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Abstract. The experimental observation of the renormalization of the Fermi velocity vr as a function of
doping has been a landmark for confirming the importance of electronic interactions in graphene. Although
the experiments were performed in the presence of a perpendicular magnetic field B, the measurements are
well described by a renormalization-group (RG) theory that did not include it. Here we clarify this issue,
for both massive and massless Dirac systems, and show that for the weak magnetic fields at which the
experiments are performed, there is no change in the renormalization-group functions. Our calculations are
carried out in the framework of the Pseudo-quantum electrodynamics (PQED) formalism, which accounts
for dynamical interactions. We include only the linear dependence in B, and solve the problem using two
different parametrizations, the Feynman and the Schwinger one. We confirm the results obtained earlier
within the RG procedure and show that, within linear order in the magnetic field, the only contribution
to the renormalization of the Fermi velocity for the massive case arises due to electronic interactions. In

addition, for gapped systems, we observe a running of the mass parameter.

1 Introduction

The synthesis of graphene [1], a two-dimensional material
composed of carbon atoms organized in a honeycomb lat-
tice, had a huge impact in condensed-matter physics. Due
to the lattice geometry, this material has two inequiva-
lent Dirac points (K and K’), each one associated to a
valley degree of freedom. In the vicinity of these points,
the free electrons exhibit a linear dispersion relation, i.e.,
E « vp|k|, where vp is the Fermi velocity, which has a
bare value three hundred times smaller than the speed of
light.

After graphene, other layered two-dimensional materi-
als with similar properties have been realized, such as sil-
icene [2], stanene [3], germanene [4] and transition metal
dichalcogenides (TMDCs) [5]. Unlike graphene, which has
a gapless spectrum, these other layered materials present
an intrinsic bandgap. Silicene, stanene and germanene are
semiconductors represented by a single-atom species. In-
stead of carbon atoms, this other class of materials is com-
posed by heavier atoms (e.g., silicon, germanium). When
these atoms with larger ionic radius assemble to form hon-
eycomb structures, the lattices are not flat like graphene,
but buckled, which leads to the gap in the spectrum.
On the other hand, TMDCs consist of layers composed
of more than one-atom species. The TMDCs layers are
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weakly bonded by Van der Waals interactions, which per-
mits their treatment as a two-dimensional system. Chem-
ically, the TMDCs’ composition is represented as MXs,
where M is the transition-metal atom (Mo, W etc.) and
X is the chalcogen atom (Se, S or Te). According to the
choice of atoms, these layered materials can exhibit a wide
range of physical properties, which includes superconduct-
ing, magnetic or topological-insulating behavior, for ex-
ample. The wide bandgap present in monolayer TMDCs
is very convenient for electronic applications [5].

For all these materials, the Fermi velocity is an impor-
tant parameter that characterizes the system. Therefore,
a relevant question in the description of the Dirac elec-
trons in these systems is how the Fermi velocity renor-
malizes due to interactions. Even before the isolation and
characterization of graphene, this question was answered
through field-theoretical studies that have predicted the
effect of interactions in two-dimensional massless Dirac
systems, where the electrons and the photons can live in
different dimensions [6-8]. Indeed, both in graphene and
related gapped 2D systems, the electrons are constrained
to move on a plane, while the mediators of the interaction
(photons) can propagate in a three-dimensional space. Dif-
ferently from usual quantum electrodynamics (QED) in
(2+1) dimensions, these kind of effective theories generate
a Coulomb potential between the electrons proportional to
the inverse of the distance, similar to QED in (34+1)D.
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A renormalization-group study of graphene predicted
logarithmic corrections to the Fermi velocity as a function
of doping (or energy) [7—12], which were later observed in
many experiments [13-15]. In addition, the renormalized
v also depends strongly on the dielectric constant of the
medium surrounding the graphene sample.

The experimental confirmation of this renormalization
called the attention to the role of interactions in graphene
and other 2D condensed-matter systems that can be de-
scribed by relativistic Dirac electrons. Moreover, since the
Fermi velocity is the characteristic velocity of the system,
all the physical observables carry this information, and
this effect is also seen in indirect measurements, e.g., in the
quantum capacitance [16] and in the spin g-factor [17,18].
A theoretical description of the corrections to the g-factor
due to interactions can only account for the experimen-
tal data upon insertion of the renormalized Fermi velocity
and dielectric constant as a function of doping [19].

Although theoretical studies have clarified the role of
interactions in renormalizing the Fermi velocity, most of
the experiments verifying this behavior are performed
in the presence of a magnetic field. The remaining
question, to be answered theoretically, is then whether
the renormalization-group functions are modified or not
due to a magnetic field applied perpendicularly to the
graphene plane.

A study of the Schwinger-Dyson equations in the static
limit in the presence of a magnetic field suggests a renor-
malization of the Fermi velocity in each of the Landau
levels due to electron-electron interactions [20]. On the
other hand, the experimental findings are well fitted by a
renormalization-group description that ignores the mag-
netic field. An important issue in this comparison is the
intensity of the magnetic field. Although the calculations
in reference [20] are made in the “weak” field approxi-
mation', they cannot describe the experiments detecting
the renormalization of the Fermi velocity [13-15] because
these experiments are not in the Landau-level, but in the
Shubnikov-de Haas regime.

Here, we investigate this problem within the Pseudo-
quantum electrodynamics (PQED) framework, which ac-
counts for dynamical interactions, using a field-theoretical
method. Since PQED is a renormalizable theory, i.e., the
coupling constant is dimensionless, we use perturbation
theory up to one-loop order to obtain the first correction
to the fermionic propagator due to interactions, and under
the presence of a weak external magnetic field. We show
that in the weak-field approximation, we may separate
the electron self-energy in two pieces: one at zero mag-
netic field, and another with a linear dependence on the
field. Focusing only on the B-field term, through two dif-
ferent parametrizations, Feynman’s and Schwinger’s, we
compute the contribution due to the magnetic field, which

1 In our opinion, the most appropriated use of the term weak
magnetic field is to denote the regime of Shubnikov-de Haas
oscillations, and not the regime of intermediate magnetic field,
when several Landau levels are occupied. The strong magnetic
field regime denotes the case when the physics involves only
the lowest-Landau level.
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Fig. 1. Illustrative picture of the system studied.

happens to be finite. Within the renormalization group
equations, we show that neither the weak magnetic field
nor any finite contribution modify the renormalization of
the Fermi velocity. In addition, for gapped systems we
find that the mass renormalizes and its flow depends on
the strength of the interaction.

The paper is divided as follow. In Section 2, we intro-
duce the PQED model used in our calculations, and the
Feynman rules associated with it, in the presence of an ex-
ternal magnetic field B. In Section 3, we compute the elec-
tron self-energy in the weak-field approximation using two
different parametrizations, for both the massive and mass-
less cases. In Section 4, we outline the renormalization-
group equations for the model in order to investigate the
effect of the weak magnetic field and check the running
of the mass parameter. We present the conclusions of our
work in Section 5. The details of the calculations are given
in the appendices.

2 The model

The particular system of our interest is illustrated in Fig-
ure 1. There are electrons propagating with a Fermi veloc-
ity v in a two-dimensional space, under the influence of
an external magnetic field applied perpendicularly to it.
Moreover, the photons through which the electrons inter-
act are not confined to the plane, and can propagate in a
three-dimensional space.

Mathematically, the dimensional mismatch illustrated
above can be described by imposing a constraint in the
matter current, and the result is a projected theory called
Pseudo-QED [6]. This effective theory works in (241)D,
and the term “pseudo” originates due to the pseudo-
differential operator that now appears in the Maxwell
Lagrangian (see Eq. (1)).

The Pseudo-QED Lagrangian, in the presence of an
external magnetic field, is given by

1 F, P
2 /O
where O = ¢2A — 92 /02, v* = (4°, 87%), 0, = (9o, vr0;),
A, = (Ao, 4), F = 0,A, — 0,A,, m is the fermionic

mass and the dimensionless parameter 8 = vp/c. Now,
the minimal coupling is written as a sum of a quan-

L= +4 [y (0 — eAu) =m] ¥, (1)

tum A&q) and a classical A,(f) contributions, i.e., A4, =

A@ 4 A The first term is the vector potential asso-
ciated to the quantized dynamical electromagnetic field,
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Fig. 2. Electron self-energy. The bar symbol on top of the mo-
menta is used to denote the electron momentum, which enters
with the Fermi velocity vr, contrarily to the photon propaga-
tor, which occurs with the speed of light.

which describes the interaction between the photon and
the fermion fields, whereas the second is due to the ex-
ternal magnetic field. In this work, we adopt the Landau
gauge A,(f) = (0,0, Bx), with B denoting a constant mag-
netic field that couples minimally to the free-fermion mo-
mentum to generate the discrete Landau levels.

The Schwinger’s proper-time representation of the
fermion propagator in (24+1)D in momentum space k
s [21]

oo
SF(]_C) _ / dseis(k3+infm2)7iv%k2€2 tan (s|eB|)
0

X [koy? — vk -y —m —vp(k'y? — k24Y)
x tan (sleB|)] [1 + y'y% tan (s|eB|)] , (2)

where k* = (ko,vrk) is the electron momentum with
k? = k2 - v%kQ, the parameter s is the proper time of
the particles while they travel throughout their paths in
the Feynman diagram [21], n is the causal factor, and
¢ = \/c(leB])=! (we assume h = 1). The 42 and the
kY2 are the spatlal components of the y-matrices and the
momentum, respectively. Here, we neglect finite-density
contributions because we are interested in the behavior
of the system near the Dirac points. Perturbative calcu-
lations taking into account these extra contributions were
performed in QEDgy; [22] and QEDs4; [23].

The poles of the fermionic propagator yield the en-
ergy dispersion relation pg = +FE, = j:\/2|eB|n +m2,
where n is the quantum number associated with the dis-
crete Landau levels [22]. The photon propagator in the
Landau gauge and the interaction vertex are defined, re-
spectively, as

Al = "0 (3)
I§ = —ie (7", 8v), (4)

—), € is the dielectric constant, and the
= (ko, ck) with k% = k2 — ®k?.

where g, = (+, —,
photon momentum is k,,

3 Electron self-energy

The electron self-energy Y, represented by the Feynman
diagram given in Figure 2, carries the information about
the propagation of the electron under the effect of interac-
tions. Therefore, to investigate the possible renormaliza-
tion of the parameters contained in the Dirac Lagragian,
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i.e., the Fermi velocity, the electron mass and the fermionic
field itself, one needs to calculate X. First, we will analyze
the zero-mass case, and then discuss what changes in the
presence of the fermionic mass.

3.1 The zero-mass case

In one-loop order, the diagram represented in Figure 2
reads

3
() = i / (;l ’; TS p(R) Y A (p — k)

N 1—252ce/ /

kory° al(B)—vpk - yas(B)

V/(ko—po)? — c2(k—p)? '
(5)

where a1(B) = 1+ v'4%tan (sleB|), and a2(B) = 1 +

tan? (s|eB|) (for more details of the calculations see Ap-
pendix A). Using Schwinger’s parametrization,

i) [ z—1 itA
A (©

exp is (k;o + in)

— ivZk*(* tan (sleB|)]

we may rewrite the self-energy as

S | i f o

i(s+8) (ko— £ )" ~iD(k— f“DP) -A

X(p) = kO’Y ay

+vrk - 'yag]e
(7)

2
A(po, p) = —iép? (1 - sf—g) +iéc?p? (1 — 5; ) ,
D(B) = vil?tan (s|eB|) + &c2.

where

Shifting the variables in equation (7) as ko — ko+E&po/(s+
€), k — k+£&c?p/ D, and then evaluating the integrals over
k and k¢ (more details in Appendix A), we obtain

i1 - 26)a8

) =-"" "

(o’ +vrp - L), (8)

where o = €?/4nevr and the I;’s are the following para-
metric integrals:

B 0o 0o 51/2a1(B)
h*/)&/ % 6+ €)9/2 (322 tam (s]eB]) + €

fpo e 2 a2 2 ¢
xexp{ —ifvsf3 (1_62€2tan(s|eB|)+§>}’

+¢

B ¢2ay(B)

12—/ df/ 5—1—5 1/2[52€2tan( |eB|)—|—§]2
fpo

2 2 9D ¢
Xexp{ s+ & —ivps TP (1_ﬂ2£2tan(s|eB|)+§>}'


http://www.epj.org

Page 4 of 9

Until now, we considered the full Landau-levels contribu-
tion to the one loop self-energy. Nonetheless, to solve ana-
lytically the parametric integrals and proceed with a more
intuitive expression for the self-energy, it is necessary to
examine some approximations. The first useful one is to
consider only terms up to linear order in 5 = vg/c. Since
linear terms in § are already of order of 1/300, second-
or higher-order terms would generate negligible contribu-
tions that can be discarded. Hence, we have

. /oo " /oo p a1 exp |: Efspo - ZUFp t‘irj’g(‘s\eB\)}
~ S )
o 0 VE(s +£)3/2

vEp tan(s\eB\):|

s§
o0 00 agexp[ ) B
Igz/ dg/ ds ¢ <P
0 0

£3/2/s+¢

3.2 Weak magnetic field approximation

The second approximation concerns the magnetic field.
In the weak-field expansion, one may retain only terms
which are up to linear order in the B-field. In this case,
the parametric integrals become

Ilz/ dg/ ds®
12%/ df/

We observe in equations (9) and (10) that the linear in B
term gives only an extra contribution to the pg component
because I does not depend on B (see also Eq. (8)). The
remaining integrals are just the effect of interactions, as
we expect for zero magnetic field. The same result can
be obtained if one starts with the fermionic propagator
already in the weak-field approximation [23], i.e.,

el v pie] (1 4 y1425)e))
VE(s +€)3/2 ’
9)

(10)

ot sie [VFP? (s+6)—piE]

GPVs+¢

Sr(k) = / dsexp [is (k§ — v%kQ)] (koy® —vrk -y

0
(11)
Therefore, within these approximations, the additional

contribution to the electron self-energy due to the mag-
netic field can be computed separately. In other words,

+ |eBlskoy’y'y* +...).

2@) =29%@) + 2@ 4. ..,

where X(© is the self-energy in the absence of magnetic
field, and the expansion follows with the dependence on
the B-field, as for the propagator in equation (11).

Now, starting from the propagator in the weak-field
approximation, and performing the integrals in two differ-
ent parametrizations in order to double check our results,
we find (see Appendix A for details)
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Fig. 3. Qualitative comparison between the trigonometric
functions in equations (12) and (13) to show their equivalence.
The black solid line represents the inverse of the sine function,
and the red dashed line represents the inverse of the cotangent
hyperbolic function.

3.2.1 Feynman parametrization

iz () = 1BleB] / i por"y'?
A7 0 V1 =z [vZip? — pi(1l — z)]

: sin™! P
_iafleB| vEp?-pj

poy° vy
27 vr|P[po

(12)
3.2.2 Schwinger parametrization

Py (.fe)—vip?]

. i aﬂ|eB|
) = / dg/ ds * +£)3/2£1/2
Xpo'yo'yva
-1 (vrlp|
iafleB coth
_ _iafleb] ( . >p0707172, (13)
2m vr|Plpo

where equations (12) and (13) are equivalent. Although
the results obtained for the two parametrizations may
seem different at first glance, below we plot both trigono-
metric functions together to show their qualitative behav-
ior, and illustrate that the result is indeed independent
of the parametrization scheme in the regime of validity of
the theory.
In the y-axis in Figure 3, we represent

y(x) = sin~! {(mz — 1)71/2}
with a black solid line, and
y(x) = coth™'(x)

with a red dashed line, for a given value of 2 = vp|p|/|po|-.
Both trigonometric functions are only valid for Re [|z|] > 1

These results show that in linear order the magnetic
field gives a finite contribution to the electron self-energy.
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Although this result suggests that the magnetic field will
not modify the flow of the Fermi velocity, in the next
section we explicitly calculate the renormalization-group
equations to show that this is indeed the case.

3.3 The fermionic mass contribution

Now, we will examine what effectively happens in the
study of the self-energy for the massive case. The expan-
sion of the propagator given in equation (2) up to linear
order in the magnetic field yields

_ ko? — vk -

SO (k) =i oY UFQ 7+m’ (14)
kE —vik® —m?

and

kO’YO‘f’m 1.2

SM(k) = —eB
(k) ‘ (k2 — v2k* — m?2]2

(15)
As we have seen already for the massless case, the lin-
ear contributions on the magnetic field appeared to be
finite and do not affect the renormalization group func-
tions. Therefore, here we will focus on the mass term of
equation (14) because this will give us the divergent con-
tribution that will affect the mass renormalization.
Following a standart procedure, we find

_izO(m) == (L 2ymE,  (16)
2me
where € — 0 and
1t x1/2
I3 = . 1
o= an

4 Renormalization-group study

In order to use the renormalization-group functions, first
we need to define the expression for the inverse of the free-
fermion propagator in the presence of the magnetic field.
This turns out not to be a problem because the informa-
tion about the B-field is contained within the Schwinger’s
phase factor [21] and the inverse of the propagator hap-
pens to be the same as in the case of zero B-field [23,24].
Based on this statement, we can start from the propagator
as in equation (2), without any approximations, and ob-
tain an expression for the self-energy with all the possible
contributions coming from the magnetic field. Hence, the
case of a weak magnetic field would only be considered in
the approximation for the self-energy.
The renormalization-group equation is given by

0 0 0 0 0
(Mau +ﬂeae + Bor Avp +ﬂcac +7mmam

—Np’yw - NA’)/A>F(NF’NA) =0, (18)

where I'Vr:Na) represent the vertex functions, with Np
and N4 the number of fermion and photon external lines,
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respectively, in the Feynman diagrams. The functions -,
and 74 are the respective anomalous dimension of the
fermion and photon fields, m~,, = pdm/du is a dimen-
sionless function for the mass, and ; (i = e, vp, ¢) are the
beta-functions associated to the parameters of the Pseudo-
QED Lagrangian. We use dimensional regularization to
obtain the vertex functions in equation (18).

In the case of the fermion two-point function, we have

0 0 0 0 0
e VR c m -2
(uc'),u—i_ﬁc')e—i—ﬁ 8vp+ﬁac+,y " om ,W)

x I29 =0, (19)

with

I = —j (y%g + vpy'p; +m) —iX. (20)
Here, we write the self-energy X in a general form, where
all the possible contributions of an external magnetic field
could be included.
According to our approximation ¥ ~ X0 4 X the
self-energy can then be written as
—iX =e? (ﬁnite(z’o) +1In uReS(2’0)> +e3f(B), (21)
where we divide the zero magnetic field part into a finite
and a divergent contribution, with
Res®?) = A17%po + Aav'ip; + Asm, (22)
representing the pole term proportional to 1/e. For the
RG purposes, here, the explicit form of the finite(>% con-
tribution is irrelevant. The coefficients A; and Ay are de-
termined using equation (8) for B = 0, whereas Ajs is
determined from equation (16), and the function f(B) is
the finite result obtained from equation (12) or (13).

4.1 Velocity renormalization

Now, expanding each one of the parameters in equa-
tion (19) in terms of the coupling constant e, e.g.,

Bop = BVe+ Pe? + e + ...,

going up to third order, and applying equation (19), we
find that 'yfpl) = 1(,2
analysis for the other two vertex functions, I"*%) and
%2 we find that 'yg) = ﬁgl) = ﬁél) = 0 (for more
details of the calculations see Appendix B). In second or-

= 0. Moreover, performing the same

der in the coupling constant, for @S?, we obtain the well-
known renormalization of the Fermi velocity solely due
to interaction effects [7,8]. This is expected because the
magnetic-field term enters in equation (21) as e3, hence,
the only possible contribution should be seen in this order
of the coupling constant. At third order in e, we observe

that the corrections to 61(,‘?, depending on the finite part
of the self-energy, would appear for £2) # 0. However,
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ﬂéz) x 'yg), and as the photon self-energy has no diver-
gences in one-loop order, using dimensional regularization,

its anomalous dimension is null ('yg) = 71(42) = 0). Thus,

1(,‘;) = 0, and no additional renormalization term is gen-
erated due to the presence of an external magnetic field.
The fact that only the B = 0 term in equation (2)
contributes to the renormalization of the parameters in
the Lagrangian (1) may suggest that the distinction be-
tween weak- or strong-field limit is irrelevant. However,
the weak- or strong-field case is determined by the compar-
ison between the two length scales in the theory, namely
the magnetic length £z o B~/? and doping ¢,, < n~ /2.
The renormalization-group flow is suppressed and stops at
the largest length (or smallest energy) scale; hence, at the
critical point (n &~ 0) the doping energy is the one that
determines the cutoff.

4.2 The running mass

The second-order expansion in the coupling constant
yields to the mass function

WD = —i(As + Ay)
e? /1 V2 (1 —262%) + 27 V/2(1 + 28%)
0

 8m2ce B2 (x—1)—=x
=, F(8), (23)
where
(1 — % + B*)ArcTan [(—1 + 6_2)1/2]
F(B) = (=14 B-2)1/2(—3 + B3)
(6% —26%)
+ 2 (—3+ 6%

Now, calculating equation (23) on the fixed point of the
theory (6 = 1), we obtain

da
lim 72 = . 24
s T 3y (24)
The mass parameter runs as
dlnm(p) (2)
- : 25
St =22 (25)
and integrating equation (25), we obtain
'yy(f) 5o /37
mi=mo (1) mma (1) 0
Ho Ho

with mg = m(up). We see from equation (24) that ~ 2

has a positive sign and depends on «.

These are the two main results of this paper: first, the
magnetic field does not renormalize any of the parame-
ters of the Lagrangian (1), and second, the interaction de-
fines how fast the mass parameter runs. Furthermore, as
expected, the mass parameter cures infrared divergences
that may arise due to the B-field expansion.

Eur. Phys. J. B (2016) 89: 271

5 Conclusions

Motivated by the fact that most of the experiments of the
Fermi velocity renormalization in graphene are performed
in the presence of a weak external magnetic field [13-15],
whereas the field-theoretical models either ignore the lat-
ter [7,8] or study the problem in the (strong field) Landau-
level regime [20], we decided to revise the topic.

Our starting point is the Pseudo-QED formalism,
which accounts for dynamical interactions, under the pres-
ence of a weak perpendicular magnetic field. The magnetic
field contribution to the self-energy was obtained using
two different but equivalent parametrization schemes. The
analysis of the renormalization group shows that a weak
magnetic field has no additional effect in the renormal-
ization of the Fermi velocity, within linear order in B. In
this particular theory, because the photon field has null
anomalous dimension, up to third-order in the coupling
constant e, no finite contributions coming from the elec-
tron self-energy can modify this renormalization. Hence,
in this approximation, it is sufficient to consider only the
effect of interactions to observe how the velocity changes
with respect to the energy scale of the theory.

It has been observed in reference [16], through
measurements of quantum capacitance, that the Fermi
velocity displays the same indistinguishable logarithmic
renormalized behavior as a function of doping both in the
absence or in the presence of a weak magnetic field. Our
results confirm that, from a theoretical perspective, this
should be indeed the case.

A simple analysis of the perturbation theory shows
that our results hold also for high-order loops due to
the fact that the theory is renormalizable. Therefore,
in the weak-field expansion, any contribution depending
on the magnetic field B would generate additional finite
terms to the electron self-energy, which do not change the
renormalization-group functions. This result does not de-
pend on the massive or massless nature of the system.

In massive systems, however, we obtain a renormal-
ization of the mass parameter, the flow of which depends
on the strength of the interaction a. This renormalization
effect is solely due to the electron-electron interaction.

Even though the weak magnetic field has no effect in
the renormalization-group functions, finite temperatures
could affect this renormalization [25,26]. In addition, for
stronger magnetic fields, it was shown theoretically us-
ing the Schwinger-Dyson equations that within the static
approximation the interactions renormalize the Fermi ve-
locity with a factor that depends on the Landau-level in-
dex [20]. The generalization of this theory to the dynam-
ical case and stronger magnetic fields, however, remains
to be done. We hope that our results will stimulate mea-
surements of the renormalization of the Fermi velocity in
massive Dirac systems, analogously to experiments per-
formed in graphene.

This work was supported by the CNPq through the Brazilian
government project Science Without Borders. We are grate-
ful to Eduardo C. Marino and Vladimir Juricic for fruitful
discussions.
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Appendix A: Details of the Self-energy
calculations

A.1 Fermionic propagator

Before introducing the fermionic propagator of equa-
tion (2) with m = 0 in the expression for the self-energy,
as shown in equation (5), we combine the y-matrices in a
compact way,

N(k) = [ko7" — vrk - v — vr(k'y? — k*y") tan (seB|)]
x [1+ v'y* tan (s|eB])]

= koY’ [1 +~'9* tan (s|eB|)]

~ [1 + 7172 tan (s|eB|)]
—vp(k'y? — E*y) tan (sleB|)
x [1+~'y*tan (sleB])]

= koy’a1(B) —vrk - y—vp(k'y? —k*y!) tan (s|eB|)
—vp(y'k! +7*k*)y'? tan (s|eB))
—vp(k'y? — E*yN)y1 92 tan? (s|eB|)

= ko a1(B) — vrk - yaz(B),

—upk-

where we use that 192 = —2+!, (7%) = —1, and N(k) is
the term that multiplies the exponential in the integrand
of equation (2), i.e.,

Sp(k) = /000 dsN (k) explis (kg + ie)

— iv2k*(* tan (s|eB|)].

A.2 Integrals over the loop-momentum k

The integrals over k in Section 3, after the shift of the
variables as

2
k0—>k0+ff_0€, and k—>k+£ch,
are given by
00 1/20
dko (C17 ko + Cp) €Ok = T %2
[ et re)enot= (S5

and

/ / dkydks (Cs + Cyytkt + 0572192) o iD (ki +k3)

- i?TCg
=
where
C1 = a1(B), C4 = C5 = vFaQ(B),
C3=+° a1(B) +v §c2a (B)
3—Vp0£+81 FP’YDz >

Cy = C5 +vpk - yas(B).
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A.3 Weak-field limit calculations

In the weak-field approximation, after integrating the lin-
ear contribution in the magnetic field in equation (11), we
obtain

koy"y'v?
(k§ —vpi?)”
and the B-field term in the self-energy reads

—ixW(p) = /(;l )k

B zcez|eB|/
k2

x (k3 —c?

SW (k) = —eB (A.1)

s (p— k)Y A (k)

&’k (14+26%)(po—ko)y"7v'7*

3 [(po—ko)? —vE(P—k)?|
1/2 (A.2)
where we used the properties of the ~-matrices, e.g.,
{7, 4"} = 2g", and d3k = dkod?k.

Now, to calculate the integrals over the loop momen-
tum k in equation (A.2), we define which one of the two
parametrizations (Feynman’s or Schwinger’s) will be used.
Here, we use Schwinger’s parameterization as in equa-

tion (6). Nevertheless, if one chooses to use Feynman’s
parameters, like

1 3 /1 x(1 —x)~1/?
= xT s
D%D;/Q 4 0 [D1$ + (1 — :C)DQ]5/2

the same result is obtained. As we have shown in Section 3,
the result should not depend on this choice.
Hence, plugging Schwinger’s parameters in equa-
5/2¢e?|eB|(1 + 263?)

tion (A.2), we find
d d —1/2
2eml/2(27)3 / 55/ i

% /d3kei[5(po—k’o)2—5%2w(P—k)z-Hl(kg—C ] (po — ko) 0y' 2.

—ixW(p) =

The integrals over k are Gaussian, and to solve them we
first introduce a regulator A2 to avoid high-energy momen-
tum contributions, e.g., exp (—k;QA_Q). Then, we combine
separately the terms proportional to ky and k to com-
plete the square for each of them as in equation (7). The
integrals over k yield

/dkoei(§+n+i/ﬁ2)kg/koe—i(v§£+c2n+iA’2)k2
73/2
= A3
S22 + €)1/2(n + 2€)° (4.3)

where the limit of 4 — oo was taken after the integration.

P

Therefore,
_ iz (p) = e?leB|(1 +26%)poy v'~?
1672ec
x/ df/ 5771/2 ’?’O(n+£) “zFP2(rr,+"§25)]
(n+&32m+p%)
and for 8?2 — 0, we obtain the result given in

equation (13).
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Appendix B: RG calculations

In this Appendix, we show more details of the calculations
concerning the renormalization-group equations. As usual,
the scaling parameter 1 is introduced through p¢/2, where
e will be taken to zero in the end. Hence, applying equa-
tion (20) in equation (19), with X given by equation (21),
we find the following partial derivatives

5.0 = . e (F 4 mu) 36 fs)
S e |
B A R

- Zﬁvp ’yip’ia

where f and R stand for finite®>? and Res(Q’O), respec-
tively, and f(B) = fp. Hence, equation (19) becomes

e’R + (. {26 (f + lnué) + 362](]3} + B.e30.fB
+ B> (c%f +In u@cR) + Bug e? ((%Ff + In oy, R)
+ Bup€0up £ — iBopy'pr — 274 [—1 (v'P0 + vEy' D))
+e? (f—l—lnuR) +€3f3} =0, (B.1)
where 0; is a partial derivative with respect of one of

the parameters j = c,vr,e. We expand each of the j;-
functions and 7, in terms of e up to third-order, e.g.,

Bow = Be+ P+ D3 + ...,

and we unite the elements that share the same dependence
on the coupling constant e. In this manner, we obtain three
equations, one for each different order in e.

a. Order of e

—in'p B + 273 (v°po + vry'pr) = 0,

71(/)1) =0, and ﬂg? =0.

b. Order of €2
R—ir'piB? +2in)

Vi [A2 = B2 + 2ivey 7] +%p0 [A1 + 20| =0,

(v°po + vey'pr) = 0,

ﬂ@) = —1 (A2 — ’UFAl)

i
o and 'yff) = 2A1.
Here, we replaced R as in equation (22), and we used

that ﬁél) = 0, which can be obtained by doing the same
procedure for the other two I'-functions, i.e, I'(?) and

Eur. Phys. J. B (2016) 89: 271

'Y Note that R only contains the divergent part of
the electron self-energy. In other words, it is sufficient to
compute X to find ﬂfji), which is precisely the func-
tion associated to the renormalization of the Fermi ve-
locity. This is a second-order effect in the coupling con-
stant e, and the magnetic field neither adds an extra term,
nor changes this renormalization. Moreover, within the
renormalization-group scheme seen in equation (18), no fi-
nite contributions are encountered in this renormalization.

¢. Order of €3

2@2) (f +1n MR) _ Z’ﬁf}‘?vlpz + 2i’y$> (Vopo + UF’Ylpl) =0,

where we used the results ﬂj(l) = 'yf;) = 0. The mag-
netic field finite contribution would only be possible if
ﬁél) # 0. However, as the polarization tensor is finite
in one-loop order, using dimensional regularization, its

anomalous dimension is null, 71(41) = 'yf) = 0, and this im-

plies that both ﬁél) and ﬁéQ) are zero. Since 715)3) =0, then

1(,?;) = 0. Therefore, neither the linear magnetic field nor
the other finite contributions change the Fermi-velocity
renormalization.
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