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Interaction effects in graphene in a weak magnetic field
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A weak perpendicular magnetic field, B, breaks the chiral symmetry of each valley in the electron spectrum
of graphene, preserving the overall chiral symmetry in the Brillouin zone. We explore the consequences of
this symmetry breaking for the interaction effects in graphene. In particular, we demonstrate that the electron-
electron interaction lifetime acquires an anomalous B dependence. Also, the ballistic zero-bias anomaly, §v(w),
where o is the energy measured from the Fermi level, emerges at a weak B and has the form §v(B) ~ B?/w”.
Temperature dependence of the magnetic-field corrections to the thermodynamic characteristics of graphene is
also anomalous. We discuss experimental manifestations of the effects predicted. The microscopic origin of the
B-field sensitivity is an extra phase acquired by the electron wave function resulting from the chirality-induced

pseudospin precession.
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Introduction. Electron spectrum in graphene possesses a
chiral (pseudospin) structure [1,2]. Two pseudospin projec-
tions are identified with two points, K and K’, of the Brillouin
zone near which the spectrum is characterized by a massless
Dirac dispersion. Numerous consequences of the Dirac spec-
trum of graphene for the disorder and interaction effects were
established (see, e.g., Refs. [3-20]).

One distinctive feature of the graphene band structure is the
absence of backscattering from the impurities. This feature is
a consequence of orthogonality of the spinors corresponding
to the wave vectors k and —K. In turn, the absence of backscat-
tering leads to the suppression of the oscillations of electron
density (Friedel oscillations [21]) created by an impurity in
graphene [22,23]. In the ballistic regime [24-27], electron
scattering from individual impurities dressed by the Friedel
oscillations is responsible for a zero-bias anomaly «Inw in
conventional two-dimensional (2D) electron gas. Here w is
the energy measured from the Fermi level and the condition
wt > 1, where 1 is the elastic scattering time, is implied.
Fast decay of the Friedel oscillations suggests that zero-bias
anomaly in graphene is absent [23,28]. A more detailed study
[29] indicated that it is the Hartree correction which is absent
in graphene, while the Fock correction, originating from the
forward scattering, is still present.

In the absence of impurities, electron-electron interactions
in 2D electron gas cause nonanalytic corrections [30-33]
to the self-energy, ¥(w). At low temperatures, 7 < o,
the imaginary part of self-energy has the form ,.(w)~! ~
(*/Ep) In(Er /®), where Ep is the Fermi energy. Corre-
spondingly, the real part of self-energy behaves as ReX(w) ~
wzsgn(a)). At finite T, interactions cause a correction to the
specific heat [34,35] 8C(T') o« T?. Microscopically, the above
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corrections emerge in the random-phase approximation. Their
derivation is so general that it is natural to expect that, in
doped graphene, the interaction corrections have the same
Fermi-liquid form [36].

In the present Letter, we identify the interaction effects
specific to graphene. These effects emerge in the presence of
a weak magnetic field. Their origin is the field-induced lifting
of chiral symmetry in K and K’ valleys of graphene while
preserving the overall symmetry. To capture these effects, one
should go beyond the random-phase approximation.

With regard to ballistic zero-bias anomaly, lifting of the
chiral symmetry in the field, B, gives rise to the contribution
& B?/w?, which can be even stronger than the zero-field con-
tribution [29]. A formal difference between the calculations of
the ballistic zero-bias anomaly in electron gas with parabolic
spectrum and in graphene is that the Green’s functions, which
enter into the calculation, have a matrix structure in graphene.
Without this matrix structure, the B-sensitive contributions to
the tunnel conductance cancel out.

A natural energy scale imposed by the field, B, in graphene
is wy = vg /Ry, where R, o< B! is the Larmor radius. Quan-
tization of the energy levels can be neglected for w > wy. We
show that the B-dependent correction to the thermodynamic
characteristics of the clean graphene can be conveniently
expressed in terms of wy. Namely, the corrections to the imag-
inary and real parts of self-energy behave as Im[X(w, B) —
X(w,0)] ~ @3E; " In(w/T) and Re[Z(w, B) — Z(w, 0)] ~
w(z]E; 'sgn(w), respectively. On the basis of these results we
draw the consequences for observables. Namely, we show that
the B-dependent correction to the specific heat is temperature
independent in a wide temperature interval.

Electrons in a weak magnetic field. The Hamiltonian of
monolayer graphene which incorporates the B field in the
Landau gauge reads

Hp = vrl(px — eBY)S, + py 51 (1
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Here v is the Fermi velocity. Here 7 =r/r, ¥ = (%, %,)
and X, = %, ® 6,, ¥, = %, ® ,. The Pauli matrices §; act in
the space of A and B sublattices of the honeycomb lattice and
7 is the Pauli matrix distinguishing between two Dirac points
in graphene. Diagonalizing the Hamiltonian, one finds that
the linear spectrum is transformed into a nonuniform ladder
of spectrum, V2nvp/l. Here n > 0 and [ = \/li/eB is the
magnetic length. Under a weak field, the spectrum around the
Fermi level, Er, can be linearized as \/ﬂvp/l ~Epr+ (n—
Np)vp(kpl?)~!, where Np = (kpl)?/2. This yields the expres-
sion for the effective cyclotron frequency wy = vr (kpl?)~'.

The Feynman propagator of free Dirac electrons is known
to possess a nontrivial matrix structure. Namely, in the ab-
sence of magnetic field, the propagator in the real space is
given by [29]

kr 1 .
Gw — ngH(w)‘:Po(r)M , 2
=50\ 2pr 0 @

where the phase ®y(r) = kpr + wr/vr + 7 /4 and the ma-
trix My is given by My = [sgn(w) + i(2kpr)~'17 - £ + I. Here
F=r/r, X = (% Xy), and [ is the identity matrix. This
matrix structure reflects the chiral symmetry of electrons: fast
decay of the Friedel oscillations [23] and the absence of a
zero-bias anomaly [29] are the consequences of this matrix
form.

The presence of magnetic field modifies the gauge-
invariant part of the electron propagator by breaking the chiral
symmetry of the electrons in the vicinity of the Dirac point.

Field-induced modification of Eq. (2) amounts to the
changes of ®((r) and My(r). The phase &, becomes P =
&y — r*/(24kr1*), which is due to the curving of the semi-
classical trajectory [37-39] in a weak field. In graphene,
due to the matrix structure of the Hamiltonian, the identity
matrix [ in M, transforms into a new four-dimensional field-
dependent matrix. This matrix contains f]z, and thus, does not
commute with M. This is because M| contains the matrices
f)xw Here ﬁ]z = 6, ® Ty, where 1 is a 2 x 2 unit matrix.

Specific form of the matrix, M, is the following:

o(r)?

MIr, sgn(w)] ~ My — i sgn(w)p(r)¥, — I, 3

where ¢(r) = wor/(2vr) is half of the angle corresponding to
the arc of the Larmor circle with length r. Equation (3) applies
in the domain k;l <r<kgl> =Ry.

The pseudospin structure of the term ~¢ ()3, in the prop-
agator, while preserving the chiral symmetry of the system
[1,40], reflects the field-induced breaking thereof around a
single Dirac cone (see Fig. 1 for a graphical representation
of this effect).

In general, the ballistic correction to the density of states
is given by two diagrams shown in Figs. 2(a) and 2(b),
which provide comparable contributions. However, as shown
in Ref. [29], in graphene the Fock diagram dominates over
the Hartree diagram in the absence of magnetic field. This
is a consequence of the suppressed backscattering. We show
[42] that the weak magnetic field does not change the picture,
namely, the Fock diagram is still dominating. We will thus fo-
cus on the sensitivity of the Fock diagram to a weak magnetic
field.
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FIG. 1. The left panel depicts the Brillouin zone of graphene.
Around the K and K’ valleys, the spectrum is Dirac-like, supporting
low-energy Hamiltonians Ay and Hy that are connected via a chiral
transformation, Hy = 6,Hk'6,. The right panel depicts the vector
field vg(r) (for definition, see Ref. [41]), at K valley. The dark
(black) vectors field represents the vg (r) at zero magnetic field. The
gray (red) vector field is the vg(r) at a weak but nonzero magnetic
field. Here we take wy/(2EFr) = 0.07. The figure shows the chiral
symmetry of the state at B = 0. At finite B, the chiral symmetry in
one valley is broken. In the leading approximation, the angle between
two vector fields is proportional to ¢(r). Importantly, the chiral
transformation leads to the relation vg/(r) = vg(—r), manifesting
the chiral symmetry of the whole system.

We start with a matrix generalization of the analytical ex-
pressions for the Fock diagram, Fig. 2(a). For this purpose, we
consider a nonmagnetic impurity causing a perturbation #4(r)
and the screened interaction potential, U(r), with a radius

(b) (d)

FIG. 2. Diagrams for the corrections to the Green’s function.
Solid lines represent the Feynman propagators. Wavy lines represent
the electron-electron interactions. (a) represents the Fock diagram
involving a single-impurity scattering. It yields a leading contribu-
tion to the B? ballistic zero-bias anomaly. (b) represents a Hartree
diagram involving a single-impurity scattering. It is insensitive to a
weak magnetic field. (c) and (d) represent, respectively, the Fock and
Hartree diagrams for the B2 correction to the electron lifetime. Unlike
the Hartee diagram, which is the first diagram of the RPA sequence,
diagram (c) yields an anomalous temperature dependence.
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~k;'. The corresponding expression reads

3G,(r,r) = /drldrsz(r, r)Hg(ri, )G, (12, 0)
X 1G4 (0, 1) + (i < Hp). 4)

Here G, is the free Feynman propagator of the Dirac electrons
between the position of impurity r = 0 and the point r, while
Hr: stands for nonlocal Fock potential

i
He =~ / dQ2Gora(ry, 0)iGuia(0, 1)U (ry —r2). (5)

The interaction correction to the local density of states,
8v,(r), is related to the retarded Green’s function as §v,,(r) =
—2Tr Im 6G,,(r, 1).

The structure of Eqgs. (4) and (5) suggests that §v,(r)
contains the product of 4 x 4 matrices. In the semiclassical
limit, all trajectories r — r; — r, — 0 — r contributing to
3G are close to a straight line. With screened Coulomb poten-
tial being pointlike, the Fock diagram involves the following
product of the M matrices:

F =tulaM(r, +)M(—r, —)aM (r, =) M(—r, +)].  (6)

For a qualitative discussion, let us choose i in the form of a
scalar, uol. Then the leading field-dependent term emerges as
a coefficient in front of the product of the projection operators
tr[E EX/VE Ex/‘] Since the term E appears in the matrix M
in combination with ¢(r), we have F o« ¢ (r) With the help
of the commutation relations for Zx, Z}, and Ez, it is easy to
check that tr[ZZZX/VE Zx/v] = —tr[I] ie it is nonzero. An
estimate for F is ~uje*(r) ~ ufwjr? /vE. Wlth characterlstlc
r being vr /w, this estimate translates into 12 Hon 2 /w?*. Below we
examine a number of observables having the structure similar
to Eq. (4).

Emerging zero-bias anomaly. For the scalar impurity scat-
tering, i = uol, there is no zero-bias anomaly in graphene
[29]. To convert the above estimate for F' into the B-dependent
correction to the density of states, we perform the spatial aver-
aging of Eq. (4), which generates the impurity concentration,
n;. Final result reads

2

SV, (B) — 6v,(0) N Aoniu(z, wj

VE o 8mvi w?’

@)

where Lo = krUy/(2mvr) stands for dimensionless interac-
tion parameter, Uy is the interaction potential with zero
momentum transfer, and vr = kr/(wvr). The zero-bias
anomaly is shown in Fig. 3 for various field strengths.

The most general form of the pointlike perturbation,
@i, consistent with time-reversal symmetry is & = uol +
qulzw’z ug XA Here A,y = 2,y ® 6;, A, = T, ® 6. The
remaining nine types of the disorder can be incorporated into
Eq. (7) by replacing uj by t = uf — Y, uZ.

The result Eq. (7) was obtained under the assumptions
ot > 1 and w > wy which ensure the ballistic regime and
the irrelevance of the Landau quantization, respectively.

Emergence of a zero-bias anomaly in graphene in the pres-
ence of magnetic field manifests itself in the local density of
states (DOS), 8v,,(r, B) = —27 ~'tr[Im Gg(r, r, ®)]. Evalua-

DOS with 4 = ugl
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FIG. 3. Plot (a) and the inset illustrate the energy dependence
of the interaction correction to the density of states. Three curves
correspond to the three values of the dimensionless magnetic
field o = (kpl)~2. Plot (a) is for the scalar impurity with mag-
nitude @i = upf. The correction, §v, is measured in units of G =
ven;(ug/2vp)?Aho/2m. Note that for o = 0 the zero-bias anomaly
is absent, so that §v is a smooth function of energy, w, mea-
sured from the Fermi level. In the low-energy regime, w/Er < /«,
the B-dependent anomalous term in §v dominates and behaves as
~a?E?/w?. The inset of plot (a) is for the impurity-induced pertur-
bation. For this perturbation, zero-bias anomaly exists even in the
absence of magnetic field. The magnetic contribution yields only a
small correction to the logarithmic §v.

tion of Eq. (4) yields
SV, (r, B) — v, (r, 0) Aotwg wr
o~ cos —
v (2mu2)’  vr

Note that, unlike the B = 0 case [29], the interaction cor-
rection Eq. (8) is isotropic. The most dramatic difference
between Eq. (8) and the B = 0 result is that the zero-field
correction falls off as 1/ r2, while the amplitude of oscillations
in Eq. (8) does not depend on r. Naturally, the falloff starts
from the distances r 2 Ry = vr/wgy, where Eq. (8) does not
apply. Technically, the extra factor 7> comes from ¢?(r) in the
factor F'. In relation to the local DOS, we would like to point
out that it can be measured experimentally using the scanning
tunneling microscopy [43,44].

Quasiparticle lifetime. Energy dependence of electron-
electron scattering rate, t,,'!, in doped graphene is
w? In(Ep/w), as in a regular Fermi liquid [36]. This
dependence emerges already in the lowest order of the
perturbation theory. A corresponding diagram is illustrated in
Fig. 2. Subsequent summation of the higher-order diagrams
within the random-phase approximation (RPA) modifies
the prefactor in 7,,'. Equally, the calculations leading to
nonanalytic interaction corrections [33] apply to the doped

®)
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graphene. With regard to the magnetic field dependence of
!, it appears that, similarly to the zero-bias anomaly, the
leading B dependence originates from the Fock diagram on
Fig. 2(c), which is beyond the RPA.

The result for the correction, Sre‘el (B), depends on the ratio
/T . In the low-T limit, w >> T, this correction reads

Aok, W2 w
8t (B) ~ %m (%) lw| > T, )
F

where Ay, = kpUy, /(2mvr), A = max{T, re’el}. The rela-

tive magnitude of the correction is essentially (wo/w)?* and,

similarly to the zero-bias anomaly, it originates from the mag-
netic phase 3..¢(r) of the propagator in Feynman diagrams.

In the high-temperature limit, 7 >> w, evaluation of the B-

dependent correction to the diagram Fig. 2(c) yields
2
5721 (B) ~ — In(2) %2

T . 10
mEr > o) (10)

Note that the correction is 7 independent, but it exists on the
background of the T2 main term.

Effective velocity and specific heat. In the doped graphene,
as in 2D electron gas, the effective velocity of quasiparticles,
v*, and specific heat, C,, are expected to acquire interaction
corrections [33,36,42]. These corrections scale as dv* o« T
and 8C, o T?, respectively. Both anomalies originate from
the nonanalytic corrections to the quasiparticle lifetime [33].
Here we trace how the j corrections specific for graphene
manifest themselves in v* and C,. The question of interest
is the temperature dependence of these corrections. We found
that the correction to v* behaves as a)(z) /T, while the correction
to C, is xwj /vy and is T independent. Both originate from w}
correction to the lifetime given by Eqgs. (9) and (10).

Another ingredient required to find the B-dependent cor-
rections to v* and C, is the electron spectrum renormalized by
the interactions. The corresponding j correction comes from
the Fock diagram Fig. 2(c):

Re[Z(w, B) — X(w, 0)]

N_)Lo)»zkpw% sgn(w),
16Er  |w/QT),

lw| > T

11
lw| < T. an

The above correction can, in principle, be measured using
the angle-resolved photoemission spectroscopy [45] from the
analysis of the constant energy maps [46] at different values
of B.

In the limit 7 > w, the renormalized spectrum Eq. (11)
leads to the following correction to the effective velocity of
quasiparticles v = vp /(1 — 9,ReX|,—0) [42]:

U(B) — U(O) o _Ao)LZkFa)g E_F
VF © 32E} T

(12)

Note that v(0) contains a nonmagnetic interaction correction
which is linear in 7. On the contrary, the B-dependent correc-
tion is ocT~!. This feature is illustrated in Fig. 4 for several
values of B. Since the thermodynamical potential, 2, involves
the summation over energies of quasiparticles near the Fermi
level, the energy correction in Eq. (11) has nontrivial implica-
tions for thermodynamics. Here we consider the specific heat
per unit volume, C, = V-1aQ /0T, where V is the volume of

Effective velocity

1.0+
L
>
S o8¢t
~
w0 B-component
0.0
" /
el /
0.1 0.2
0.10 0.11 0.12

T/EF

FIG. 4. In the plot the temperature-dependent interaction correc-
tion to the effective velocity, 67 v* = v} (B) — v;_y(B), is shown. The
inset shows the B-dependent component of the effective velocity,
87v*(B) — 8rv*(0). This part behaves as an inverse temperature,
~a’Erp/T.

system. The result for specific heat [42] in the limit T >> wy
is the following:

2
_ A'O)‘ka a)o

5C,(B) = 5C,(0) = —= =52,
F

13)

where §C,(B) is the interaction correction to the specific
heat. Note that §C,(0) contains the conventional 72 term,
specific for 2D Fermi liquid. We find that the field-dependent
correction to 8C, is a T independent. In the absence of
electron-phonon interactions, the field-dependent correction
exists in a parametrically large interval of temperatures, wy <
T < Er. Equation (13) can be verified experimentally by
measuring the specific heat of graphene in a comprehensive
Raman optothermal method [47].

Conclusion. Our main finding is that, for two-dimensional
Dirac electrons, application of a weak magnetic field en-
hances significantly the many-body effects. This is unlike
the conventional 2D electron gas. The reason for this is the
pseudospin-dependent magnetic correction in Dirac electron
propagators, ~ ¥_¢(r). For many-body effects to unfold, the
energy, », measured from the Fermi level should exceed
wo = vr(kpl®)~", which is the inter-Landau-level distance at
the Fermi level. We have only considered the low-temperature
properties of interacting electrons in the doped graphene, so
that the interaction with phonons [48,49] can be neglected.

Our predictions for observables given by Egs. (9)-(13) and
by Eq. (7) all emerge as a result of evaluation of the Fock
diagrams illustrated in Figs. 2(a) and 2(c). It is nontrivial that,
while these diagrams are not leading and even do not belong to
the RPA sequence, they are responsible for the sensitivity to a
weak magnetic field. Importantly, the higher-order diagrams,
while leading to the renormalization of the interaction vertex,
do not modify the predicted w, T dependencies.

Another origin of the B dependence of the interaction
effects is either spin via the Zeeman splitting coming from
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spin or the orbital effect via the curving of the electron
trajectories in magnetic field. We have checked [42] that
these two mechanisms lead to the B-dependent corrections
which are subleading compared to those originating from the
pseudospin-dependent phase of Dirac propagators.

Finally, we emphasize that our results apply for the
doped graphene, where the Fermi energy is far away

from the neutrality. The condition w 3> w( in the present
Letter is automatically violated at neutrality. The question
about v = 0 Landau level is interesting and remains open
[50,51].
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