirement that it be constant. Both,
however, still exhibit the well-known Landau pole (as does
graphene [65]), a divergence of o at a large, but finite,
energy scale at one-loop order. While the Fermi velocity
renormalizes (and, in fact, diverges itself at the Landau pole),
it does not diverge rapidly enough to cancel the effect of the

diverging charge. We also note that logarithmic divergences
start appearing at lower orders in « in QED than in 3D Dirac
materials in the vertex correction. This is because we treat
a nonrelativistic Coulomb interaction here, rather than the
full relativistic electromagnetic force, as is done in QED.
This means that the quasiparticle residue, corresponding to
a temporal component of the self-energy, already differs from
unity at O(«) in QED; in the 3D Dirac case, this only happens
at O(c?). In both cases, however, the vertex function and the
quasiparticle residue are renormalized in such a way that the
strength of the electromagnetic field remains unchanged, as is
required by gauge invariance. This divergence of the vertex
in QED at O(w) also, ironically, leads to the cancellation of
a potential log? divergence at O(«?). We will find that, for
the 3D Dirac material case considered here, only the diagram
in which the self-energy is inserted into one of the electron
lines in the bubble has a log? divergence. In QED, on the
other hand, the vertex correction contribution also has a log?
divergence [73,74]; this divergence exactly cancels that from
the self-energy correction contribution, leaving only a simple
logarithmic divergence at O(a?).

One fundamental difference between solid state Dirac mate-
rials and QED is of course the large difference in the applicable
effective coupling in the two cases. Whereas the fine-structure

constant for QED is always g—zc ~ %, the corresponding
effective fine-structure constant in Dirac systems (either 2D
or 3D) is multiplied by a factor of c¢/vrk [see Eq. (1)], which
is typically very large since the Fermi velocity (~10° m/s) is
much less than the speed of light (23 x 10® m/s), although
the presence of the effective background dielectric constant
reduces the effective coupling in Dirac systems by a factor
of order 10 typically in most materials (except for graphene
suspended in vacuum where « = 1, giving a very large
graphene fine-structure constant of around %7) ~ 2.2). The
largeness of the effective fine-structure constant makes Dirac
systems more like a strong-coupling QED problem (albeit with
nonrelativistic Coulomb interactions) rather than the regular

QED where the loop expansion in powers of the fine-structure

TABLE II. Table summarizing the divergences appearing in 3D Dirac materials and in (3+1)D QED for various quantities.

3D Dirac (3+1)D QED [72-74]
Vertex log divergence at O(a?) log divergence at O(«)
Self-energy log divergence at O(a), log> at O(a?) log divergence at O(a), log? expected at O(a?)
Polarizability log divergence at O(a), log® at O(a?) log divergence at O(«)
Charge Renormalizes Renormalizes
Fermi velocity/speed of light Renormalizes No renormalization
Electron mass Renormalizes

115101-4



MANY-BODY EFFECTS AND ULTRAVIOLET ...

constant is asymptotic up to a very high (>>137) order in the
perturbation theory. We discuss the asymptotic nature of the
loop expansion for 3D Dirac systems in this paper [see, e.g.,
Eq. (204)] and this issue was discussed in depth for graphene
in Ref. [65], where it was found that the loop expansion
may already fail at the first order for graphene suspended in
vacuum. One may wonder, given the large coupling constant
in Dirac materials, whether some aspects of its interaction
physics resemble QCD rather than QED. It turns out that one
specific aspect of interaction effects in Dirac materials (for
both 2D and 3D) does indeed have some superficial similarities
with QCD. This is the behavior of the Dirac system when the
effective coupling is larger than the critical coupling (& > «,)
so that the running coupling increases with decreasing energy,
eventually diverging at the Dirac point. This appears similar to
the QCD strong-coupling behavior (provided one starts with a
sufficiently large coupling @ > «, in the beginning for the
Dirac system, whereas in QCD of course this behavior is
generic because of the structure of the beta function itself).
But, this similarity is somewhat misleading because the beta
functions in the two cases are fundamentally different, and the
divergent running coupling low-energy behavior of the Dirac
system we find (for ¢ > o) may very well be just an artifact
arising from the failure of the perturbation theory. In addition,
the Dirac problem neither has confinement nor true asymptotic
freedom (as is obvious from the existence of the Landau pole
in the theory), which are two hallmarks of QCD.

Another qualitative difference between QED and Dirac
systems worth pointing out is the role of the Fermi energy (i.e.,
a finite chemical potential away from the Dirac point) as well
as temperature in Dirac materials, which provide additional
physical parameters (doping density and temperature) for
the experimental implementation of the RG flow in solid
state materials. Either the finite Fermi energy (arising from
any finite doping of the system) or temperature, by itself,
can act as a low-energy cutoff for the RG flow just as the
bandwidth or the inverse lattice constant acts as a high-energy
or high-momentum cutoff in solids. But, in the presence
of a finite Fermi energy (temperature), the other parameter,
i.e., temperature (Fermi energy), can be used as a practical
parameter to induce the RG flow as long as temperature (Fermi
energy) is much greater than the Fermi energy (temperature).
This can be very useful in experimental measurements where
the pure undoped Dirac limit (or zero temperature) can
never be reached. Since the Fermi energy (i.e., the chemical
potential) depends monotonically on the doping density, one
can change the doping density (at fixed low temperature) or
the temperature (at fixed low doping density) as the scaling
parameter to study the ultraviolet renormalization of Dirac
materials. By contrast, in purely relativistic field-theoretic
problems (e.g., QED, QCD), the concepts of doping, finite
chemical potential (or Fermi energy), temperature, etc., simply
do not apply, and the system is always an intrinsic system (in
our sense) and can never be detuned from the precise critical
point.

It is also instructive to compare the many-body renor-
malization properties of 3D Dirac systems with normal
3D metals (or doped semiconductors) which are often the
textbook systems for studying many-body effects arising
from long-range Coulomb interactions in solids [75-78].

PHYSICAL REVIEW B 92, 115101 (2015)

Three-dimensional metals are defined by the sharp existence
of a finite Fermi surface and the associated Fermi liquid
properties, with ultraviolet renormalization or divergences
not playing any role whatsoever since the energy dispersion
in these cases is parabolic, and there is no zero-density
critical point because of the existence of a large band
gap separating the filled valence band from the partially
filled conduction band with the finite Fermi energy. Thus,
the key physics of interest in Dirac materials, namely, the
many-body interaction corrections associated with ultraviolet
renormalization, is not relevant for ordinary metals at all. In
fact, there exist detailed RG analyses [79,80] of the stability
of the Fermi surface in 3D and 2D metals starting from
high momentum and systematically approaching the Fermi
surface, with the conclusion that, except for the possible
occurrence of interaction-driven superconductivity at high
orbital momentum channels (the so-called Kohn-Luttinger
superconductivity [81]) at exponentially low temperatures, the
Fermi surface is stable and there is no ultraviolet divergence (in
the QED sense) anywhere for 3D (or 2D) metals. Thus, the key
physics of ultraviolet renormalization and scale-dependent RG
flow with logarithmic running of the coupling are features not
arising in normal metals as they do in Dirac systems. Of course,
there are strong Fermi liquid renormalization effects in normal
metals, as discussed extensively in many standard many-body
theory textbooks [75-78], and these effects are nonperturbative
since the dimensionless interaction coupling strength in 3D
metals (which depends explicitly on the metallic electron
density and is not a simple effective fine-structure constant as in
Dirac systems) is large (~5-6 typically), but these many-body
corrections (often quantitatively large) are not indicative of
any fundamental ultraviolet divergence in the system with
no logarithmic cutoff-dependent renormalization corrections
arising anywhere in the problem. In fact, the divergence one
worries about in metals is the infrared divergence associated
with the long-range Coulomb interaction (and not an ultra-
violet divergence associated with large momenta) which is
“cured” by considering a loop expansion in the dynamically
screened Coulomb interaction (rather than the loop expansion
in the bare Coulomb interaction we consider for the Dirac
system in this work), which provides a controlled perturbation
theory for metals at high electron density (which is equivalent
to weak metallic interaction coupling). At metallic densities,
such an expansion is only qualitatively valid (since there is no
quantum phase transition in the problem), but a comparison
with experiment (or with quantum Monte Carlo simulations)
shows that metallic many-body corrections calculated using
an expansion in the screened Coulomb interaction works
reasonably well even at metallic densities where the system
is far from being weakly coupled for reasons not very clear at
this stage [82]. Density-dependent (but not cutoff-dependent)
many-body corrections similar to the metallic quasiparticle
renormalization effects also show up in doped extrinsic Dirac
materials as nonultraviolet nonlogarithmic subleading correc-
tions, but we ignore them completely in our current work since
they are completely negligible compared with the ultraviolet
logarithmic corrections as the Dirac point is approached.

The rest of this paper is organized as follows: In Sec. II,
we describe the (Euclidean-time) action for our system and the
associated Feynman rules. Section IIl is dedicated to reviewing
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the one-loop results and deriving the two-loop polarization,
while Sec. IV provides a detailed calculation of the two-loop
electron self-energy. In Sec. V, we formulate the renormalized
perturbation theory, determine the counterterms that arise
therein, and derive the RG equations for our model. In Sec. VI,
we show how our results can be tested in finite-temperature
experiments on finite-density samples even though our results
are derived at zero density. We present our conclusions in
Sec. VII. We provide derivations of the one-loop polarization
and electron self-energy, the two-loop vertex corrections,
and the optical conductivity within the Drude-Boltzmann
approximation in the Appendix, along with an alternate
derivation of the RG equations using the Callan-Symanzik
equation. The latter provides yet another consistency check on
our results.

II. MODEL

The model that we will be using is that of a 3D system with
N “flavors” (e.g., valleys) of Dirac electrons interacting via a
Coulomb interaction. We note that the total degeneracy of the
3D system we consider is 2N including both spin and valleys.
We will work with the following Euclidean-time action (setting

h=1):
N
- Z f dt d3R (&ayoa()wa + UFI/-/aylaiWa
a=1

+oTar V) + s / dt &R (tr9)", (©)
2g

where the y matrices form a Clifford algebra, i.e., {y*,y"} =
28" for wand v =0,1,2, and 3 and ¥ = 1//Ty0. There is an
implied sum on i in the above action from i = 1 to 3. The
fields ¢ are four-component Grassmann spinors, and N is the
number of valleys. In all, this model results in 2N Dirac cones.
The factor of 2 comes from spin in a regular Dirac semimetal,
or from the presence of a pair of Weyl nodes for each of the N
flavors in a Weyl semimetal.

Here and throughout this work, we Will employ a quasirela-
tivistic notatlon ie.,wedefinek = (ko k) d*k = dkg d3k k=
koy® + vk - 7, and k2 = kg + vF|k|2 The Feynman rules
associated with this action are the following:

e Gl = ;2 7

ANNNNS Dylk) = g_2 _ dmavr ®)
[T TERR T

iy®. )

Here, the straight lines are electron propagators, while the
wavy lines are the Coulomb propagators.

III. POLARIZATION

We now turn our attention to the calculation of the
polarization. We will first quote the known first-order result,
and then embark on a detailed calculation of the second-order
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FIG. 1. Leading-order polarization bubble I1z(g).

result. A general feature of these contributions at all orders
is that they are ultraviolet divergent, and thus we introduce a
momentum cutoff A into our theory.

A. First order

The first-order, noninteracting, contribution to the polariza-
tion, shown in Fig. 1, is well known [2], so we simply quote
the result here for the sake of completeness and leave the
derivation to Appendix A. If one computes the polarization
using the given action in Eq. (6), then this contribution is

gl [22 4 Qa + D2][22 + 21 — 1))
= T { @+ 17 }
2
4| N/ dy y(l— > 20 +y
82 VF 224+ Q21+ y)?’
(10)
where z =

\ql IqI
be done analytlcally, but the result is rather complicated and not

particularly illuminating. We see that I1z(g) is logarithmically
divergent as A — oo, the entire divergence coming from the
first term. The logarithmic and finite terms, the latter of which
we will need later, in I1g(q) are

A 1 241
v ()= In(EE] an

Note that this expression has an additional factor of 2N
compared to that found in Ref. [2]. This is because said
reference considers a single Dirac cone, while we consider
a system with 2N flavors of Dirac cones.

191 2a

I A —
8(q) e 37

B. Second order

We now consider the second-order correction. Two dia-
grams, both depicted in Fig. 2, contribute to this correction.
Note that the first diagram contains the first-order electron
self-energy X(¢g), shown in Fig. 3, as a subdiagram. We
will simply quote the result here, leaving the derivation to

(a) (b)

FIG. 2. Self-energy (left) and vertex (right) corrections to the
polarization ITsz(g) and ITy(g), respectively.
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FIG. 3. One-loop electron self-energy X;(g).

Appendix B:
2al4 A ..
(@) =i—|z+In| =) |vrg-y. (12)
37| 3 lq]

1. “Self-energy” correction

We will first determine the “self-energy” term, which we
denote by ITsg(g). The integral for this correction is

d*k
HSE(CI)=2N/ Trly Go(k+q)y° Go(k) 1 (k) Go(k)],

(2m)*
13)

which includes a factor of 2 due to the symmetry of the
diagram. We now substitute in the bare Green’s functions and
self-energy and evaluate the trace. The trace that we must
perform is
Te(y 'y "y y v y?)
= 428" — 1)(8"787 — 818" + 508", (14)

Using this formula, we may rewrite the integral as
o / dk u
_v —
3r ¢ 2m)3 :
[ ®
n
3 k]

where I, I, and I5 are integrals over ko, given by

% dko ko(ko + go)IK[?
Il = 21)17 - > 2 2.7 -
o0 27 (kg + vEIk2) [ (ko + q0)? + vk + 1]
_ IkI[g3 — vR Ukl + 1k + )7 16
- - - N 2 )
2[g5 + vi (k| + 1k +G1)?]

se(q) = — L+ 1)

dko k- (k+ @Ik
12 = 2UF E 5 37 5 > . -
00 270 (k2 + v} |k[2) [(ko + qo)? + vEIk + GI?]
_ 1
21kI[q3 + vE(Ik| + 1k +G1)?]
1
TS R AT
Ik +G1[g5 + vkl + 1k + G1)?]
% .z
e k- (k). ()
Ik +G1[qg + vkl + 1k + 1)?]
/ v/ dko k- (k+q)
3 = VfF ~ = = .
oo 270 (k2 + v} 1K) [(ko + o) + v}Ik + G12]
K|+ 1k +§ Lo
S L k-&+3). (18)

21klIk +Gl[gg + vE(k] + Ik +G1)?]
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If we now substitute all of these into I1sg(g), we obtain

8a a3k 1kI[q2 — vE(IKI + Ik + D7)
LG

3n Q) g2 + v(R| + K +G1?]

X [l—w] [i—i-ln (é)} (19)
lkllk +4g| |L3 |k|

We now switch to a prolate spheroidal coordinate system, with
the z axis being the long axis of the spheroids. The system is
defined as follows:

Mse(g) =

ki = 1|q]sinhusinvcosf, (20)
kiy= %|c7| sinh w sin v sin 6, 2D
k= %|z}|(cosh/xcosv — 1), (22)

where 0 < u < 00,0 < v <m,and 0 <0 < 2x. The Jaco-

bian of this transformation is
J = 1141 sinh u sin v(cosh? s — cos® v). (23)

Some useful identities are

k| = }1G)(cosh pu — cos v), 24)
Ik + G| = 11g|(cosh st + cos v), 25)

and
k-(k+q)= }‘|c*1|2(cosh2 w4 cos? v — 2). (26)

Using these identities, we may also write the Jacobian as J =
%|¢}| sinh y sin v|k||k + ¢|. Making this coordinate change,
[15£(q) becomes, after performing the (trivial) integral over 6,

o0 b
azN/ du/ dv sinh p sin v
0 0

— cosh? p)

2 g1
Mse(g) = - -y

(cosh pt — cos v)(z2
X
(z2 4 cosh? p)?

x sin? v z—i—lln 2 (27)
9 6 coshp —cosv /|

We now make another substitution, namely, x = cosh i and
y = cos v. Doing this, we obtain

2 |g > '
se(q) = —n—?azN

1 -1
(x — y)(z* —x?) 2 1 2A
———(1— —+—In| —— ) |
a0 (I=y%) L
(28)
We note now that this integral is divergent, and thus we must

impose a momentum cutoff |l€| < A. Interms of x and y, this
translates to imposing a cutoff of 2\ 4 y on the x integral:
(x = @E* = x%)

q 2A+}
se(q) = ——2_ 2N/ / T @22

X(l—yz)——l—lln 2 ) (29)
9 6 x—y
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We may simplify this expression further by interchanging the
order of the x and y integrals,

2ty 2a—1 2/\+1
/dy/ dx—>/ dx/ dy—l—f / dy,
2

(30)
and evaluating the y integral. Doing these, we find that

2 |"|2 2x—1 Z _ 2
Hse(q) = —F%GZN[/I dx —z)zfl(x)

(z?
22+1 22— x2
where
_ 1 4 _ x+1
fitr) = 108[ (x 3”“<x_1>
+ x(49 — 3x%) + 24x1n (2—A>} (32)

Vai=1/)

folx) = ! 57(2—A> +160(2A>3x

? 864 F H

2A
- 132<| |> 2= 1D+ (& =129 +75)

2A 13
e

We may now extract the leading divergence of I1sg(q). To do
this, we take the derivative of the integrals above with respect
to A, evaluate the result, and then expand in powers of A. A
In? term would correspond to % with a coefficient twice that

of the In* term, while a 51mple In term would correspond to
,IT' The first integral is the sole contributor to the divergence of
Is£(q); we find that it possesses both a In? and a In term. We
thus find that [Tgg(g) is given by

+12(x — D’(x +3)In (
X

Myr(q) ~ Iql2 202 Nl A + 1G> 20
SEXd 2 9x G1) " g2 27n2
2 4 4 A
[—(Z () e ()
z22+1 z22+1 1G]
_ 2k Nf)+ 0+ (34)
2 g a"Nf(z 7 )

The finite term f(z), could, in principle, be found analyt-
ically, but the expression giving it is extremely complicated,
and thus we determine it numerically. This term comes entirely
from the integral involving f(x), as that involving f,(x) goes
to zero as . — oo. We present a plot of f(z) in Fig. 4.

2. Vertex correction to polarization

We now turn our attention to the vertex contribution ITy (g).
This contribution is given by

&k [ dp
vta)=—smaoen [ 55 [ o
ok o kK+d o ptd ol’j} 1
T L
* r[ el wrer” wrar” lk — p?
(35)
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0.2 9

f@

-0.1F ]
-0.2 | 1
-03 1 1 1 1

FIG. 4. (Color online) Plot of the function f(z) appearing in
Eq. (34), giving the dependence of the finite term in I1sz(g) as a
function of z = go/vr|q|.

We now evaluate the trace and perform the integrals on ky and
po. The trace that we need to evaluate is

Tr(y Oy Oy "y Oy Py Oy )
— 46;108;)0(281)080'0 _ 81)(7) _ 46M06p#0(8V05p0
_48;L;é080()(5;/.v800 + 8;/.0‘81)0)
+ 481F0§PFO(§1V 500 _ §HP GV | §HO S0 (36)

4 80081),0)

Using this, we find that the integral splits into nine terms:
d*k d* 1
I = —327‘[0[va/ - L
@ot ) @y k- pp
ko po(po + qo)(ko + qo)
k2p*(p + @)k +q)*
d*k d* 1
S = 167104va/ 1 p4 —
@ot ) @y k- pp
ko(po + go)p(k + q)
X 9
k2 p*(p + q)*(k + )
d*k a* 1
J3 = 16nav%N/ vy p4 ——
@t ) @y k- pp
ko(ko +q0)p - (P +q)
X )
k2p*(p + q)*(k + q)?

d*k a* 1
Jo = 16yroev13¢N/ 1 / p4 5
@ot ) @y k- pp
kopo(p + ) - (k +§)
X :
k2p*(p + q)*(k + q)*
Js = 16 3N/ d'k [ dip 1
= TV =
i ) ent )] ent k- pp
Po(po + qok - (k + §)
X b
k2p*(p + q)*(k + q)*
d*k a* 1
Jg = 16nav13¢N/ 7y p4 >
(2m) Q2m)* |k — p|?
(ko + qo)(po + qo)k - p
k2p*(p +q)*(k +q)*
d*k a* 1
I = —16nauf;Nf . L
2m) Q2m)* |k — p|?
k-k+@p-(P+q)
k2p2(p + q)*(k + q)*

(37

(38)

(39)

(40)

(41)

(42)

(43)
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d*k d*p 1
2t ) Qu)t k- pP

Js = 16noev13pN/.(

k-(p+qk+q)-p

X , 44
k2p*(p + q)*(k + q)? “)
Jo = —16manin [ LK [ Lp
= — TV =
’ Pl emr )o@t k- pPe
k-pk+3) - (p+q
pk+q)-(p+q) @5)

X .
k2p2(p + q)*(k + q)?

Evaluating the frequency integrals is a straightforward, if
tedious, exercise; once we have done so and simplified the
result, we obtain

ITy(q)
d3k &Bp 1
= —4mravpN 3 e —
@ny ) @n) k- p?
1
X 7 nd - - - -
(45 + vi(kl + |k + gD?*][qd + vi(PI+ 1P + G1)?]
x (—q3 Q1 + v102), (46)

where Q) and Q; are given by
k+3)-(p+3)
lk +4llp + 4l
(47)

(/?@ﬁ k- (p+q)
Ikl p+4]|

(kl+1k +GDAPI+15 + fII)

0, = Pl — k-9(p - )
kIIk+G11 PP + G|

+ (kP +k-G—IklIk+GDUPIE+ P -G—1PIIB + D).

(48)

To perform this integral, we introduce two sets of prolate
spheroidal coordinates, one for k (u, v, ) and one for p
(u', V', 0"). The quantities Q1 and Q, become

4

— cos? v)(cosh®

(cosh? p W — cos?v’)
x [cosh ¢ sin® v cosh p’ sin® v/
+ sinh y sin v cos v sinh p’ sin v’ cos v’ cos(d — 6")],

(49)
4|g|* cosh pu cosh p/

i 22 s 2
O = [sin® v sin® v
(cosh? i — cos? v)(cosh? W/ — cos? V')

+ sinh g sin v sinh 0/ sin v’ cos(6 — 0”)].

(50)
Furthermore,
k- p? = %|Z1|2[cosh2 i + cos? v + cosh? /' + cos® v’

—2 — 2cosh ucos vcosh i’ cos v’
— 2sinh e sin v sinh @’ sin v’ cos(6 — 0')]
G f (0,050 0,6). 1)

PHYSICAL REVIEW B 92, 115101 (2015)

We thus obtain

|C-1'|2 Ol2 00 b4 2 oo
I1 = — N d d deo du
v(g) g2 256724 /0 ,u/o v/o /0 %

/‘” av /‘2” 40’ sinh y sin v sinh " sin v’
X v
0 0 S (v, 05 1/,0",6")

(z2 + cosh? u)(z% + cosh? ) ogir)
(52)

where 0 = (cosh? i — cos? v)(cosh? i’ — cos? V') Q;.

Note that the integrand only depends on 6 and 6’ through
their difference 6 — 6, and that it is a periodic function of
both. As a result, we may “shift away” one of these variables,
say, 6, thus making the integral over that variable trivial. The
other integral, in this case over 6, can then be done with the
aid of the formulas

/zn a1 2 (53)
0 a+bcostd  JaZ_p2

2 cos @ 2 a
do — - ). 54
0 a? —b?

a+bcosd b

Doing these integrals, we find that ITy (q) splits into two parts,
IMy(g) = My g(q) + My, g(q). These two parts are as follows.
[Ty g(g) is the “easy” part, which we can do analytically,
while ITy_g(g) is the “hard” part, which cannot be determined
completely analytically.

The “easy” part comes from the 2% =~ in Eq. (54), and is given
by, after changing variables to x = cosh u and y = cos v,

My £(q) = @“—21\7(12 212) (55)
V.E q - gz 87'[2 1 Z 2 )
where

00 1 X
I = d dy —, 56
1 /1 X [1 yz2+x2 (56)

[ee) 1 y
L, = d dy ——. 57
b /1 x [1 yZ2+x2 (57)

Note that /; is logarithmically divergent; we must therefore
impose a cutoff, as before. These integrals may be done
exactly; the results are

2 2 2 2
=+ @2r—-1) 1 2+ Q2r+1)
=227 A4 || AT
: n[ 2+ 1 }Jr( +2)n[z2+(2x—1)2}

20+ 1 2% —1
—2+z|:tan_'< + )— n"( )}, (58)
Z Z
24 Qa4+ 1)? 241 —4)22
PR e G o IR s ot
24+ 0Q2r—1)2 27

X |:tan1 <2AZ+ 1) —tan™! (2AZ_ 1)] 59)

The divergence of Iy g(g) comes from I;. To determine the
full divergence, we need both the In and finite terms of /;:

I ~ 21 (A>+1 < 4 ) (60)
'\" n n{—1.
: H 1+ 22
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We can also determine the finite term; in fact, I, goes to zero
as A — 0o, so the full finite contribution is determined by
I,. Therefore, the logarithmically divergent and finite terms
coming from this part of l'[v(q) are

|Q|2 2 A
I1 Ni -
v.e(q) ~ T VI 7

+ |q|2 Nl 4 1 A
—_— n n\ -
g% 2m? 1+ 22 Iq]

2
+ﬂ—N1n2< ! 2). (61)

8m2 14z

The remaining terms in the integrals in Eqgs. (53) and (54)
give us Iy y(g). These are

2
[y, u(g) = lq' N/ du,/ dv

/‘ J /d/smh,usmvsmh/t sin v’
w
VF(u v/ V)

R — 2’R,
X 2 7
(z2 4 cosh” w)(z% + cosh” ')

(62)
where

R, = cosh s cosh (— sin® v sin® v’ — 3 L cosh?

) 2 2.
— 5 cos v—zcosh " —Ecos V41

+ cosh p cos v cosh i’ cos V'), (63)

R, = — cosh psin® v cosh 1 sin® v/

- % cos v cos v'(cosh? j + cos® v + cosh? 1/

+ cos? v’ — 2 — 2cosh pcos v cosh ' cosv'), (64)

and
F(u,v;u',v') = [cosh(u 4 ') — cos(v + v')][cosh(u + )
— cos(v — V)][cosh(pt — ") — cos(v + V)]
x[cosh(u — p') — cos(v — V). (65)

This integral also has a logarithmic divergence. In fact, it too
contributes to the In? term of ITy(g). Fortunately, we can
determine this term analytically. We begin by introducing a
pair of x and y coordinates corresponding to each pair of u
and v coordinates and by imposing a cutoff, as before. Doing
this and simplifying the resulting expression, we obtain

| |2 2A+)
My y(q) = AN N/ /
/ /2l+} 1
dy'
F(x Vi X ,y)

% Rl — 2 R2
(22 +x2)(2 +x?)
where A = I%I 2= ‘q‘, and F, R;, and R, are F, R, and
R,, respectively, rewritten in terms of the x and y coordinates.

We now take the derivative of this integral with respect to A.
The In? A term of the integral will correspond to a I“T)‘ term in

(66)
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the derivative, with a coefficient twice as large as that of the
In? term. The result that we obtain is

9 |q|2 2)»+\
— 1 = ——N
= [ [

x/ dy’
VFE&x,y:2h+y,y)

" Ri(x' =20+ ) — 22Ry(x’ =21+ Y))
(@2 + D[22+ x4+ y)?]

(67)

We now expand the integrand in powers of % The leading term
is, after integrating over y’, with respect to which the leading
term is constant,

9 |é’|2 1 1 2A+y x

| N —| 4 dx ———.

o v.u(q) ~ & a2 A/_1 y/l Yoo
(68)

This is the only term in the expansion that will contribute to
the In® A term of Ty 4 (g). It also contributes to the subleading
In X term, and is in fact the only contribution with a coefficient
that is a function of z; all other terms only contribute In A-
divergent terms with constant coefficients. The total constant
contributed by these, which we will call C, must be determined
numerically. If we now evaluate the integrals, we obtain

9 171> o? N 21n)t+ | 4 LC 1
n — (-
&N g% 2n? A 1+ 22 A

My g(@)~—— 7=
(69)

Therefore, the leading divergence of Iy y(g) is

1> o? A
My u(g) ~ ——5s—N{ln* | =
8 lq|

#n(z) re]m (@) o

The In? term exactly cancels that from the “easy” part, so that
the whole diagram only has a simple logarithmic divergence.
The full form of ITy(g) is thus

9 & o acin () +e]+ of 2
& ar g "¢ r)

(71)

IMy(g) =

where g(z) is a function that we will determine shortly.

To obtain C, we numerically evaluate )\, -y 1(q) for a
large value of A and z = 0 using Eq. (67) and subtract off
the In A term, which we know exactly. In the limit of large A,
Agy 9 ~ Iy n(q) is a linear function of In A, the linear term giving
the coefficient of the In® term and the constant term giving
the coefficient of the In term. We note that ITy g(q) and all
two-loop contributions to the polarization that we determine

have the form “”2 w7 L NF (z,A), so that we only need to vary z
and A. To perform these numerical calculations, we made use
of the VEGAS algorithm as implemented in the CUBA package.
We obtained results with errors of 0.1% or less; see Fig. 5 for an
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FIG. 5. (Color online) Plot of A 7 F(z,1) for z =5, where A =
A/|G| and z = qo/vr|q|. At large A, this curve becomes approx-
imately linear; the slope of the line is exactly —4 and is twice
the coefficient of the In’ A term, while the constant term gives
us the coefficient of the InA term. The solid red line is a linear
fit to the points at large A.

example, in which we plot A 5 F(z,2) for z = 5. We find that
C ~ 1.33318. (72)

To obtain g(z), we evaluate ITy y(g) numerically for a large
value of A and subtract off the logarithmically divergent
terms; our result is plotted in Fig. 6.

IV. SECOND-ORDER SELF-ENERGY

We now determine the electron self-energy to two loops.
There are three possible diagrams that contribute to this order,
and we discuss each in turn.

A. Two-loop rainbow correction to self-energy

The first potential two-loop correction to the electron self-
energy is shown in Fig. 7. This diagram evaluates to

) =—4 ak : OGo(k)Z1(k)Go(k)y°
w(q) = —4mavy Wﬁ——kVy 0(k)X1(k)Go(k)y
d*k 1 [4 (A)] - _ kK
eorig—re3 T TR ) et e
(73)
b6F—T T 71—
s 2
4+ i 3 4
3 3
) 2+ ]
® g :
—2! ]
_4| 1 1 1 1 1

0 2 4 6 8 10

FIG. 6. (Color online) Plot of the function g(z) appearing in
Eq. (71), giving the dependence of the finite part of Ily(g) as a
function of z = ¢o/vr|q|.
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FIG. 7. Two-loop rainbow correction to the electron self-energy
Zop(q)-

Straightforward algebra reveals that the integral over kg
vanishes identically:

dko 1,
pred (koy° + vik - Pk - 7 koy® + vk - 7)y°
- L [dky K2 — 02k
— k. y/ 0—”F| " o (74)
27 (k2 + vk )

Therefore, the full contribution vanishes identically:

Xop(gq) = 0. (75)

B. Two-loop vertex correction to self-energy

Reduction to a quadruple integral. The second two-loop
correction to the electron self-energy is shown in Fig. 8. This
diagram has the value

d*k [ d*p 1 1
Yha(q) = —16m zoz2 2 ——=— ==
: Qryt) @otG—k12 1G-pP
ok o k+p—d o p
76
XV aY — 2)/ (76)

The product of gamma matrices in the integrand can be
expanded as

1 A A A e LT
_ 8;1081108/)0]/0_5“051)0(1_SpO)y,o
_ 8#0(1_8110)8,001/\)_8#0(1_81}0)(1_8,00)]/1)]/,0)/0
— (1=8")8"08 0y 1 —(1—8"0)8"0 (1 =8y 'y "y
— (1=8"0)(1-8")8"y 1y vy °
+(1=8")(1=8")(A=5"")y "y "y ", (77)

FIG. 8. Two-loop vertex correction to the electron self-energy
Ya(q)-
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which leads to
22 d*k [ d*p 1 1 1
@)t ) @Qm)*\G—k|? 1g—p1? K2 p*(k+p—q)*

x {ko potko+po—qo)y *—vrko(ko+po—qo) p-7 —viko po(k+p—)- —vrkoy (k+5—3)-7 p-7

Youlg) = —167%ia

— v poko+po—qo)k-7 —v3(ko+ po—qo)y °k-7 -7 —v3 poy °k- Y (kt p—3) T +vik-p k+p—3) -V 7). (78)

As usual, we first perform the integrals over the energies ky and po:

B, = /dko/dpokopo(ko-i-l)o q0) 1 9 ’ (79)
Mk, p) 4 gd-+vi(kl+|pl+Ik+p—q)?
5 = /dko dpo ko(ko+po—go) _ 1 [kI+p|+1k+5 ] ’ (80)
2m M(k.p) 41pl[g5+vi(kl+Ipl+Ik+p—41)]
. /dko dpy kopo _ 1 _ [kI+pI+k+5—q] ’ @)
2m M(k.p) A |k+p—ql[q5+vi(kI+|pl+Ik+5—q1)]
By = /‘dko /dpo ko 1 ] qu _ ’ (82)
27 MGk,p) 4% |jllk+p—GI [3-+vi(KI+ B+ E+5—a)?]
Be = /dko /dpo poltko+po—qo) 1 K|+ p|+Ik+5—4]| 3)
MGk,p) 4 KI[g2 o (K1+ pl+k+5—a ]
B = /'dko dpo ko+po—qo __ b ) o _ , (34)
2 Mkp) 403 RN BI[g3+v3 (R | IR+ -G 2]
B = /dkO/dPo Po 1 q0 (85)
2w Mk,p) 403 [K|[K+5—G [ +vE (kI pl+Ik+5—a)?]
B = /dko dpo L _ 1 |k|+|p|+|kjrp—ql _ , (86)
2 M(k.p)  4vi |k||pllk+p—g|[ad+vE(kI+] pl+Ik+p—gD?]
with
M(k.p) = (K3+v} K1) (p3+vE| 517 [ (ko+po—q0) +vi k+5—G ). (87)
We then have

&k [ dBp 1
> ()=—167121052v2 —— =
2% £l @y ) @ayG—kp1a-pP

— By} y (k+p—4)-¥ p-7—Bsvrk-7—Bsvsy k-7 p-7 — Byvry °k-7 (k4 p—G)-+ Bsvek-¥ (k+p—4)-V p-7 ). (88)

The y° component of this is

{B Y~ Bovr p-y—Byvp(k+p—4)-7

2,2 &Pk [ dPp 1
@n)3) @n)3 \G—k|? lg—pI?
Pk (dPp 1 1 1

1 N > >
ZTr[yOEQa(q)] —47’%ia {431—4B4v12pp~(k+p—q)—4B6v%k~p—4B7v%k(k—i—p—q)}

= —4r?ia’viqo — = = =
) @ry ) @n)d |G—k1? 1d—P1? G242 (1K) +| pl+1k+p—G])>
5 k+p—G EkE B Kk k+p—g
{1—£-Lﬁ+7-4—7-ﬁ’+€}, (89)
Ipl |k+p—g| |k Pl k| |k+p—q]

while the spatial components are
3 3
x {~4Bovp p;—4B3vp (ki+pi—q;)—4Bsvrki+4Bsv [k p-(k+p—§)—(ki+pi—qi)k- p+pik-(k+p—)1}
L, [ &k [ dPp 1 1 k|41 pl+Ik+p—3|
Qr)3) @) 1G—kI? 1§—PP gZ+vi(k|+|p+1k+5—G)?
{ ki pi kitpimai kdpP— @)+ pikP— kq)+qzkp}

k| 1Pl lk+p—q| k1| plIk+5—q]|

(90)
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If we choose the coordinates such that ¢ = (0,0,|g|), then it becomes apparent that the terms of the integrand which are
proportional to k,,k, or p.,p, are odd functions of these variables, implying that these terms vanish upon integration. We may

then make the replacement k; — q,-l_c)ﬁ /|g|?, and similarly for p;. The total integral is therefore proportional to ¢;:

1, —Antia*viq [ dk [ d®p 1 1 \k|+| pl+k+p—7|
—Tr[J/ EZa(Q)] = P 3 3,> 7 - =12 9 247 - Pd [N
4 g1 @ry ) Q) \g—kI? lg—p1* g5+vi(k|+|pl+1k+p—Gl)?
X{_@_M (t5-3)4  |PEGHER 5 q+|q|2k-13—2</¥.21><13-31>} o
kI 1Bl k+p—q IkI| pl1k+p—3|

Extracting the divergence in the temporal part. To extract the divergent logarithm term in the temporal part of the two-loop
self-energy [Eq. (89)], we must examine the behavior of the quadruple integral in the region |k|,|p| > |g|. In this regime, the
integral reduces to

1 .
~Tr{y 22 (q)] = —4rn%ia*viqo

Bk [ dBp 11 1 {1 pk+p)  k-(k+p) 12.5}
4

@) ) @r) kP 151 2+vi(k+Ip1HE+pD2 U IBIK+5] IKIk+7| I
(92)

where we have discarded terms which become odd under the change of variable k— —I;, p — —p in the limit of large |I€|, 1P
To perform the remaining integrals, we switch to prolate spheroidal coordinates:

- k - k - 2
Ipl = |2—|(coshu —cosv), lk+p|= %(coshu—}—cos v), k-p= %(coshucosv — 1),

p-(k+p)= %(Coshzu +cos’v —2), [kl +|pl+ Ik + p| = [kl(cosh p + 1),
3 _ |k|3 . . 2 2
d’p = e sinh p sin v(cosh” . — cos” v). 93)
Using spherical coordinates for k and performing the trivial integrations over 6 and over the angular variables associated with k,

we find

sinh u sin v sin® v sinh? g

1 ia?v? A
T Z@) = 50 [ aiE [ duav— ©4)
0

q; + v%l%lz(coshu + 1)2 (cosh . — cos v)?’

Next, we perform the integration over |12|:

/ P | : : 1 (1+”12”A2(1+ h )2) (95)
= n cosh u)* |,
0 F|k|2(1 +coshw)?  2(1 + cosh pu)?v% 2

and define x = cosh i, y = cos v to obtain

1 ia’qy [* x—1 v2 A2 ! 1 —y?
—Tr[y’Sau(q)] = —f dx———1n <1 + 1 +x)2> / dy——
4 472 J, (14 x)? q2 o1 (x —y)?

i()lqu o0 x—1 U%;Az s
- T2 /1. dxmln (1 + > (I4+x) >(x arccothx — 1)]

0

-2 A .
740 10— 2210 YA 4 finite = 29210 — 2%)02 In > + finite. (96)
27?2 q0 27?2 g1

Extracting the divergence in the spatial part. To extract the divergent logarithm term in the spatial part of the two-loop
self-energy [Eq. (91)], we must examine the behavior of the quadruple integral in the region |k|,|p| >> |g|. It helps to first
redefine k — k+q:

1 —4ntiatvig, [ dk [ dPp 1 1 |+ 1+ 51 +IK+ |
STy Do) = ——= : T
4 g1 @r)’J Qr)’ k12 1g—pF g5+vr(k+G|+|pl+Ik+pl)

X{ k+4yq_pq  C+p)q_ |PPEAGGHE+GP PG +IG1Pk-p-20-4) 59— 1dPd
k+gl 1L Jk+pl Jk+]1pI1k+p|

} .97
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We then make the following expansions in the large-momentum limit:

Edl~ kg 1 1 ki1 %Lga |k+G |+ Bl +1k+ 5|
KIOk+g| kK kP 1p—al 1Bl 1P G2 +v2(lk+G|+| pl+1k+pl)
1 L =Rk PR+ k-G k-G
N 2[|k|+|p|+|k+p|+‘; et | = (K, pI+R(E, )= = 98)
G3+VE (k|41 pl+Ik+p) G2+v2(K|+| pl+1k+ 1) 1K Ik|

where the last equality defines the functions Q(l;, p) and R(I;, P). We then have

1 - —An%ia*vig; [ dk a3 1 p-q g
3T Za@)] = — - 4 - <1+2p )[Q(kp)JrR(kp)ﬁ}

@n)* ) @2m) k2| 2 PP
y pq+<k+p>q k+q)yq (,_kq +|p|(k+q)q kq\ | Wpg (| kg
Pl Jie+pl k| |k |? |kllk+p| k|2 |pllk+pl ||
L _aPkp (| k), &DGD (| k) _1dPFg l_l?_ ©9)
k|| pllk+p| Ikl? Ikllpllk+p| K12 ) 1Kl plIk+p) |k|*
(
The terms that scale as the inverse sixth power in the momenta . .
k, p give rise to a logarithmic divergence. These are the terms = d’k d’p R(k,p) (k-q)* (110)
we are interested in. There are also terms in Eq. (99) which == ey ) @n)? |]‘€'|z| FE |]§|2 ’
scale as the inverse fifth power and so would seem to produce P Po REB) (ReVEE
a linear divergence. However, these terms vanish identically as By = — . P3 q( ,p) ( ~C{)(p-q) (111)
can be seen by performing a coordinate transformation k — @m)? ) @Cr)’ k2| p1> Ikllpl
—k, p — —p. We isolate each of the terms which contribute to . &k [ d®p RK,p) (k-g)k+P)g
the logarithmic divergence in the following series of integrals: =13 = 3 3021205 T (112)
@Qr)*J Q) kI2p1*  Iklk+p
o o [ LR (& 0kp) (P ) o z o [ LR [ L RED) IPIEG?
& =—— =———=- |, By = ==,
@)y J Q) kPIpIP\ kP k] @) J @) k2B k2 1k+p|
. dk [ @p ok.p) 1pl (k9?_laf oo [ [ Ep RED EDGD
@0 ] @) kP11 k+pI\ kP k] @) @m)* k1P |plik+p)
(101) To perform these integrals, we again make use of prolate
5 5 e spheroidal coordinates for p and ordinary spherical coordi-
B = &’k [ dp Ok,p) (kq)p-q) 102)  nates for k, in which case we have
@) ) @) (k2 I |kl plIk+p| \E|(cosh p+1)
N &k [ d®p Qk.p) 131*k-P) Qk.p) > ——— 5 = 0. k),
== ) eo') oo miakes qf”‘”'f'};(f el
= SN - —v%|k|“(cosh u+1) ~ -
g, — @k [ dp Okp) kDD _ o R(k,p) — qf = 7 = RO k).
@ry ] @y iR B+l ’ [a5-+vilkl?(cosh u+17]
(104) (115)
- _ d3k d*p Q(lz,ﬁ) (12.67)(13.6;) (105) In addition tqthe relations given in Eq. (93), we also make use
6 Q3] 2n)? |%|2|ﬁ|2 |];||5|2 ’ of the following:
o Tk [ dPp QKk.p) (5-g) (106) k-G = [kIlG| cos by,
er3 ) @y k2 pr 1pP ] L.k N
R S -q = —|[g, sinh u sinv cos 8 + g, sinh w sin v sin 6
Pk [ dPp 0K.p) (p-g)E+p)- P-4 L9 sin y
g = : p3 Q( f’) (p i])( qu) 4 (o) 2
@2r)* ) @ry |k12|pl>  |plPlk+pl +¢z(cosh pcosv — D]. (116)
z, — 4’k Bp 0k, p) k) p-q) e Here, 6 is the polar coordinate associated with k. After we plug

these expressions into the E;, we first perform the integrations
108) over 9 as well as over ¢, the azimuthal coordinate associated

. . with k. All the remaining four-dimensional mtegra]s are then

&k [ d&p Qk.p) |k|(p-g)* functions of ¢, and g, only in the combination g7 + ¢, which

= T (109)
@y ) @r) (k21512 1p1Pk+pl

Q@ry ) Q@r) k2B kI plIk+p]

(1]
S

we may rewrite as |g]? — g2, We then set g, = |¢] cos6;
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and perform all the 6, integrations, which are easily done.
Replacing cosh u — x,cos v — y, we then find the following
results:

- g2
ga = 12n4/ dx/ dy/ d|k|
K11+ x)x 4y = 2)(1 = y?)
(46 + VR kP +x 2] = )%

D 1312
8 = d d k
Z 2474 / / y/ o

i=11
|k|[ — 02k + )] = D(1 —y )
[42 + v2 1K1 + )2 (x — y)?

(117)

Each 3D integral is logarithmically divergent, and the coeffi-
cient of the divergence can be computed straightforwardly by
first performing the |12| integrals exactly and keeping only the
term proportional to In(vrA/qo). The remaining integrals on
x and y can also be done exactly. The results are

10
10 2 2
8 = ﬂln( )+ﬁn1te
P 1274 1q]
15
10 2 2
z; ﬂln + finite, (118)
24y |q|

—_

i=1

and thus

15
10 2 2
ZE - #m (119)

<| |> + finite,

1 . 4 3 (10 — )]G )? A
L WO i o Ui 01 LN (—)
4 g1 8w g1
(10 — A
= %azqu, ln< ) (120)
2 g1

Combining this with what we obtained for the temporal part,
we then have for the full diagram

0—n2 0 o a9 A
Yolg) =i 5—(qoy” +vrg - y)a”In| — ). (121)
27 lq]

FIG. 9. Two-loop bubble correction to the electron self-energy
Xae(q)-
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C. Two-loop bubble correction to self-energy

The two-loop bubble correction to the self-energy is shown
in Fig. 9. This diagram evaluates to

d*k
Zaulg) = - [ S5 Gola—by a0V}, (122)

where [1g(q) is the result for the one-loop bubble diagram
given in Eq. (11). To compute this integral, we will devise
a streamlined approach to computing self-energy diagrams
that contain vacuum polarization subdiagrams. In other words,
consider the more general situation where I1 (k) is replaced by
an arbitrary polarization function I1(k). Dimensional analysis
tells us that I1(k) must have the following general form:

|k|” kP2 A
(k) = [F(z)l <T) + G(z)],
v Lq

where z = ko/(vF |l€|) as usual, and F(z) and G(z) are arbitrary
functions. Using this form, we can rewrite our expression for
the corresponding self-energy ¥(q) as

®© &k 1
X(q) = —Sniazvzf dz/ -
P ey 7’

A
X |:F(z) In <ﬁ> + G(z)].

We are only interested in the logarithmically divergent terms,
so we expand the fermion propagator in the limit of large k:

o 4K 1|:1—z2 0 1/3~~}

(123)

oq K
v

(124)

e 2R a2 P T (1 2 Urd Y
(125)
We then have
-2 00 2 2
2@:_41701 dz[(ll;—zz)zqwo— %vﬁ] : )7}
x / dlklm[F(z)ln<|A|>+G(z)] (126)
q

The integral over |I¥| is easily performed, allowing us to express
the self-energy as

4io? A
X(q) = i [A>q0y° — Bovpg - y1In? 3l
0 . A
+ [A1g90y” — Bivpg - y11n I(,]TI , (127)
where

1 00 2
A2:§/ dz F(z)——~

oo (1+ 22
BV 2+1/3
ms ] O
A = Ood G( )1_—Z2
“/_w AT
00 1/3
Blzf_ood G(z )% (128)
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We are now ready to evaluate ¥,.(g). From the expression
for I15(q) given in Eq. (11), we have
N
F(z) =—

N 1422
—_—, ——1In .
62 1272 4

Plugging these functions into the above expressions for Aj,
etc., we find

G(z) =

(129)

N N N
Bz:— A]: B1=—.

A, =0, — _—
: 187 127

(130)

These results then lead to the final expression for the self-
energy correction:

ON 5, - _ (A
Ezc(q) = —ﬁl(x Vr{q - yln |qT|

iN o A
+ 522 [390y" +vrG - Yle’In( = ). (13D)
o 4

Combining ¥, and X,., we then obtain the full second-
order electron self-energy:

2N ., . . LA

¥h(q) = —Wl()l vpq - ¥ In IqTI
4 I5+N 1 0 45+ N 1 N

l 372 > qoY 02 5 VFq - Y

A
x % 1n (T)
g1

V. RENORMALIZATION

(132)

We will now demonstrate the renormalizability of our
theory and derive the renormalization group (RG) equation
for the interaction strength, Fermi velocity, and quasiparticle
residue to second order in . We will also derive identities that
serve as valuable checks for our previous results.

All of the results derived in the previous section depend
on an ultraviolet momentum cutoff scale A. In a complete
theory (which is unknown) that takes into account the full band
structure and interaction without any approximation, the cutoff
dependence would be absent since the energy dispersion will
not be precisely linear all the way to large momenta in such an
exact theory, and therefore no explicit cutoff will be necessary.
The cutoff indicates the energy/momentum regime where our
effective low-energy theory defined by our action in Eq. (6) that
describes the excitations at the Dirac cones is no longer valid.
This high-momentum regime can be, for example, identified
with the Brillouin zone boundary, the position of a van Hove
singularity in the band structure, or simply the inverse lattice
constant. We emphasize, however, that even such an unknown
exact band theory, if it includes quantum interaction effects
correctly, would manifest the ultraviolet renormalization ef-
fects in the sense that as the theory is used to calculate lower
and lower momentum or energy properties of the system, it
would manifest a logarithmic divergence as the Dirac point is
approached, but the effective cutoff momentum entering such
an exact theory would itself be also scale dependent and not
like the fixed cutoff A appearing in our formalism, which is
based on a model linear Dirac band dispersion. In our effective
theory framework, the cutoff separates the space of low-energy

PHYSICAL REVIEW B 92, 115101 (2015)

modes with known dispersion and interaction from the a priori
unknown high-energy modes, and when restricting internal
loop momenta to k < A, we essentially discard the latter.
In a complete renormalized theory, these contributions must
be taken into account separately. For observables measured
at small scales p <« A, the high-energy contributions arise
from modes fluctuating over time and distance scales ~1/A,
i.e., they appear as essentially local corrections. A simple
power-counting argument shows that only the self-energy,
the vertex, and the polarization have a strong dependence
on the high-energy cutoff, and we account for the missing
high-energy contributions by adding local terms to the action.
These terms are known as counterterms. The coefficients of
the counterterms are a priori unknown but should be chosen
in such a way that our computation gives the experimentally
observable renormalized parameters, which only depend on
the cutoff in subleading order O(p/A). As we discuss in the
following, this procedure allows us to remove any strong cutoff
dependence from the theory, yet introduces a dependence of
the renormalized parameters on a low-energy renormalization
scale. The divergence structure of the theory also determines
the running of the renormalized parameters.

This section is structured as follows: First, in Sec. VA,
we introduce the renormalized Hamiltonian and discuss the
relation between bare and renormalized parameters. This is
followed by a detailed and abstract discussion of counterterm
renormalization for 3D Dirac materials in Sec. VB. In
particular, we derive various identities that link the coefficients
of logarithmic divergences in self-energy, vertex, and polariza-
tion to the beta functions for coupling, Fermi velocity, and field
strength. In Sec. V C, we use the results of the first part of this
paper to derive the beta functions explicitly. The two-loop
RG equations have some additional corrections stemming
from the insertion of lower-order counterterms in the one-loop
diagrams, and we include a derivation of these diagrams in this
section. Based on the results for the beta function, we comment
on the critical interaction strength o, at which the RG flow
has a fixed point, possibly, but not necessarily, indicating a
breakdown of the perturbative expansion.

A. Renormalized perturbation theory

We first formulate a renormalized theory, in which we
introduce counterterms that remove logarithmic divergences as
a function of the momentum cutoff A from all results obtained
from the theory. To do so, we relabel all fields and constants in
the original theory with a superscript B to denote their “bare”
values, and then introduce renormalized fields and constants.
In other words, we rewrite the action as

N
S= 3 [ardREE B2+ 0Ty 0
a=1

_ 1 o
+ 20l yOyl) + W/drd%(aiw%? (133)

We first rescale the electron field ¢ = Zl;l/ zlﬁB and the

Coulomb fieldp = Z,, 1/ 2(,03 . If we perform this field rescaling
and rearrange terms, the action becomes

Sp = So + Sei, (134)
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where
N
- Z / dt d3R (Kzayoatwa + vFlpaVlaiwa
a=1

_ 1 N
T WD+ 5 f di RGP, (135)

N
Set = Z/dr &R GoVay 8 Va + 810r0ay 9
a=1

0 8p 3p 2
oty - 3% [ardRawr.  ase
The first part of the action S is just the “bare” action, but with
a renormalized Fermi velocity vy and charge g that are defined
at a momentum scale u, which we will call the renormalization
scale. The second part S gives us the counterterms mentioned
above. As discussed, they have a precise meaning in that they
account for the high-energy physics that is not captured by the
low-energy theory (6). The § coefficients in this part of the

action are given by

So=1—2y, (137)
B

S1=1- —Fz,p, (138)
VF

8y =1-2,2) (139)
gz

8y =1-"52,. (140)
B

The Feynman rules associated with Sy are the same as those
given earlier for the “bare” action. Those for the counterterms
are as follows:

——X—— —i(Sokoy® + vrdik - 7),  (141)
)

RN P, (142)
g

—iyYs,. (143)

B. Identities

As we have seen, when computing correlation functions
defined by the theory given by Eq. (133),

M (BRI HARY W
= (Ty2) . P @) (5n) . 0P ), (144)

we will encounter divergences as a function of the momentum
cutoff A in our theory. The Green’s functions acquire an ex-
plicit cutoff dependence as indicated on the left-hand side. Our
goal in defining the renormalized theory above is to eliminate
this cutoff dependence, trading it for a dependence on the scale
(. The renormalized correlators determined from this theory,

Xn3 Vs oo oy Yms €U, L)

—n/2
an/ G,lim[xl, B S PR ,ym;(xB,vg,A],

Gn,m(-xl’ “ee

(145)

PHYSICAL REVIEW B 92, 115101 (2015)

where

Gn,m({xi}’{yi}; a,vp, L)
= (Ta(x1) - .. Ya(x)p(y1) - ..

thus do not depend on the cutoff. The renormalized Green’s
functions are instead functions of the renormalization
scale p, the renormalized Fermi velocity vp, and the
renormalized charge g?. As we will show in the following,
these renormalized quantities are running quantities that
depend on the scale u, ie., g> = g*(u) and vy = vr(p),
with an evolution that is governed by renormalization group
equations. The cutoff dependence is removed by allowing
the bare parameters (the bare Fermi velocity vE and the
bare residue Z ) to depend on the cutoff so as to cancel the
divergences order by order in perturbation theory:

P(Ym))s (146)

Zy =1— Fy(a,A,p), (147)
Z,=1— F,(a,A,p), (148)
vy =vpll — Fy (o, A )], (149)
(%) = g’[1 — Fy(a, A, )], (150)
where
A
Fyle, Aypp) =) 2y n(e)In” (—) (151)
n>1 H
A
Fy(a, A, ) = Zzw(a)ln <;> (152)
n>1
A
Fy (. Ap) =Y v(e) In” (-) (153)
n>l1 H
A
Fo(a,A,p) = Zgn(a)ln" (—) (154)
n>1 K

The dependence on powers of ln(%) of these functions is
required to cancel the divergences in A coming from the bare
action. The bare fine-structure constant oz can similarly be

written as
ap = o[l — Fy(a, A, )], (155)

where

(156)

Folo, A1) = an(ooln( )

n>1

The functions f, can be expressed as a linear combination of
the various v,,’s and ¢,,’s, i.e.,

fi(a) = gi(a) — vi(w), (157)

fr@) = ga(@) — va(@) + gi@vi(@) — vi(@)?,  (158)

(@) = g3(@) — v3(@) + ga(@)vi (@) + g1 (@)vi (@)

+ gi(@)va(a) — 2vi(@)va(a) — vi(a)®,  (159)

and so on.
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Let us now consider the bare n-particle correlator defined
in Eq. (144). Note that by the definition of Sp in Eq. (133) it
does not depend on w, i.e.,

d
n—Gp [tx}{yike® vE Al =0. (160)
du ™
We can use this fact to derive the Callan-Symanzik equation
for the n-particle correlator (146) by combining Eq. (160) with
Eq. (145). This gives

d n/2 .
ua[lw Gum(fih (yihievp. ]| s 0 = 0. (161)
The Callan-Symanzik equation then follows by using the chain
rule:
0 0 0
w—+ ﬂa + VEYop 7 T 1Yy
au ovp
X Gn,m({xi}v{yi};g ,UF,,LL) :07 (162)
where we define
do
Po =1 (163)
Ky,
dv
VFVor = M (164)
du |y,
d
Yy Z]/, = /,Ld—\/Zl[, , (165)
2] op
d
Yo/ Zy = u@\/z(p (166)

Note that, by construction, the n-particle Green’s function
Gum({x:}; g,vF, 1) is finite, for we determine the coefficients
in Egs. (147), (149), and (150) precisely to remove the
divergent terms. This implies that B, y,,, and y, must be
free of any divergences in A. In addition, it turns out that 8,
Yurs Vur» and y,, are independent of vr.

Let us now relate B, By, vy, and ¥y, to the coefficients
of the divergent pieces in Eqgs. (147) and (149). First, let us
consider the coupling «. Since the bare coupling a® cannot
depend on u,

d g

U—-u

=0. 167
n (167)

B

[

If we now substitute in Eq. (155), we get

d
Md—{a[l — Fola,A,)]}| =0 (168)
7 b
or
d
Bull — Fo(a, A, )] — Mad—[l — Fo(a, A, )] =0.
I'L ngUp
(169)

We can rewrite this as
180! = Fa((X’Avu’)ﬂO(

+ ui)F (a,A,p). (170)

0 0
-« IBa_+UFVvF8 I
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Since B, must be finite, it is completely determined by f;(x):

Bu = —afi(@). (171)
Higher-order terms obey the recursion relation
afn 0fn
(14 D@ = fu| ful@) + a2 |+ avpy, 22
oo ovp
(172)

We can derive similar relations for the Fermi velocity anoma-
lous dimension y,,.. Requiring that the bare Fermi velocity be
constant in p yields

J/UF = vaFUF(a7AvM)

a a a
ﬂa_ + vaUF + M vp(aaAvu)v (173)
dvp ou

from which, by a similar method as for g above, we obtain the
relations

Yor = —v1(@) (174)

and
0 0
n+ Duygi(a) = (Vvl + ﬂa + VFYvp 30 )vn(a)- (175)

We may also derive such a relation for the field anomalous
dimensions yy () and y,(ct). The relations for the renormal-
ization of i are

(176)

1
vy (o) = 20 1)

and
d
(n + Dzy pyi(e) = <ﬂa(a)£ - 2)’1//(“))Z\//,n(a)a (77)
and those for ¢ are

1
Vo(@) = S210(@) (178)

and

0
(n + Dzgny1(a) = (;3&(05)5 - 2V¢(Ot))zw,n(0!). (179)

C. RG analysis

We now pursue the RG analysis for our system, deriving
the counterterms and RG equations and performing some
important checks on our results.

1. One-loop RG analysis
The divergent part of the first-order self-energy [Eq. (12)]
is

2o A
El(q)=1—1n<| |>qu ¥ + finite. (180)

3r
This divergence can be canceled out by the self-energy-like
counterterm (141). This, in fact, yields the values of §y and §;
to O(a); we find that §, = O(a?), and thus there is no field
strength renormalization Z,, to this order, and that

8 = 2o In <ﬁ> + 0(a?). (181)
"

3
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FIG. 10. Diagram corresponding to the counterterm I1sg c7(q)
for the two-loop self-energy polarization diagram.

The leading-order polarization, as we see from Eq. (11), is
divergent as well. This divergence may be canceled by the
Coulomb propagatorlike counterterm (142). This defines the
renormalization §, to order O(«):

20N A 5
8, = In|{ — ) + O(a’). (182)
37 1%
Finally, the vertex correction at ¢ = 0 is given by
(183)

d*k g2 ol 0f. o
~ | — 0_iy0 =0.
«A< /(2n)4 |k|2 iy i ty le

Any divergence here would be canceled by the vertex coun-
terterm (143). We see that there is no divergence, and thus
8, = O(a?).

2. Two-loop RG analysis

The divergent parts of the two-loop contributions to
polarization, given by Egs. (34) and (71), are
22 A 1[2(z>+4
|Q| %4 N{IHZ(T)—I-—[ (= +4
Iq] 3 22+1

I PONL: Al
se(q) ~ &7 on2

A
(=) n(2)] s
z g1
and
My(q) ~ —@—Ncm (A> (185)
Y g2 2n2 1)

The diagram corresponding to the counterterm that cancels
out the divergence in I1gz(q) is shown in Fig. 10, and we will
denote it by I1sg c7(q). We find that it is given by

Mse.cr(q)
i I - I
=2i8 Nf |:y0 iy’=v k-)’/’—]
) ey F+q Tk
2 2 2 1 241
N Y SRR P
2 37 Gl 241 2

A
q 4
g|* 40 Al A 2 1 241
:—@izz\zln—[ln——Z——-1n<Z + )}
g 9m u
(186)
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»
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a) (b)

<)

—~

—~

FIG. 11. (a) Coulomb counterterm contribution to the second-
order self-energy counterterm diagrams X,.(q). This is the only
nonvanishing contribution. (b) Self-energy counterterm contribution.
This diagram vanishes for the same reason that the “rainbow” diagram
is zero. (c¢) Vertex counterterm contribution. This diagram only
contributes at orders higher than /.

Since the vertex renormalization is zero to leading order [cf.
Eq. (183)], there is no contribution from

'V\/\@\N\« = 0(). (187)

If wenow add I1sg and IT5g 7, we find that it partially cancels
the divergence from I1g; all that is left behind are In? and In
terms with constant coefficients:

Mse(q) + Hse,cr(q)
a2 f () 124
- g2 on? Fi *3 22+1
o) ()
z? g1
Ig1% 222 2 A 8 A
———N|—In —In|— )| 188
+ 7 o m +3 n " (188)
This remaining divergence plus that coming from ITy may

then be canceled by adding the appropriate terms to §,. Upon
doing so, §,, becomes

5, = 2Nl (Ce=8) 2 m (A)+ 22 v (2
P 3n 47 9)x w)  9m? w)

(189)

We now turn our attention to the two-loop self-energy
diagrams. There is only one nonvanishing second-order self-
energy counterterm diagram, namely, the one involving the
counterterm Coulomb propagator, shown in Fig. 11. This
diagram evaluates to

d*k

_iS,,/ (271)47/

4N
=6,2%1(q) = oy

0 84 |k|2
K+ g2

o K+d
(k +q)?

Eth =

o*vpg -7 In il In " (190)

This has precisely the form needed to remove the In® term
from ¥,(gq) provided we add appropriate second-order terms
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52 (AN LN o (A
=_—1In ——«
"7 3g m 92 m

+ (45 TN 1)042 In (%) +0@@. (191

to &1:

On? 2

8o also receives contributions at second order:

154N 1\, (A ,
60 = ( 372 — E)Ol In <;> + 0(0[ )

3. Beta functions and RG equations

(192)

We are now in a position to determine the RG equations
describing the various couplings in our theory. We do this
by determining the coefficients in the F functions defined by
Egs. (147)—(150). As we saw above, we can then immediately
read off the beta functions and anomalous dimensions from
these and thus obtain the associated RG equations.

Letusbegin with Z,,. From Eq. (137), we see that, to second
order in ¢, it is just

I5+N 1) , A
Zy=1-— - = In{—). 193
' ( 302 2)“ “(u) (159
This immediately tells us z; y (@),
I5+N 1) ,
Z]q@[/(a) = (W — 5)0{ s (194)
and thus yy,
I5S+N 1) ,
=|——-- . 195
4 < 672 4)a (195
The RG equation for Zy, is thus
dInZ 15+N 1
nZy (AN 1) (196)
dinp 372 2

Next, we will look at v. We first solve Eq. (138) for - —:

5 1-36 1-36
Ur _ . L (197)
Vf Z,/, 1— 8()
Using our results, we find that, to order o?, % is
B 2 A 2N A
U—le——aln )+ =—=&*In( =
vF 37 n Om? m
2N A
— 2In® (= (198)
92 m
This immediately tells us v(«) to second order:
2a 2N ,
=— — — 199
vi(a) i 92 (199)
The RG equation for vy is then
dInvp 20 2N o
=Yy, = — - 200
din Yor vi(a) = 3w o2 (200)

It is interesting to note that the second-order correction to
the RG flow of the velocity only depends on the self-energy
correction coming from the RPA-type bubble diagram shown

PHYSICAL REVIEW B 92, 115101 (2015)

in Fig. 9, while the contribution coming from Fig. 8 cancels
out exactly.

Next, we look at Z,,. As is shown in Appendix C, 1 — 6, =
Zy, and thus, to second order in «, Z, = 1. We therefore
find that Z, remains constant for all values of w. Finally, we
(g )

consider g2. Solving Eq. (140) for gives us
B2
1
7 _ . (201)
g2 1-46,

Expanding to second order in o, we get

(g% 200 3 8\ o A
— = l+_N 1+ —-C——=|)—|In|—
g 3n 4 9)n 7

+ 2;“21\1(21\7 + 1) In? <§> (202)
mr2 n
From this, we can now read off g;(«):
2a 3 8\ o

We can now determine fj(c) and thus the RG equation for «.
The former is

—Zv+ne <1c g>N<3>2 (204)

and the latter is
da 2(N+1) 27C — 44
= —afi(e) = o’ ;
dlnp 3n 54w

These equations agree exactly with those that we would obtain
directly from the Callan-Symanzik equation; we show this in
Appendix D. If we calculate the value of the coefficient of the
a? term, then we find that it is negative:

27C — 44
— = —0.0150184.
542

Therefore, we find that there are two fixed points for this
equation, similarly to the case of graphene [65], « = 0 and

367 1 1
= (1) =141208( 14— ). (207
“ 44—27C< +N> ( +N> (207)

If we start with a value below the latter critical value @ < o, at
alarge scale u, then « will go to zero as we decrease . On the
other hand, if we start with & > «,, then we instead find that
a diverges to infinity as p decreases, indicating a runaway
to infinite coupling. Similar behavior was also found in
graphene [65], although in that case the corresponding critical
coupling is much smaller: o, = 0.78. In the present context of
3D Dirac materials, however, an additional interesting feature,
not present in 2D graphene, arises. Notice that the second-order
correction to the velocity RG equation (200) also differs in sign
from the leading-order term, implying the existence of a second
special value of «, this time at o, = 37r/N. If we start with
o < oy, then the velocity grows monotonically as ¢ decreases,
while for o > «, the velocity is initially suppressed as u
decreases. Moreover, since o, < «, for all values of NV, there
exists a window of couplings ., < o < ¢, in which both the
coupling and velocity become smaller with decreasing u.
This behavior persists until « falls below «,, at which point
the velocity reverses course and grows as the low-energy,

Na®. (205)

(206)
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FIG. 12. (Color online) Numerical solution of the RG equations
for « (dark gray, red online) and vy (light gray, blue online) for
a(po) = 0.9 and N = 12, which are typical values for the pyrochlore
iridates. Since a(uo) is far below «,, indicated by the red dashed line,
we find that it increases for small y, then saturates to «.. v, on the
other hand, decreases as p increases up to about p =& 0.95u, then
starts increasing. This is better illustrated in Fig. 13.

noninteracting fixed point is approached. Thus, we find that
for sufficiently large interaction strengths, the velocity exhibits
nonmonotonic behavior as the weak-coupling fixed point is
approached at the Dirac point. We illustrate this behavior in
Figs. 12 and 13, in which we show a numerical solution of
the RG equations for o and vy for a(up) = 0.9 and N = 12,
typical values for the pyrochlore iridates. This nonmonotonic
running of the velocity for o, < a < o, is in total contrast to
graphene velocity renormalization, which is always monotonic
for all coupling constants.

One noteworthy feature of the RG flow for the Fermi
velocity that creates a major contrast to graphene is the fact
that, unlike in graphene, where the Fermi velocity diverges at
low energy [56,60,65] (at least for a strictly nonrelativistic,
instantaneous interaction; in the real system with relativistic
interactions, this growth will cease when the Fermi velocity
reaches the speed of light) the Fermi velocity remains finite in
the limit that the energy scale goes to zero (i.e., at the Dirac
point). This can be traced back to the fact that, in graphene,
charge does not renormalize, as shown in Table I. As a result,
since graphene becomes weakly interacting at low-energy
scales, the Fermi velocity must diverge. This is not the case for
3D Dirac materials. Because charge can renormalize in this
case, there is another way for the system to become weakly

1.2

1.1

ve()/vi(to)

0 0.5 1 1.5
K/ o

FIG. 13. (Color online) Plot of vy alone, with the range for
adjusted to better illustrate the nonmonotonic behavior of vg.
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interacting at low energy, and that is for the charge to go
to zero. This is exactly what happens here. As a result, the
Fermi velocity remains finite, even at low energies; it simply
renormalizes to a different value. Thus, the nature of ultraviolet
renormalization in 3D and 2D Dirac materials is qualitatively
different.

As in the case of graphene [65], the appearance of o, and o,
in 3D Dirac systems may be a manifestation of the breakdown
of perturbation theory (due to the asymptotic nature of the
perturbative expansion in «) rather than real quantum phase
transitions, particularly since these points precisely correspond
to the second-order corrections becoming comparable in
magnitude to the leading-order results. Following Dyson’s
original argument for QED [83], we can obtain an estimate
for the order of the expansion beyond which the perturbative
results can no longer be trusted [65,84]:

3.09797

e (208)

Here, n is the expected perturbative order up to which the loop
expansion in the effective fine-structure constant is asymptotic,
with the perturbation series diverging beyond the nth order.
As an example, let us consider Cd;As;: the experimental
values [24-26] of the Fermi velocity are typically in the
range 10°-10° m/s, while the dielectric constant has been
measured tobe x ~ 20-40 [67,68], suggesting coupling values
in the range o ~ 0.1-1. Equation (208) then suggests that
our second-order perturbative analysis is likely to be valid
for coupling values toward the lower end of this range, but
as « approaches unity, the results become questionable. If we
interpret o, as a signature of the breakdown of the perturbative
expansion, then we would further conclude that the validity of
perturbation theory also depends on N since o, is inversely
proportional to N. For a material like Cd; As; for which N = 1,
we find «, = 37 ~ 9.4, which is more or less consistent
with Eq. (208). However, for the pyrochlore iridates [3] with
N = 12, we instead obtain o, = 7 /4 ~ 0.8, which may call
into question the applicability of perturbation theory for these
materials if their effective interaction strength « satisfies
« 2 a,. The fact that perturbation theory would seem to be
more reliable in the regime of smaller N is interesting given
that this is precisely complementary to the regime in which
RPA or a large-N expansion is valid [62,66]. It would appear
that perturbation theory and RPA/large N are in this sense
complementary to one another.

In contrast to QED, where the bare coupling is fixed to
be N% so that the perturbative expansion is asymptotic to a
very high order, the 3D Dirac materials enable, in principle,
an investigation of both the running of the coupling for a
specific material and the analysis of the asymptotic nature of
the underlying field theory by varying the Dirac material so as
to modify the bare coupling from a value as small as 0.1 to as
large as 1.

4. Consistency check

We will now apply the recursion relations for the coun-
terterms (172) and (175) to our results to ensure that they
are satisfied, thus providing a compelling check on our
calculations. To be exact, we can show that our results for
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fi() and vi(x), at order «, along with the beta functions
and anomalous dimensions determined in the previous section,
give the same values of f>(«) and v, («) to order o? that we
determined directly from our two-loop calculations.

Let us start with the relation for o, Eq. (172). We already
found fi(«) in the previous section, so we only need to
determine f>(«). Using the previously stated formula for this
function, we find that, to order o2,

H@) = gr(a) — va(@) + gi(@)vi (@) — vi(a)?

42
——— (N + 1)~ 209
53N+ 1) (209)
Now let us check that we obtain this result from our recursion
relation. If we substitute f;(«) and 8, into Eq. (172) and only
keep the lowest-order terms, we obtain

20f>(a) = _MOﬂ(l + ai) Ma
3 o 3
2
_ _%Og_ (210)

This gives us the value of f,(«) stated above.
We may similarly apply the relation for vp, Eq. (175). We
may immediately read off v,(«) from our previous results:

v (a) = 2. @211)

—«
92

Again, we wish to show that we obtain this same result from
the recursion relation. Substituting v;(«), y,,, and B, into
Eq. (175) and keeping only the lowest-order terms, we find that

20 2AINH+1) , 0 2«

2 ==L T 2 )=

va(@) ( 3 + 3n * do ) 31
4N ,

We thus obtain the same value of v, () stated above.

VI. EXPERIMENTAL DETECTION

In this section, we discuss how the running of the
quasiparticle properties discussed in the previous sections
can be detected in experiment. Such an experiment has
to extract either the Fermi velocity or the fine-structure
constant over a parameter range to check for scaling. Previous
experiments on 2D Dirac materials had precise control over
temperature, doping, and disorder, all of which are competing
scales that cut off the intrinsic renormalization group flow
at low energies, possibly masking the intrinsic Dirac point
physics. For example, varying the doping by means of an
external gate potential, the Fermi velocity renormalization
induces an increase in the Fermi velocity as smaller densities
(corresponding to smaller Fermi energies) are probed [56].

It appears that at the present time, a comparable control
over 3D Dirac material properties is still lacking. While initial
experiments have reported control over the bulk detuning by
varying the surface doping [23], this might not yet be sufficient
to provide definite signatures of renormalization. In addition,
typical samples can have strong disorder. However, a clear
observation of scaling does not require the suppression of all
relevant perturbations, but rather a hierarchy of scales where
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one parameter (for example, the temperature) can be tuned
to large values compared to any other scale (for example,
the doping). In this section, we discuss this largely overlooked
alternative way of detecting renormalization effects by varying
the temperature.

This section is structured as follows: First, we give an
example for the integrated charge renormalization to leading
order in @ which can be obtained in closed analytical form,
thereby introducing the Landau pole scale which signifies
a divergence in the renormalized coupling. Second, we
illustrate the effects of finite temperature on the Drude weight
as obtained from kinetic theory as a generic example of
an observable that can be detected in optical conductivity
measurements. We show that the Drude weight of an ex-
trinsic system (i.e., with finite doping) at finite temperature
assumes the same value as the Drude weight of an intrinsic
system, i.e., increasing the temperature probes the intrinsic
system irrespective of initial detuning. The renormalization
is then apparent in an additional temperature dependence
of the quasiparticle parameters giving rise to a deviation
from the intrinsic unrenormalized linear-in-temperature scal-
ing. In the third subsection, we present a calculation of the
plasmon behavior to leading order in RPA, which naturally
incorporates the effect of finite doping and the renormalization
of «. Thus, by studying plasmon properties experimentally as
a function of doping density and/or temperature, it should be
possible to verify the ultraviolet renormalization and the RG
flow of 3D Dirac system many-body effects.

A. Coupling constant renormalization and Landau pole

To illustrate the coupling constant renormalization, we
consider the renormalization group flow of the coupling to
one loop. As derived in Eq. (205), the renormalization group
equation is

da _2(N-|-1)oc2
dlnp 3

(213)

If the beta function has negative sign, the coupling becomes
weaker with increasing energy scale; this is the situation
encountered in quantum chromodynamics, where the perturba-
tive high-energy limit is known as asymptotic freedom. In the
present theory, however, the coupling increases with increasing
energy scale, just like in quantum electrodynamics. Starting in
a perturbative regime at small energy, the system becomes
nonperturbative at higher energy. Solving the renormalization
group equation (213) with the boundary condition « (i) = g
(the measured value of the charge at a scale (1), we obtain

. oo
3n 7

It turns out that this solution has a divergence at a scale
w = Ap = poe’™/*N+Da known as the Landau pole. We can
express the renormalized coupling (214) in terms of the Landau
pole:

3 _ AL
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The Landau pole is thus the effective parameter that char-
acterizes the interacting Dirac semimetal. At scales close to
Ay, the coupling diverges and the theory becomes strongly
interacting, even if we start with a weakly interacting theory
at low energy. The theory makes no prediction for Ay; it
is a material property that must be taken from experiment.
Strictly speaking, as the renormalized coupling diverges, our
first-order theory loses validity, and a more complete and fully
nonperturbative calculation is required in order to establish
if the divergence is cut off by nonperturbative effects or
if the coupling truly diverges. Our theory, however, makes
the unambiguous prediction that the charge should increase
logarithmically at high energy or temperature (setting u = T).
By analogy with quantum electrodynamics, one would expect
that the pole is preempted by a phase transition, although this
remains to be established for Dirac semimetals [85].

We mention that by definition our leading-order beta
function [Eq. (213)] has no asymptotic freedom (i.e., there
is a positive sign on the right-hand side for all « values); in
fact, we have the Landau pole at very high energy where the
running coupling diverges. We note, however (as discussed
in Sec. I of our paper), that our calculated beta function to
second order [cf. Eq. (205)] does have a negative sign if
o > o, with the renormalized coupling running to infinity
at lower-energy scale (i.e., behaving superficially similar to
the QCD situation) provided we start in the strong-coupling
regime of o > «,. In such a strong-coupling situation (which
arises only when the second-order perturbative correction is
comparable to the first-order term, and hence may very well be
unreliable within a loop expansion theory), the Dirac system
manifests stronger (weaker) coupling at low (high) energy,
superficially mimicking QCD behavior.

B. Optical conductivity and Drude weight

In this section, we show the competing effects of tempera-
ture and doping on the Drude weight of a 3D Dirac material
and demonstrate that even a moderate temperature of order
T ~ ep/2, where €f is the doping-induced Fermi energy, is
sufficient to probe the intrinsic response of the system without
detuning. The Drude-Boltzmann form of the low-frequency
conductivity takes the form

2
oy 1

< 216
drw—i/t 216)

o(w)=—

where a)ﬁ is the Drude weight and 1/7 is a transport relaxation
time induced by disorder or interactions. Within kinetic theory,
the Drude weight is given by (a detailed derivation is given in
Appendix E)
2 00 0
)= 47‘[822&& / de &? <—M),
3 0 ae

2 217)

€F
where D = Ne&2/[n?v3] is the density of states and f; the
Fermi-Dirac distribution. The red curve in Fig. 14 shows
the extrinsic Drude weight as a function of temperature.
The low-temperature Drude weight (which is dominated by
intraband excitations) starts off at a constant value with a
Sommerfeld correction that decreases its value at small but
finite temperature. The Drude weight assumes a minimum
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FIG. 14. (Color online) Drude weight for extrinsic (red solid line)
and intrinsic (green dashed line) Dirac materials. At high temperature,
there is no difference between the intrinsic and the extrinsic Drude
weight, thus manifestly showing that temperature can act as an
appropriate running scale to study the intrinsic Dirac point physics.

and then increases at high temperature where it has a linear
temperature dependence. For comparison, we include a plot
of the intrinsic Drude weight as given by Eq. (217) with
the chemical potential set to zero. It is apparent from the
figure that at high temperature both curves are equal and
the intrinsic Drude weight is measured, even if the system
started off at finite doping. The renormalization should induce
a superlinear high-temperature dependence reflecting the
intrinsic semimetallic many-body effects as discussed in the
next section.

The computation of the Drude weight within kinetic theory
gives the same results as a diagrammatic calculation using
the Kubo formula to the leading one-loop order [86]. Note
that in the intrinsic limit, higher-order diagrams are expected
to introduce nonlocal corrections to the conductivity [87,88].
Here, we consider the extrinsic case, for which this effect does
not appear.

C. Plasmon dispersion

We now consider the plasmon dispersion which is given by
the pole of the dielectric function. It is related to the Drude-
Boltzmann form of the conductivity by

; 2
) =1- T wy =1 -2, (218)
) 1)

A full solution of the plasmon dispersion to leading order in
RPA was presented in Ref. [63], and will not be repeated
here. Instead, we expand on this work by considering the
effect of charge renormalization. The defining expression for
the dielectric function does not involve the bare coupling «,
Fermi velocity, and cutoff separately, but only combined in
the form of the Landau pole without any additional divergent
terms. The full solution of Eq. (218) then gives the plasmon
dispersion as a function of temperature, Fermi energy, and
Landau pole. The plasmon dispersion is shown in Fig. 15
for both doped extrinsic (red line) and undoped intrinsic
(green line) Dirac systems using a Landau pole scale of
Ap = 8ep. As discussed in the previous section, doping
does not influence the plasmon at high temperature and the
dispersion is equal for intrinsic and extrinsic configurations.
The full calculation of the plasmon dispersion which includes
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FIG. 15. (Color online) Plasmon dispersion for extrinsic (red
solid line) and intrinsic (green dashed line) systems with A; = 8ef.
The manifest superlinearity in the temperature-dependent plasmon
dispersion of the doped system arises from the ultraviolet renormal-
ization with temperature also acting as the cutoff for 7 < Tr, as
expected.

the coupling constant renormalization predicts a superlinear
high-temperature scaling of

~a(T)T. (219)

“ nAL/T
This superlinear scaling is valid at high temperature and
is cut off a low temperature due to finite doping, as seen
in Fig. 15. While simple dimensional analysis would only
predict a linear temperature dependence of the intrinsic
plasmon [63], the correct result displays a superlinear scaling
through the logarithmic temperature dependence due to the
renormalization of the coupling as discussed in Sec. VIA.
Note that the result for the intrinsic plasmon agrees with the
Drude weight (217) if we assume a constant x and replace the
bare value of charge and Fermi velocity by the corresponding
renormalized expression (215).

An experimental observation of such a superlinearity in the
measured temperature dependence of the plasmon dispersion
would be strong evidence for the ultraviolet renormalization of
interaction effects in Dirac materials. We emphasize that since
3D Dirac materials cannot be doped in sifu in a continuous
manner using an external gate (as can be done for 2D graphene
layers), temperature-dependent measurements (in the regime
of temperature being larger than the Fermi energy associated
with the doping density) are probably the simplest technique
to characterize their intrinsic Dirac point properties. Such
temperature dependence will have a low-temperature cutoff
(or saturation) due to the remnant doping in the sample, as
shown in Fig. 15, but above this cutoff scale of the extrinsic
Fermi energy, the system should reflect the RG scaling defined
by its Dirac point properties.

VII. CONCLUSION

We have calculated the electron self-energy and polarizabil-
ity for Dirac-Weyl materials up to second order in the effective
fine-structure constant « and for arbitrary number of pairs of
Dirac cones N (arising, for example, from valley degeneracy
associated with band-structure effects). As expected, we find
that log-squared divergences arise at second order as necessary
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for the renormalizability of the theory, and we have used
these to perform many self-consistency checks of our results.
After calculating the counterterms necessary to cure these
divergences, we extracted from them the many-body renor-
malization effects that are evident in properties such as the
quasiparticle residue, Fermi velocity, and coupling strength.
Our derivation of the RG flows of the quasiparticle properties
reveal the existence of a critical point o, = 14.13(1 + 1/N),
above which the coupling flows to larger values at low energies.
This behavior is very analogous to what occurs in graphene,
which also exhibits such a fixed point, albeit at a much lower
value of the coupling: o, = 0.78 [65]. Following Dyson’s
original argument [65,83], we have argued that the appearance
of o, may be an artifact of the asymptotic nature of the
perturbative series and not a real feature of the system, but
only measurements can determine whether there is a strong-
coupling fixed point in 3D Dirac systems. It is conceivable that
our perturbative expansion is correctly indicating the presence
of a strong-coupling fixed point for the system, but the precise
value of the critical coupling strength can only be correctly
evaluated by nonperturbative methods.

Unlike graphene, however, Dirac-Weyl materials exhibit a
second special value of the coupling, o, = 37 /N, at which
the flow of the velocity reverses direction. This implies that
for couplings in the range o, < o < o, both the interaction
strength and Fermi velocity initially decrease with the energy
scale until the coupling reaches the value «,, at which point
the velocity flow reverses and begins to climb to larger
values as the energy scale is reduced further. At this point,
it is unclear whether «, should be viewed as giving rise
to an experimentally observable nonmonotonic behavior in
the Fermi velocity, or if it should instead be seen as an
indication that perturbation theory cannot be trusted for
coupling strengths comparable to or larger than o, (as is likely
to be the case for «,). This is a very interesting avenue for
further exploration given that oz, may be in the experimentally
relevant regime for materials possessing a large Dirac cone
multiplicity, such as the pyrochlore iridates. We hope that
future experimental work in 3D Dirac materials will look for
possible signatures of nonmonotonicity in the measured Fermi
velocity as a function of doping density (at low temperatures)
or temperature (at low doping densities) to check for the
predicted existence of «, in the theory.

We also discuss the experimental detection of ultraviolet
renormalization effects by computing the Drude weight and
the plasmon dispersion up to leading order in the fine-structure
constant and the random phase approximation, respectively.
There are two main findings: first, by performing computations
at finite doping and temperature, we establish that the intrinsic
renormalization group results which we obtain in this work
govern the behavior of the system at high temperature, i.e.,
the behavior of a Dirac material is the same as for an intrinsic
system irrespective of initial detuning. This general result (that
holds not only for the observables discussed in this paper) is of
particular relevance for current experiments which are not able
to precisely control doping and disorder. Second, we find that
the high-temperature Drude weight including renormalization
and the plasmon dispersion scale in a superlinear form as
~ T/In Ar/T. While the term linear in temperature can be
predicted from dimensional analysis, the logarithmic scaling
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is a direct manifestation of renormalization. The strength of
the renormalization effect is set by the Landau pole scale Ay,
a scale which resembles similar findings in QED at one-loop
order [72] and which provides a renormalization-flow invariant
parameter that may be used to fit our results to experimental
data. The superlinear temperature scaling should provide a
direct signature of renormalization effects in current and future
experiments on Dirac materials.
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APPENDIX A: FIRST-ORDER POLARIZATION BUBBLE

Here, we give the details of how to determine the first-order
polarization bubble I1z(g), shown in Fig. 1. The expression
that we obtain is

d*k
Matg) = N [ 5 Tl "Gtk + 03 °Gotbo)
@)

N d*k T 0
= — T
P

Evaluating the trace, we obtain
d*k
27 )
ko(ko + qo) — ka & +4)
"+ 0RIRP) [(ko + g0 + v 1K + G

g ok
k+q2’ 12

]. (A1)

[p(g) = 4N/(

(A2)

Evaluating the integral over ko, we get
k| + 1k + |
Myq) = —2N / 3 a_
@n)* g2+ vi(lk| + Ik + 4

k-(k+q)
X I_T_’ .
kllk + g

If we now switch to prolate spheroidal coordinates, as given in
Eq. (22), we obtain, after performing the (trivial) 6 integration,

lg1* N °°d S .
-3 u dv sinh p sinv
8wvr  Jo 0

cosh i
X 2
72 + cosh” i

(A3)

[p(g) =

(1 — cos? v). (A4)

We now make another coordinate change, x = cosh  and
y = cos v. Note, however, that the integral has a logarithmic
divergence, and thus we introduce a cutoff |k| < A on the
momentum. Doing these, we obtain

2 2A+V
g1 N/ /
87 2up

If we now evaluate the x integral, we get

s /‘ o[22+ Qh+y)?
N | dy(d—y>)m|22T7
2o ] y(1=y9)In 211

(1 =.

(AS5)

2+x2

[p(g) = ~3

(A6)
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If we now perform an integration by parts, we obtain Eq. (10)
in the main text.

APPENDIX B: FIRST-ORDER ELECTRON SELF-ENERGY

The diagram corresponding to the first-order electron self-
energy correction is shown in Fig. 3, and will be denoted by
31(g). The expression that we obtain for this diagram is

Ti(g) = d'k 0Gy(k ODo(—k Bl
1(61)——/(271)4)/ ok +q)y " Do(=k), B1)

or, upon substituting in the expressions for the bare Green’s

function Gy(k + ¢) and the bare Coulomb propagator,

L [ dk
ey’

o ktd

Gtqr’ |k|2 ®2)

2i(g) =—

The integral on ky may easily be done; after evaluating it, we
obtain

1 &Sk k+q) -7
Ti(g) = ——zg 0“2 " (B3)

Since ¥ anticommutes with y’, we may rewrite this as

Lo &k k+q) -7

z = = - B4
@) oo s (B4)

We now note that the integrand is symmetric under rotations
of k about the axis along g. Because of this, we may make the
replacement

k+4q)-q .

k+q)- 7 — FERRCARR (BS)

thus obtaining

g [Pk k+D G

Yig) =iz= ===
21g1> J @r)* (k2)k + 4|

(B6)

We now switch to spherical coordinates, with the 4z axis in
the direction of . The integral now becomes

g2
i) =i 2GF on )2/ IkI/ do siné

1G> + kl|Glcos®
— — q-v.
JIRR +13P + 21111 cos 6

B7)

Here, we impose a cutoff A on the |l€| integral because the
integral is divergent. Naively, we would expect this integral
to have a linear divergence, but we will see that it is only

logarithmic. Let us make the substitutions |7é| = |g|k and x =
cos 6. The integral now becomes
1 2 rA/lq) 1 1 .
Zi(g) = —i(§> / dk e S
8 \m 0 1+ K2 + 2/<x
(B8)

These integrals can be performed exactly; doing so, we obtain
Eq. (12) in the main text.
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FIG. 16. Two-loop self-energy vertex diagram Vsg(p,q).

APPENDIX C: SECOND-ORDER VERTEX DIAGRAMS

In this Appendix, we compute the two-loop corrections to
the vertex and show that Z, = 1 identically to second order.

1. Two-loop self-energy correction to vertex function

The first diagram that we compute is the two-loop self-
energy diagram (Fig. 16). It is given by

1% — E k
se(P.q) = /(2 i iy’ k ’ iy’ 7 1 )kly
g2
lk—p+ql

We isolate the logarithmic divergence by setting p = 0:

d*k i i i g2
Vi (0, ~/ iy —iy? - () -iy’ = . (C2
se(0,q) Y B 1( )kl)/ TR (C2)

Expanding the gamma matrix part, we find
2g2avp . d*k 1
l S
37 Q) kS |k + g2
x[(BvrkZlk[? — v Ik[*)y°

Vse(0,9) ~ —

o7 -1 4 A
+(kg — 3vpkolk*)k - 7] [3 +1In ﬁ} (C3)
It turns out that the k¢ integration vanishes identically, and thus
Vse(p,q) is ultraviolet finite.

2. Two-loop vacuum polarization bubble
correction to vertex function

Next, we consider the vertex function diagram with the
vacuum polarization bubble inserted in the internal Coulomb
line (Fig. 17), and we again set p = 0 to extract the divergence:

d*k i, g gt
V5(0,9) = iy —iy®—iy®—= Ik )
5(0,9) f(2n)4”/ Y Bk +q)

(C4)

Since the divergent part of I1g does not depend on frequency,
the integration over ko for this term will be identical to what
we had for the one-loop vertex function diagram [Eq. (183)],
and it will thus vanish. Thus, the only potential divergence
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FIG. 17. Two-loop vacuum polarization bubble vertex diagram
Ve(p.q).

comes from the finite term in I1p:
d*k k(z) —
Qm)*

AV

g4N o
= n
k4|k|2 4

1272vp

Vp(0.q9) ~

(C5)

Rewriting ky in terms of z and performing the trivial integration
over k, we find

F o4 o)

ig"N

852)// dz
—00

The integral over z evaluates to 7, leaving us with

22 —1 1+72 | A
n n-—.
(1+2z%)? 4 lq]
(Co)

Vp(0,q) ~

N 0
Vp(0,9) =i—«a ln —— + finite. (CT
372 171
3. Two-loop parallel Coulomb line correction to vertex function

We now consider the diagram with two parallel Coulomb
lines (Fig. 18). The expression for this diagram is

d*k a*¢ . o i ., i

VPC(p’q)Z (27_[)4 (27_[)4”/ q"‘lly q+k+£
0 i i 0 g &
p+q+k+l p+q+l N
(C8)

We isolate the potential logarithmic divergence by setting
p = q = 0 in the integrand. If we then redefine k — k — ¢
then it becomes straightforward to perform the integration

FIG. 18. Two-loop parallel Coulomb line vertex diagram Vpc(q).
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FIG. 19. Two-loop crossed Coulomb line vertex diagram Vcc(q).

over ko:
Ok 0
Yk
/dko o

We conclude that this diagram has no ultraviolet divergence.

3 — v}k — 2kovik - 7y
/dk P =0.

(C9)

4. Two-loop crossed Coulomb line correction to vertex function

Here, we consider the diagram with two crossed Coulomb
lines (Fig. 19). The expression that we obtain is

Vee(p.q) = d4kfd4ﬁ o 1 i
" i 0g28_2
p+q+k+l pra+E 7 R
(C10)

We again set p = g = 0, redefine £ — —¢, and then k —
k + £ to obtain

) d*k d*e
Veetp.) ~ ~ig* | 555 | G
v Ly ky "ky "+ Dy °

X — . (Cl])
k4 + )|k + €12|¢)2

Expanding out the gamma matrix product and throwing away
terms which integrate to zero, we are left with

Vee(p.q)
4 4
R L
Qm* ) @mn)*
1

x S— e AR YO S R
€2k4(k+£)2|k+g|2|£|2{( 0 F )( 0 F )
— 3koLov: k|2 k3o — [4kolo+3kE — vEIKI*]vEk - £}.
(C12)
Performing the integrations over kg and £y, this becomes
4 3 3
0 8 d’k d’t 1
Veelp.g) ~ =iy’ = =
PO x| Gny | @y ik

Sy

kI +1€) -k + € k-
Ll U el +q| 14 . (C13)
(k] + €] + |k + €])? k1]
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FIG. 20. Two-loop vertex correction vertex diagram Vy (g).

Next, we switch to prolate spherical coordinates in k, yielding

4 e 1
Vee(p,q) ~ _iyol&i—zﬁ/mﬁfdudv
1 —cosv
(1 + cosh u)?
y cosh e cosv 4+ coshu —cosv — 1

X sinh p sin v

. (Cl14
(cosh i + cos v)? €19

Performing the integrations over ¢ and v, we find

/ sinh _ sinhp
Mgl M coshpp

x (cosh g — 1)(1 + cosh y In tanh %) (C15)

Y ~
cc(p.q) lJ/S v%

R
104” , giving

10 — A
0 7’ o? In — + finite.

Cl16
27? 4] (10

Vee(p,q) = —

5. Two-loop vertex correction to vertex function

Finally, we consider the two-loop vertex correction diagram
(Fig. 20). This diagram gives us

d*k a‘e . i ., i

W)= [ Gai | Gap'” g1 g1k <!
.0 i, 0 ] . Og_zg_z
VR S N RN RN

d*k a*e 1y + 0y kv 1y

~ig*y?

Qm)* ] Q2n)* 62(k+€)2k4|l;|2|2|2 :
(C17)
We proceed by observing that
v+ DYk Ry = vk U+ Dy - (CI8)

where the ... represent terms which vanish upon integration
over k and €. This means that the product of gamma
matrices evaluates to precisely what he had in the previous
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subsection:

d*k [ d*e 1

Qm)* ] Qr)* e2kA(k + 02|k |2|€)2

x { (k3 — vEIkI?) (€2 — v:1€?) — 3kobov k|

k3o — [4kolo + 3k3 — vEIKIP]vEk - £},
(C19)

W(p.q) ~ ig*y°

and the integrations over k( and ¢ are also identical:

08 /d3k / de 1
@r)* ) @) kPIEP Ik + €|
12 O —lk+¢ k-€
y |ﬁ|+|ﬁ| |q+q| 1+ 58 0
(k| + €] + 1k + €])? |kll€]
Again using prolate spherical coordinates, we find
g* ae 1
167202 | (27) |¢)3

Vv(p.q) ~

Vv(p,q) ~ iy°

1 —cosv
(1 + cosh )2
cosh pucosv +coshp —cosv — 1

X

X /du,dv sinh u sin v

(cosh i — cos v)? 2D
This is nearly identical to the analogous expression for
Vee(p.q), except for the overall sign and the sign in the
denominator of the final factor in the integrand. The latter
comes from the fact that now we had |k|2 in the denominator
instead of |k + £|2 as before. Despite this sign difference in
the denominator, the integral over v evaluates to precisely the
same value as before, so that the only difference compared
with Vece(p,q) is the overall sign:

— 72

10 A
Vv(p.q) = iy’ ———a?In — + finite.

c22
272 Iq] (€22)

It would then seem that the divergences of V¢c(p,q) and
Vv (p,q) would cancel each other. However, Vy (p,q) receives
an extra symmetry factor of 2.

6. Two-loop vertex function

Summing up the various contributions to the vertex func-
tion, we find the total result

VA(p,q) = Vu(p,q) + Vec(p,q) + 2Vv(p,q) + finite

=iy i+10—n2 o lnA—i—ﬁmte
= 372 272 1q]

(C23)
This implies that the relevant counterterm coefficient is

5 — N +10—n2
"\ 3n2 272

As pointed out in the main text, this implies that Z, =1
to second order in «. This confirms the requirement §, = &
stemming from gauge invariance.

2 A 3 3
)a In= + 0(?) = 8 + 0@@).
n

(C24)
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APPENDIX D: CALLAN-SYMANZIK RG ANALYSIS

Here, we present an alternative means of deriving the RG
equations for our system, namely, through direct application
of the Callan-Symanzik equation. We will find that our results
agree with those derived in the main text, providing a valuable
consistency check.

1. Photon two-point function

The Callan-Symanzik equation for the photon two-point
function expanded to third order in « reads as

(:u'au + ﬂaaa + VFYor aUF + 2)/(/,)

x [V, +v,;n@+ven® + via?y?]=o0. (D
Here, V, = 4wavr /|| is the Coulomb interaction, and [1®
and TV are the leading- and next-to-leading-order vacuum
polarization functions. Summing up the relevant diagrams
and their respective counterterms from Secs. III and V
yields the following expressions for the renormalized vacuum

polarization functions:
N|g)? N|g)? 1422
no — - Nalt (e Nl TR gy
6m2vp 1q] 12m2vp 4

Nalgl | 5 (1w

1873vp Fi
Na|g|? 1+ 72 272

— alq| In te + ‘ In 4
1873 vp 4 1422 lq!

Nalg|? 32
_ Nl (o 32 (),
8m3vp 27 Iq]

In 1D, the term involving the constant C comes from the two-
loop vertex correction to the polarizability. All other terms in
1" come from the self-energy correction to the polarizability.

We can use Eq. (D1) to derive equations for B, ,,, and y,,
by plugging in [1» and IT" and solving the resulting equation
order by order in . The first-order equation we obtain is trivial:

oo —

(D3)

(D4)

and simply tells us that the first-order beta function for « is
zero: BV = 0.
The second-order equation reads as

BP0V, + vry Do, Vg +2vPV, = 0.
(D3)

V10, IO +

Plugging in the expressions for V, and 1, we obtain the
following relation:

—2ay". (D6)

2N
2 _ a? (1)
ﬁa - T ayv,:

Next, we consider the third-order equation which follows
from Eq. (D1):
V20, 1Y + V2, (M) + 0,V
+ 880 (V, 1) + vpy 20, Vy + vpy 0, (v, TIO)

+2y PV, =0. (D7)
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Plugging in T, I, B, y{1, we find that the z dependence
cancels out, and we are left with the following relation:

3
@) @ @_ Y _32)\ _
BY +ay® + 20 N(cC 0. (DS8)
Yor Ty T o 27) =

The fact that the z dependence cancels out of the Callan-
Symanzik equation constitutes a nontrivial consistency check
of our results for the vacuum polarizability.

In order to obtain explicit expressions for 8 and B, we
must first calculate the first- and second-order contributions
to y,, and y, from the Callan-Symanzik equations for the
electron two-point function and electron-photon three-point
function.

2. Electron two-point function

We can obtain y,, as well as the scaling function for the
electron field strength y, from the Callan-Symanzik equation
for the electron two-point function expanded to second order:

(V«au + Bo0y + VFYvr aUF + 2)/1#)
S 1—+— 2—+ 231—531—:|=0, (D9)
[91 947'q 47e 97d Ty
This equation involves the renormalized first- and second-

order electron self-energies, which we obtain by summing up
the results from Secs. IV and V:

2 .-
¥ = —aiqu -y In (i)
3 lq1

2N . - 13
¥ = ———ic?vpg -y In? <T>
92 lq1

J/15+N 1 0
+1 372 2 qoY

45+N 1
+ (W 2)1)1?6] )/ o 1H(| |> (DI11)

Plugging these results into the first-order equation that follows
from Eq. (D9),

(D10)

i
(vryDa,, + y@”) Fud st =0, @12)
q q q
and using the identity
0, b= Lig.p! (D13)
g~ = 14 Y —
4 4 q
yields the following leading-order behavior of y,, and yy;:
2a
1 _ 1M _

We now turn our attention to the effects of the
two-loop corrections to the electron self-energy. Collect-
ing all the second-order terms in the Callan-Symanzik
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equation gives

i i i i i I i i
— U0, 2y— + —puo, X —X1— + —X1— U, X —
g " 44 "TgT g 4 "y

5(2) Oy 231— + UFV(2)3
q q 51

+vpy D, [ 21—}+2 ol
g9 4 ¢

Using the identity from Eq. (D13) and collecting all the finite
terms, we find

2<IS+N 1)1'. oi 2<4S+N 1)
o\ 5 — 5 )5iqr ~ +a -5

(D15)

3m? 2)¢ q 972 2
i . N _,i (2)1 . N ﬂl' ®) l
X—ivpq -y —+ v, —ivrq -y — + 2y, — =0.
g g g "y
(D16)
Writing
i i i Lo D17
—=——iqoy’~ — ~ivrg -V,
q q q 51 q
and collecting like terms, we obtain the following two
relations:
I5+N 1
2 @ _
454+N 1
N —=—— @ _2y? =0, (DI8
FELLE -
which imply
I5+N 1
@ _ 2 I
Yo _a( 672 4)’
2No?
2 _
Vor = g3 (D19)

3. Electron-photon three-point function

To complete the analysis, we must also obtain y,,, the scaling
function for the photon field strength. We can compute this
from the Callan-Symanzik equation for the electron-photon
three-point function. Summing up the various contributions
to the second-order vertex function, we find the renormalized
result

N
VO(p.g) =iy 2o
(p.g) =iy 35 72

10 — 72
il >a2 In % + finite, (D20)
q
while we found in Sec. V that the first-order vertex function has
no divergence, Y p,q) = finite, and is thus independent of
the renormalization scale. The second-order Callan-Symanzik
equation reads as

(ﬂ(Z)a +UFJ/u(l)avp+ (1)+2 (1))F(P,6])

+ a[vn@)( (p.g)+V, v“)( )—
I PITPoa) + Y, VP ) s

+0(p.¢)Z:1(p +Q)m + qEI(Q)F(P 4)]

(D21)
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where V, = 4ravr/| p|?, and where we have defined

I'(p.q) = V —iy—— (D22)

"q I/’ +4q
Equation (D21) can be drastically simplified by using the
Callan-Symanzik equations quoted earlier, namely, Egs. (D12)
and (D5), yielding
(4~

2y,")T(p.q) = 0, (D23)

which implies

yih = -2y, =0. (D24)
Inputting this result and the result for y{! from Eq. (D14)
into Eq. (D6) then produces an explicit expression for the
leading-order beta function for «:

2AN+1) ,
e 0 2

@ _
P 3

(D25)

To obtain y(zz), we need to consider the Callan-Symanzik
equation at third order in «. The full form of this equation is
very complicated; however, we may make use of Eqs. (D7)
and (D15) to simplify it considerably, with the result

(=72 = 2v)iy" + (BP0 + vryLau )V (p.q)
+ uauv( '(p.q) =0. (D26)

Although we have not directly computed VV(p,g), we can see
from this equation that it must be independent of momentum
since there is no other momentum dependence in the equation.
This would mean that VV(p,q) = VV(0,0). However, we
have shown in Eq. (183) that the latter vanishes, hence,
V) (p,q) = 0. Using Eq. (D20), we then have

N 10—n2
@ _ (2) 2 _
Ye 2t (3712 + 2?2 >a =0

()

D27)

Since we now have yéz) and y,
B from Eq. (DY):

, we can go back and determine

32

o3
—ay — Zay(z) +-—= 7m2 (C — —)

3 _
P 27

(44 —27C)No?
= D28
5472 (D28)
We thus find that we obtain all the same results as we did in

Sec. V of the main text.

APPENDIX E: DRUDE-BOLTZMANN FORM
OF THE CONDUCTIVITY

In this Appendix, we derive an expression for the Drude
part of the conductivity without renormalization effects using
kinetic theory. Denote the distribution function momentum g at
anode a with chirality s by f (I;, t). In the absence of an exter-
nal field, the noninteracting distribution is given by the Fermi-
Dirac distribution f2(q) = {expl(svr|g| — w)/kpT]1+ 1}71.
The full distribution in the presence of an external electric

field exerting a force F= h% = ¢E on the electrons solves
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the Boltzmann equation

- 0
|:8a +F _.j|fas(a,t)=—fa”v(q’t) as(q’t), (El)
! dq

%q

where we assumed a relaxation time ansatz for the collision
integral. In linear response, the distribution function can be
expanded as

fas(q.@) = 2m8() £3(@) + 8as(G. ), (E2)
where g(¢,w) is determined from the Boltzmann equation:
_¢E

1 9 o
|:1a)+ }gm(q ) = G . (E3)
q

h 8
Hence,
R ) 177! ¢eE 3 0=
8as(q,®) = [zw + T_é'] (—7 : 8_c7f‘”(q)>’ (E4)
and the current is (assuming a constant scattering time)

a3
j(@) = vre Z/ i 4 = funo0)

2n) g
= - ! X vie's /Oodeez __af(’(g) -E.
io+ 1/t 3n(hvr)? Jp de
(E5)
The conductivity is
1 2,2 00 9 0
o(w) = - X Ur¢8 / de €* —f(g) .
io+ 1/t 3n2(hvr)? Jy de
(E6)
This yields the dielectric function
4ri wy,
g@) = —o(0) = 7—F—, (E7)
w w* —iwy

where y = 1/t and a)?) denotes the Drude weight

202 Dy ™ af°
2ﬁ_j/ de &2 (— / (8)). (E8)
3 e Jo ae

Here, Dr = Ne%/[n?(hvr)’] is the density of states. Aside
from the temperature dependence of the energy average, there
is an additional temperature dependence of the chemical
potential, which starts at u = & at zero temperature and then
falls off to zero at high temperature. The extrinsic chemical
potential w(7) at finite temperature is fixed by the relation

2N @k (k) + 2N @k k)
/ Qmy T / 2y

where n; are the Fermi-Dirac distributions with energy &(k) =
shvpk and n = gk% /6m? is the zero-temperature carrier
density. Equation (E9) reduces to

2 _
w; =4me

1] =n, (E9)

" T\’ nw\’
—[n2<—> + (_) } =1. (E10)
EF TF EF
The asymptotic behavior of p is
1-2(Ly, T«
b { -5 S
= (F) T T,

This behavior is illustrated in Fig. 21.

115101-30



MANY-BODY EFFECTS AND ULTRAVIOLET ...

0.8 §
< 06f \ ]
N \
—
3 04+t “ ]
02t \ }
O 1 1 1
0 0.5 1 1.5 2

T/Tr

FIG. 21. (Color online) Chemical potential vs temperature as
obtained by solving Eq. (E10). Dashed lines indicate the low- and
high-temperature limits (E11).

The temperature dependence of the Drude weight (ES) is
determined both by the energy average and the temperature
dependence of the chemical potential. At small and high
temperature, we obtain

LI <_W) _ - Z(LY, T<Ty
P o ge Z(Ly, T > Tp.
(E12)

€F
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In the Born approximation, the transport scattering time is
given by

 fall) = £200e)
%
2mn; a3k

=7 n )3{| KIVIK)P falO)L = ful®)]

— (K IV IR full )[1 — faON8(e; — £7.)

27m, DI T2
= ga(k)/(2 58(ep — ep)I(k[V]K)“(1 — cos 0)

(E13)
and, hence,
1_ 2”—"/ ax 8(e; — ex)|(k|VIK)2(1 — cos 6).
T h 2m)?
(E14)

Note that this transport scattering time is different from the
quasiparticle lifetime derived from the imaginary part of the
self-energy to this order in the interaction by the additional
factor [36] of (1 — cos 8). In the present case, we assumed that
7; is energy independent.
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