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Symmetry-protected coherent transport for diluted vacancies and adatoms in graphene
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We study the effects of a low concentration of adatoms or single vacancies in the linear—response transport
properties of otherwise clean graphene. These impurities were treated as localized orbitals, and for each type
two cases with distinct coupling symmetries were studied. For adatoms, we considered top- and hollow-site
adsorbates (TOP and HS). For vacancies, we studied impurity formation by soft bond reconstruction (REC),
as well as the more symmetric case of charge accumulation in unreconstructed vacancies (VAC). Our results
indicate that the transport is determined by usual impurity scattering when the graphene-impurity coupling does
not possess Cs, symmetry (TOP and REC). In contrast, VAC impurities decouple from the electronic states
at the Dirac points, and yield no contribution to the resistivity for a sample in charge neutrality. Furthermore,
the inversion-symmetry-conserving HS impurities also decouple from entire sets of momenta throughout the
Brillouin zone, and do not contribute to the resistivity within a broad range of parameters. These behaviors are
protected by Cs, and inversion symmetry, respectively, and persist for more general impurity models.
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I. INTRODUCTION

Graphene has been hailed as a promising material due to its
unique electronic transport properties [ 1], governed by elemen-
tary excitations that behave as massless, chiral Dirac fermions
[2]. This leads to unique features, such as a universal minimum
ballistic conductance [3-5] o, = 4€2 /mh, expected for an
infinite “clean” graphene sample at the charge-degeneracy
point, and which has been confirmed by experiments [6,7].

The effects of short-range disorder (scattering centers, such
as impurities or defects) in the transport properties of graphene
has been the subject of intense research efforts. It has been
argued that the conductivity depends strongly on the nature
of the scattering processes [8—10], and particularly on the
symmetries of the disorder distribution [11]. Moreover, it has
been also established that impurities or defects that break the
sublattice symmetry produce intervalley scattering and lead
to nonuniversal conductivities [12,13]. In fact, experimental
results for irradiated graphene show a strong decrease in
the minimum conductivity, well below the universal value,
indicating the onset of an insulating behavior [14].

More recently, there has been rising interest in the formation
of magnetic moments in impurities and vacancies in graphene
[15-17], and the possible observation of the Kondo effect
[18,19]. In this context, it has become clear that it is crucial
considering not only the type of impurity (e.g., adatom or
defect) but, more importantly, how it couples to the graphene
lattice.

For instance, Uchoa et al. [20] find that the effective impu-
rity hybridization strongly depends on whether the graphene-
impurity coupling breaks or preserves the C3, point group
symmetry of the sublattice. If this symmetry is preserved,
the hybridization function is strongly suppressed near the
charge-degeneracy point (¢ =0), since it scales with energy as
l€]?. In contrast, C3,-breaking couplings scale as |€| [20]. In
fact, this effective decoupling of the impurities at low energies
has been studied in the context of disorder in graphene,
leading to so-called “anomalous Anderson localization,” in
sharp contrast to symmetry-breaking impurities and Coulomb
charge centers [21].
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In this paper we study the effects of a low impurity density in
the transport properties of graphene, in terms of the symmetry
of the impurity couplings. Using the Kubo formalism, we
derive general expressions for the dc electrical resistivity in
systems with different types of adatoms (top site and hollow
site) and vacancies (symmetric and reconstructed), in varying
concentrations.

The overall behaviors for impurities with different symme-
try properties are strikingly different. While top-site adsorbates
and reconstructed vacancies give a finite resistivity contribu-
tion, we find that hollow-site adatoms and symmetric vacancies
decouple from the electronic states at the Dirac points, leading
to a vanishing contribution to the resistivity in charge-neutral
graphene. Strikingly, hollow-site impurities also decouple
from entire sets of states throughout the Brillouin zone, and
do not contribute to the sample resistivity for any value of the
carrier density. These are quantum-interference effects, and
are protected by C3, and inversion symmetry, respectively.

In systems with a mixture of symmetry-preserving and
symmetry-breaking impurities (the most likely scenario in
real experiments), we find that the impurity contribution to
the resistivity can change by several orders of magnitude,
depending on the relative symmetric/nonsymmetric impurity
concentration. Our results show a strong temperature depen-
dence for the contribution of nonsymmetric impurities. Since
the graphene conductivity minimum (resistivity maximum) is
temperature independent down to 30 mK, it should be possible
to detect such a robust impurity contribution in transport
experiments.

The remainder of this paper is organized as follows:
Section II gives a brief introduction to graphene in the tight-
binding approximation, and introduces the graphene-impurity
couplings and their symmetries. In Sec. III we develop a Kubo
formalism for the low-energy regime, and derive a general
formula for the resistivity at low impurity density. Numerical
results for the resistivity of one- and two-impurity mixtures as
a function of temperature and chemical potential are presented
and discussed in Sec. IV. Finally, we present our conclusions
in Sec. V.
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II. IMPURITIES IN A GRAPHENE SAMPLE

Graphene can be described by the tight-binding Hamilto-
nian

3
Hg=—1) > > {al(R)byR; +atj) + Hel}, (1)

s Ry j=1

where operators a!(R;) [a,(R;)] and bI(R;) [by(R;)] create
(annihilate) electrons of spin projection s at the ith site of
sublattices A and B, respectively. The vector R; in Eq. (1)
and all expressions henceforth runs over sublattice A sites.
All nearest neighbors to these sites belong to sublattice B,
and are located at positions R; + afi;, where @) =X, @i, =
—%/2 4+ §+/3/2and i3 = —%/2 — §+/3/2 are unit vectors and
a is the nearest-neighbor spacing.
Hg can be expressed in terms of plane-wave operators as

Hg = —t Yy _(®(K)a} bi, +Hcl, )
ks
with
3 .
Dk) =Y el (3)
j=1

This model can be diagonalized exactly, giving two energy
bands with dispersions ¢1(k) = ¢|P(k)| and correspond-
ing operators cy k. Defining the column vectors ¢k, =
(ks> C—xs)! and Yy s = (axs, bxs)?, the operators of the
basis in which Hg is diagonal (hereafter referred to as the
“c basis”) can be related to those of the A and B sublattices
through the unitary transformation g ; = Ukck s, With

1 k) D)
Uy = — |P(k)| (o) ) 4)
ﬁ( 1 1

A single (noninteracting) impurity will be treated as a
localized level described by the term

Hi =Y gqdld,, )

where d;[ (d,) creates (annihilates) an electron of spin pro-
jection s in the impurity orbital. How this orbital couples to
the graphene will depend on its geometry and its position in
the lattice. In this article we consider two representative types
of impurities: vacancies and adsorbates. Within these types,
we will also divide the impurities by the local symmetry of
their couplings to the graphene lattice. The impurity-graphene
couplings in real space are described in Appendix A. In the ¢
basis, these terms take the form [20,22]

H=Y Y {0k dicox; +Hc.}, (©6)
s,k

where o = +,— indicates the band index and / the impurity
type.

Vacancies are atomic-scale defects consisting of missing
atoms in the graphene lattice [15,23-26]. Charged vacancies
(VAC) without bond reconstruction are the simplest from
a geometrical point of view. When this kind of vacancy
occurs in sublattice A, say, it will couple identically to all
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FIG. 1. Single impurities in a graphene lattice: (a) Top-site
adsorbate, (b) hollow-site s-level adsorbate, (c) symmetric vacancy,

and (d) reconstructed vacancy. Lattice sites in red and blue belong to
sublattices A and B, respectively.
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three surrounding carbons of sublattice B [27], as depicted in
Fig. 1(c). In a sense, sublattice B is “singled out” and inversion
symmetry is locally broken. Nonetheless, the point symmetry
of this configuration matches that of the sublattice, and is
encoded in the VAC-graphene momentum-space coupling

|4
Oy (k) = Nl (N

which has C3, symmetry about the K and K’ points [Fig. 2(a)].
Notice in particular that the coupling vanishes at these high-
symmetry points. This is as a result of quantum interference,
and is protected by C3, symmetry.

The situation is substantially different for vacancies with
bond reconstruction (REC) [28-30], which in addition to not
preserving local inversion also break the sublattice C3, point
symmetry, as shown in Fig. 1(d). The REC-graphene coupling
is given by

vV . PN
@:lie:l(k) — Eezak-uj Z e—lak»u,7 (8)
I#j

which is explicitly not invariant under C3 rotations. In deriving
Eq. (8) we have placed the impurity orbital specifically at ai;
from the vacancy site. This represents the coupling between
the sp? orbital of the atom at ai; and the 7 orbitals of
the atoms at afi; (i # j) discussed in Refs. [28,31]. This
is only one of three possible configurations that occur with
equal probability throughout the sample, and thus have to be
averaged to properly describe an impurity distribution. The
average

3
1
|OrK)|* = 3 > 10k k)
Jj=1

v2[1 + |D(Kk))* — §Re cﬂk)}, ©
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FIG. 2. |®,;(Kk)|* for (a) vacancies (I = V) and (b) reconstructed
vacancies (I = R); (c) hollow-site adatom (/ = H) upper band, and
(d) hollow-site adatom lower band. The equipotential contours show
topographic details at low energies, and the hexagons indicate the
boundaries of the first Brillouin zone. The couplings vanish at K and
K’ for all cases except I = R, and only |®f1(k)| display line nodes
at specific angles about these points.

shown in Fig. 2(b), demonstrates that global C3, symmetry is
recovered for an ensemble of REC impurities. However, in this
case the coupling is finite for all momenta, and particularly at
the K and K’ points. The interference that gave rise to the
zeros in the VAC case is removed by the symmetry breaking,
and the C3, symmetry of the REC impurity distribution is
only recovered in average. It is worthwhile mentioning that,
although the details of the coupling Eq. (8) depend on the
precise location of the impurity orbital within the vacancy, the
average Eq. (9) does not.

Top-adsorbed impurities (TOP) [32-34] are adatoms lo-
cated outside the graphene plane, forming covalent bonds with
a single carbon atom in the honeycomb lattice [Fig. 1(a)].
By coupling only to one site, TOP impurities locally break
inversion symmetry [35], while still preserving full rotational
symmetry in the plane. Because we treat the TOP impurity as
a pointlike object, it will couple equally with all momentum
states in the graphene sample as

07 (k) = (10)

14
7
Thus, although the impurity isotropy preserves the sublattice
point symmetry, it is clear that this symmetry is not inherited
by the TOP-graphene coupling function.

In contrast, a hollow-site adsorbate (HS) with an s or d
valence orbital preserves the sublattice point symmetry. By
coupling to both sublattices with equal strength, HS impurities
are also invariant under inversion [Fig. 1(b)]. The HS-graphene
coupling function has the form

2
P (k)i|’ an

07(k) = v [CD*(k) +
| (k)|

V2
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which possesses full C3, symmetry about the high-symmetry
points. This is shown in Figs. 2(d) and 2(c). Strikingly,
the coupling to the upper (lower) band vanishes for all k
about the K (K') point at angles ¢ = —m/2, w/6,57/6, as
well as for ¢ = —57/6, — /6, w/2 about the K’ (K) point.
These nodes are produced by quantum interference involving
momentum states from both sublattices, and in fact appear
quite independently of the specific point symmetry of the
impurity (Appendix D).

Indeed, this will be a central point in our discussion of
transport: The presence of nodes in the coupling function
®y(k) is protected by inversion symmetry. Even if the point
symmetry of the coupling were reduced, inversion symmetry
guarantees the presence of at least one node originating at each
symmetry point. As we will show in Sec. I1I, this decoupling of
the impurity to graphene states throughout the Brillouin zone
makes the impurity “invisible” to the overall transport behavior
of the sample, resulting in a zero contribution to the resistivity.

In the following section we develop a Kubo formula for
the resistivity of a graphene sample with an impurity density
Nimp = Nimp/ S, where Ny, is the number of impurities per unit
cell and S = 3a®+/3/2 is the (hexagonal) unit cell area. We
will work in the dilute regime of Ny, < 1. The impurity type
and symmetry will enter our formalism through the coupling
functions introduced above.

III. LINEAR-RESPONSE TRANSPORT

We are interested in exploring the regime of low impurity
density of a mesoscopic graphene sample by means of standard
transport measurements. At low temperatures and close to
charge neutrality, the behavior of this system is determined
entirely by momentum states near the K and K’ points.

About these high-symmetry points the dispersion &+ (K +
k) = +t|®(K + k)| ~ 3rak/2 is linear and isotropic in k.
Furthermore, in the low-energy regime the valley index (K
or K') behaves as an additional spin quantum number [1],
resulting in a model that describes Dirac quasiparticles. The
vectors Vg, and cx, become the 4-spinors [36]

AK+k,s C4 K+k,s
bk 1x, C— Kik.:
wk,S = b Hos k] ck,s = Kot ’ (12)
K'+K,s C— K'+k,s
AK'+k,s C+ K'+k,s
connected by the unitary transformation
d(K+k) _ _P(K+k) 0 0
|®(K+K)| [®(K+K)|
1 1 0 0
U“_ﬁ 0 0 1 1
0 0 DK +k) DK +k)
ECEIRECEE
(13)
A. The current operator
The current operator for momentum q is given by [8]
: 3
i@ =evr Y Yl 70 Vg, (14)

Kk,s

where e is the electronic charge, vy = 3ta/2 is the Fermi
velocity (h = 1), and t' (¢') are Pauli matrices acting on
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the valley (sublattice) subspace. In the ¢ basis the current
components (i = 1, 2) take the form

PHYSICAL REVIEW B 94, 085425 (2016)

where yi(k,q) = U]ir3 0 Uxtq. For the remainder of this
article we will work exclusively in this basis and omit the spin
index s. For zero momentum transfer (q=0), the ' matrices

j'(q) = evp Z Cl,syi(k,q)ckﬂ,m (15)  take the form
K,s |
Re [0, 0" (K+1) | itm [ o], " (K410 | 0 0
|P(K+K)| [®(K+K)|
iTm [a{2¢*(K+k)] Re [afz®*(K+k)] 0 0
yi(k,q=0) — |P(K+K)| | ®(K+k)| ‘ (16)
0 0 Re [rr]'ZCIJ(K’+k)] _iIm [a;2¢<K’+k)]
| ®(K'+K)| | D(K'+K)|
0 0 iIm [a;’2<1>(K’+k)] Re [a;'2<1>(K’+k)]
[®(K'+k)| [D(K'+k)|

B. Kubo formula

From Eq. (15) we can calculate the two-point current
correlation function, and obtain the conductivity tensor in
linear response via the Kubo formalism (Appendix B). The
resistivity tensor o is then given by the inverse of the
conductivity tensor as

[ —l]l](T) (eUF) Z/ [ anF(a) T:u“)jl

xTr{y' (K)Gr(@ )y’ K Gu(@h)}, (17)

where np(w,T, ) is the Fermi-Dirac distribution for energy w,
temperature 7', and chemical potential u; Gyk(w™) [Grk(w™)]
is the full retarded (advanced) graphene Green’s function; and
y' (k) =y'(k,q=0).

Evaluating the trace in Eq. (17) requires taking the matrix
product for each impurity type. This process can be expedited
by noting that the ratio ®(K + k)/|®(K" + k)| in (13) is
a function only of the momentum azimuthal angle ¢, to first
order in k. Therefore, the trace has the general form

,m(fl’)G (0 )Gl (w+)+B” ()G (@ )Gp(@™)
+C1 ()G (@ )Gy (@) + DI ()Gl ()G (@),
(18)

where the matrices AV, BY, C/, D'/ are impurity dependent,
and sums over repeated Greek indices are implied. This
expression can be simplified by a few general considerations.
First, if our result is to be valid for any uniform distribution
of impurities in the dilute limit, the Green’s functions in
Eq. (17) must be interpreted as the average over all possible
uniform distributions. Assuming a very low impurity density,
the self-energy associated with the Green’s function can be
approximated as [37]

(0®) = nimpT(@™) + O(n (19)

1mp)

where T(w¥) is the single-impurity 7 matrix. The 7 matrix
can be put in terms of the impurity local Green’s function
Ga(wb) using the equation-of-motion method [38,39]

T (%) = 04 (K)G 1 (05)0)* (K), (20)

where ©f are the elements of the 1 x4 coupling ma-
trix: Ol(k) = OF (K +k), 03(k) =0;(K+k), ©3(k) =

(

®; (K +k), and ©}(k) = O (K’ + k). Using the symmetry
properties of the coupling functions about K and K’, and
considering that the trace will be integrated over ¢, the sums
in expression (18) can be limited to w,v = 1,2. Further-
more, it can be shown that the intraband-intravalley terms
Gt (07)Gyy (™) dominate in the dilute limit (Appendix C),

and we need to calculate only the prefactors A | (@) and A5,().
With these approximations, the impurity contrlbutlon to the
resistivity is simplified to
2(evp)*S

2
“@ny / @k /

y [ A (@8 — vrk)
Rimp | O ()| a1 ()

o1 — [ Inr(@.T, m]

dw

AL($)8(w + vrk) }
Himp | ©2(K) | pur ()
1)

where p,;(w) is the spectral density for impurity type I.

For I = T, R these integrals are always well behaved, but
for I = V the integrand has a singularity at each symmetry
point [see Fig. 2(a)]. Most strikingly, for I = H the integrand
is singular at the symmetry points as well as at the line nodes
shown in Figs. 2(c) and 2(d). These singularities lead to a
diverging integral Eq. (21).

This is one of the main results of this paper: Due to the
C3, and inversion symmetries of their couplings, VAC and
HS impurities are “invisible” to specific graphene momenta,
which remain available for coherent transport and result in
a zero impurity contribution to the system resistivity. As we
will see below, a finite resistivity contribution due to impurity
scattering is recovered away from charge neutrality for VAC
impurities. This is not the case, however, for HS impurities,
whose symmetry properties under inversion guarantee that
states will be available for coherent transport at all energies.

We emphasize that Eq. (21) represents the impurity contri-
bution to the graphene resistivity, and its vanishing for VAC
and HS impurities does not entail perfect conduction through
the sample [37]. That said, our formalism could be paired
with existing techniques that consider full-counting statistics,
to determine the system transport under those conditions
[9,40,41]. In addition, we remind the reader that these results
are not valid for a high impurity concentration, where a
determinant of whether the graphene symmetries are preserved
is the symmetry of the impurity distribution itself [8,11].
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From an experimental point of view, when adsorbates
are evaporated onto the graphene sheet, both TOP and HS
adatoms will be present in the sample [32]. A similar argument
can be made for vacancies, where both VAC and REC
sites will be created by, e.g., sputtering from an incident
electron beam [42]. With this in mind, our approach is to
evaluate the average contribution to the longitudinal resistivity
2 ={[p """ + [p~'1?*)/2} 7! of a graphene sample with two
kinds of adatoms (TOP and HS), or two kinds of vacancies
(REC and VAQ).

Given their unique symmetry properties, we will focus
especially on VAC and HS impurities. We definen (0 < n < 1)

J

PHYSICAL REVIEW B 94, 085425 (2016)

as the fraction of the total impurity density niy, comprised of
VAC in the case of vacancies, or HS in the case of adatoms, with
(1 — n) the corresponding complementary fraction of REC or
TOP impurities. The impurity mixture can be introduced into
the transport formalism by writing the self-energy as, e.g.,
S(wt) = nTp(0®) + (1 — n)Tr(w), for a mixture of TOP
and HS impurities. This is a good approximation in the dilute
limit. We will study the four possible cases of single impurity
species through the limit cases n — O andn — 1.

Calculating the coefficients A{'(¢) and A%’ (¢), expanding
the couplings about the symmetry points, and evaluating the
momentum integrals, we obtain

—1

28 ¢ [P onr(e,T,pn) |e]

Prov(T, ) = e ds[— ] , (22a)
(hnimp hJop 0e J[%5 + &1 = m)par(e) + Yr&npav (e)
-1

28 &> (P anp(e,T,
A e ds[— e “)] i SNCAS)

Riawp 1t J-p ¢ A2 = pare)y S0~ mpar(e) + 2V /122 npan(e)

where the Planck constant has been reintroduced. To work
exclusively in the Dirac regime while also preserving the
total number of states in the Brillouin zone, we have defined
the Debye half-bandwidth [43] D = 3734@m) 2a hvp ~
10 eV. The problem is now reduced to calculating the single-
impurity spectral densities pg;(¢).

IV. RESISTIVITY CALCULATIONS
A. The impurity spectral density

As stated in Eq. (5), we treat the impurities as single
noninteracting orbitals of energy &,. The impurity spectral
density (Fig. 3) can be obtained by solving the equation of
motion of the retarded Green’s function:

© 1 Im G y(e™) 1 Iy(e)
e)=——ImGu(") = — .
par x e 7 [6 — 64 — A(&)P + T2(e)
(23)
The hybridization function for impurity type / is defined as
4
Fie) =7 Y.y |0 *sle — . (b1, (24)
n=1 k

with €;(k) = €4(k) = —e€y(k) = —e3(k) = hvrk, and it can be
shown that the level shifts A;(¢) vanish. We have

V32 e
Pr(e) = Zolel = FO‘B , (252)
& £ 3
Tr(e) = ro[ 5’ +6n«/§’5 ] (25b)
3
Ty(e) = Ty(e) = 4n\/§ro‘%‘ . (25¢)

The dependence on the third power of the energy in the
last expression led the authors of Ref. [20] to predict super-
ohmic transport through vacancies, hollow-site impurities, and
substitutional atoms. However, our analysis of Sec. III and the

(

results that we present in the following section demonstrate
that this is not reflected in the transport properties of the
graphene sample itself.

edTo=-5.00 — |
4 -Sd/ro= 0.00 - - - "I
Sd/r0= 500 ---- '\‘
E Y

107-100-10-10210% 10910210 109 10
Slro S/ro

FIG. 3. The spectral densities of TOP, REC, VAC, and HS
impurities for different local energies ¢, using I'g/D = 0.05. The
amplitude at ¢ = 0 vanishes as a power law for the C;, impurities
VAC and HS, in stark contrast to the non-C3, impurities REC and
TOP, whose spectral densities are singular at zero energy.
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FIG. 4. Resistivity as a function of temperature for TOP and REC
(n = 0), and VAC and HS impurities (n = 0.95). Results are shown in
charge neutrality (1 = 0) for impurity local energies (a) e, = —5T,
(b) ey =0, and (c) g4 = 5Ty, with 'y = 0.05 D ~ 0.5 eV.

B. Results and discussion

The resistivity of a graphene sample in charge neutrality as
a function of temperature is shown in Fig. 4 for all impurity
types. The curves for VAC and HS impurities were obtained
using n = 0.95 in Egs. (22a) and (22b), respectively. The
corresponding value used for TOP and REC was n = 0.

In general, the low-temperature resistivity contributions
of TOP and REC impurities can be understood in terms of
impurity scattering for all values of ¢;. In all cases shown in
Fig. 4, the curves for TOP and REC merge at temperatures
below |e4|, as one would anticipate given that the spectral
densities of both impurity types are identical at low energies
[Figs. 3(a)-3(d)]. For impurities off-resonance with the Dirac
point (g4 # 0) the resistivity reaches a saturation value
of (2 &4/ Ty)~2, producing a plateau at low temperatures
[Figs. 4(a) and 4(c)]. This is a clear signature of impurity
scattering dominating the electronic transport.

A substantial difference can be seen for TOP and REC
impurities in resonance with the Dirac point (¢; = 0). In this
case, the impurity introduces a bound state at zero energy
[44,45] that dictates the low-energy behavior of the system.
For TOP impurities, the resistivity is given by

285¢2 4n* D>+ 127 ' D2
e + 0i| (26)

O T,{;‘ = :0 = —,
pr(T,eq = =0) |:nimph2 312 72

throughout the full range of temperatures [Fig. 4(b)]. This
function diverges as T2 for T — 0O-an insulating behavior
reflecting the suppression of thermally activated transport
as the temperature is lowered. Although REC impurities
display the same behavior for T < |g4|, the cubic energy
term in Eq. (25b) dominates at high temperatures, producing
a departure from the 72 scaling.
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The curves for VAC and HS in Fig. 4 confirm that these im-
purities do not contribute to the resistivity of a graphene sample
in charge neutrality, as discussed in Sec. III. For ¢; # 0 the
low-temperature resistivity is given by (1 — n)(2m g4/ I'g) >
[Figs. 4(a) and 4(c)], indicating that the resistivity originates
from low-energy scattering with the small fraction (0.05) of
either REC or TOP impurities present in the sample. Similarly,
for &; = 0 both curves follow a T2 trend at low temperatures,
described by Eq. (26) with a prefactor (1 — n).

Next, we examine the resistivity as a function of the chem-
ical potential. Figure 5 shows isotherms at T = 107* D ~
10 K for all four impurity types. The figure shows curves
for VAC and HS impurities using different values of n. In
general terms, the resistivity of a sample with only TOP
impurities [Figs. 5(a)-5(c)] has a maximum amplitude when
u = g4 and impurity scattering is enhanced. For ¢; = 0 the
resistivity peak [Fig. 5(b)] follows our previous discussion
for charge neutrality, and increases as the temperature is
lowered, following Eq. (26). The peak amplitude increase with
decreasing temperature shown in Fig. 5(b) is reminiscent of
early resistivity measurements in graphene [46]. Fore; # 0, on
the other hand, the resistivity maximum has a low-temperature
saturation value of (27 &;/D)~? [Figs. 5(a) and 5(c)]. The
behavior is qualitatively the same for REC impurities, with
a slightly shifted maximum and the appearance of a local
minimum due to the cubic term in Eq. (25b), as can be seen in
Figs. 5(a) through 5(c).

As before, the resistivity profiles for VAC and HS impurities
are similar to those of REC and TOP impurities, respectively.
Nonetheless, two important differences arise when varying the
impurity fraction n: First, as the TOP or REC fraction goes to
zero (n — 1) the resistivity in charge neutrality vanishes for
samples with only HS or VAC impurities, respectively. This
behavior is independent of ¢, [Figs. 5(d)-5(i)]. Second, an
important distinction appears between VAC and HS impurities
away from charge neutrality for all values of &;. While for
hollow-site adatoms the resistivity goes to zero with (1 — n)
for all values of the chemical potential [Figs. 5(g)-5(1)],
symmetric vacancies show a finite resistivity away from charge
neutrality, even as n goes to one. This is especially clear in the
maxima indicated with arrows in Figs. 5(d) and 5(f), which
have a fixed finite value independent of n.

Figure 6(a) shows the behavior of the resistivity maxima of
Figs. 5(d) and 5(g) as a function of the VAC and HS impurity
fraction n. As described above, for symmetric vacancies
the peak amplitude remains unchanged for all values of n,
including the case of pure VAC impurities (inset). For adatoms,
on the other hand, the corresponding amplitude goes to zero as
(1 — n)'/? for low HS fractions. In the case of charge neutrality,
however, the behaviors of VAC and HS impurities with n are
identical, as shown in Fig. 6(b). Their corresponding resistivity
curves overlap and go to zero as (1 — n). Notice that away from
charge neutrality [Fig. 6(a)] the resistivity for both VAC and HS
impurities is quite independent of temperature, in agreement
with experiments [47,48].

The restoration of a finite resistivity contribution for VAC
impurities is achieved by avoiding the graphene states at
the Dirac points, which are impervious to the presence of
symmetric vacancies. At a finite chemical potential, only states
within an energy window ~T about the Fermi level will
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FIG. 5. Low-temperature resistivity as a function of chemical potential. (a), (b), and (c) Correspond to a graphene sample with only
(non-Cj,-symmetric) TOP and REC impurities. (d) through (i) Correspond to a mixture with a fraction n of C3,-symmetric and 1 — n of non-
C3,-symmetric impurities. Results are shown for impurity local energies ¢, = —5T7, 0, 5T (left to right) at a temperature 7 = 107D ~ 10K.
We have used I'y = 0.05 D, which gives an impurity-graphene coupling V ~ 800 meV.

partake in transport processes. Therefore, coherent transport
can be avoided for VAC impurities by shifting the chemical

o, | TD=10%

E10*F T/D=10% - - -

< T/D =102 -----
(\7103*(b)

<

Ao

)

&

I

£

1

6 5 -4 3 2 1 0

< 10 Logqo[1-n]

L

0 01 02 03 04 05 06 07 08 09 1
1-n

FIG. 6. Resistivity of adatoms and vacancies as a function of
the fraction n of Cs, impurities (HS and VAC) for fixed chemical
potential © = —5T'y. (a) For vacancies, the case of u = ¢, = —5T
corresponds to the resistivity maximum of Fig. 5(d), which is
independent of n. For adatoms this is also the maximum peak, but
its amplitude goes to zero as (1 — n)!/? as n goes to one. (b) In the
case of a resonant impurity (e, = 0) the resistivity for adatoms also
vanishes as (1 — n)'/?, whereas for vacancies it remains finite (away
from charge neutrality) up ton = 1.

potential away from the charge neutrality point. However, this
is not the case for HS impurities, which have momentum states
available for coherent transport at all energies, and cannot be
avoided by changing the carrier density.

Asdiscussed in Sec. I, this fundamental difference between
the two highly symmetric impurity types can be traced back to
their distinct behaviors under inversion. While VAC impurities
break it locally, HS impurities fully preserve the graphene
inversion symmetry. Thus, while the C3, symmetry protects
the vanishing of the coupling only at the symmetry points,
inversion symmetry guarantees the appearance of nodes in the
coupling function ® g (k) throughout the Brillouin zone.

The appearance of these nodes due to inversion symmetry
can be seen as follows: A generic inversion-invariant hollow-
site impurity couples to the graphene states as (Appendix D)

|03 (K)|* = [Vi|*(1 & Re [¢/ e @M +2are Vi), 27)

where Vj = ijl V€% and V; is the real-space coupling
to the sublattice- B site at ali;. Both terms between parentheses
are of norm unity, such that the coupling will vanish for all
momenta k in subband o = = that fulfill

arg ®(k) +2arg Vk = [2n + (1 £ 1)/2]m, (28)
with n some integer. For simplicity, let us assume that V; are
real, as in the particular case of Eq. (11). Then, after a few
manipulations, Eq. (28) becomes

3

D> Vi Vifsin(ak - [ + 0))Re D (k)

j=1 1=l

+ cos(ak - [G; 4+ 0;])Im ®(k)} = 0. 29)
The appearance of the real and imaginary parts of ®(k)
guarantees that the symmetry points, where ®(Kk) vanishes,
are always solutions to this equation.
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In fact, a numerical study of ®y(k) for different V;
demonstrates that each symmetry point will be the termination
of at least one node, and that for most cases of interest this node
will be a straight line, as in the cases of Figs. 2(c) and 2(d).

V. CONCLUSIONS

In this article we have studied the linear electronic transport
properties of mesoscopic graphene with a low concentration
of adatoms or vacancies. Our results for different impurities
demonstrate distinct transport behaviors that can be traced
to the point symmetry of their couplings to the graphene
sublattices, and to whether they locally break or preserve the
inversion symmetry of the honeycomb lattice.

Top adatoms and reconstructed vacancies, which break
inversion symmetry locally, and whose symmetries differ
from the sublattice C3, point group, show similar behaviors.
For a charge-neutral graphene sample, the usual impurity
scattering contribution to the resistivity is present when the
impurity is off-resonance with the Dirac point. For a resonant
(zero-energy) impurity, transport is strongly suppressed at low
temperatures. In this case, the presence of a bound state at
zero energy leads to a power-law divergence of the impurity
resistivity in the zero-temperature limit. Away from charge
neutrality, transport is again dominated by impurity scattering,
which is maximized when the chemical potential is tuned to
match the impurity level energy.

More interesting is the behavior of hollow-site (s-level)
adatoms and C3,-symmetric vacancies. Their contributions to
the resistivity of a charge-neutral graphene sample vanish due
to the presence of electronic states that are fully decoupled
from the impurities, and thus impervious to their presence.

In the case of symmetric vacancies, which locally break
inversion symmetry, the decoupled states correspond exactly
to those located at the K and K’ symmetry points. The
contribution by these states to the transport can be prevented by
changing the chemical potential through, e.g., the application
of a gate voltage, and thus a finite resistivity is recovered.

This is not the case for hollow-site adatoms, which decouple
from full line nodes of momentum states all throughout the
Brillouin zone. The specific momenta forming these nodes
depend on the particular rotational symmetry of the impurity,
but their existence is protected by the local conservation of
inversion symmetry.

We believe it should be possible to verify our predictions
through standard transport measurements on gated graphene
samples. For an estimated nearest-neighbor hopping t =
2.7 eV, the results presented in Figs. 5 and 6 correspond to
temperatures of order 10 K or higher, and a realistic [49,50]
impurity coupling V ~ 800 meV.

Our results can be readily generalized for interacting
impurities and vacancies in graphene. The formation of
local magnetic moments may be introduced by considering
a local Coulomb interaction term in Eq. (5). Such magnetic
impurities—predicted for transition-metal [32] and hydrogen
[51] adatoms, and both symmetric and reconstructed vacancies
[52-55]—would introduce strong correlations that can be
handled by the numerical renormalization group (NRG). This
nonperturbative method can correctly evaluate the interacting
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impurity spectral density entering Eq. (22), and thus the
resulting resistivity contribution.

For charge-neutral graphene, in particular, the interacting
impurity problem can be described by the so-called pseudogap
Anderson model [56,57]. In this case, the interacting-impurity
spectral density vanishes at the Fermi level with the same
power law as the density of states [58], similar to the results
presented in Fig. 3. To put it differently, the local density
of states for interacting impurities in graphene will vanish
at the Fermi energy as p(w) ~ |w| for symmetry-breaking
impurities, and as p(w) ~ |w|? for symmetry-preserving ones,
just like in the noninteracting case. However, in the presence
of long-range disorder [19] or a finite chemical potential,
we expect the low-temperature behavior of the system to
be dominated by Kondo correlations. Although the latter
case has been discussed by some authors [31,59,60], the
momentum dependence of the impurity-graphene coupling
due to symmetry has yet to be addressed.

Note added. After the completion of this work, we became
aware of a manuscript [61] which has studied the impurity
scattering properties for the cases of top-site and hollow-site
adatoms. Their conclusions are in accordance to our results,
namely that impurity scattering is strongly suppressed in the
case of hollow-site impurities.
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APPENDIX A: REAL-SPACE IMPURITY-GRAPHENE
COUPLINGS

Here we present the expressions for the impurity-graphene
couplings Hig in real space for the different impurity types of
impurities (I = T, H,V, R). Without loss of generality we set
the origin of our coordinate system at the impurity site. When
the impurity sits at or on top of a lattice site, as is the case for
TOP, VAC, and REC, we call the corresponding sublattice A.

TOP impurities couple to a single site as

Hrg =V ) {dla,(0) +a(0)d,}. (A1)

A VAC impurity will couple identically to all three surrounding
sublattice B sites located at afi; as

3
Hyg =V Y Y {dib(ai)) +Hc.}.

s j=I

(A2)

For the case of an asymmetric REC impurity, we consider that
the sp? orbital of the B-sublattice carbon atom at ad; will
couple to the 7 orbitals of the two B-sublattice carbons at ai;
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3
Hpo()=V Z Z(l — 8;){d!by(ati; — aty) + Hec).
s j=1
(A3)
Finally, HS impurities couple identically to both sublattices:

3
Hug =V ) > {dilasad;)+ b(—ad;)] + Hc}. (A4)
s j=I1

In Fourier space we have

Hrg =V ) {dia +Hecl, (ASa)
K,s
Hyg =V Z{cb(k)djbks +H.c.), (A5b)
k,s
Hra) =V Y fe ™| Y ™ diby, +He. ¢,
K.s j#l
(AS5c)

c=V Z{dj [@(K)ak, + D (K)by, ] + H.c.}. (A5d)

Applying the transformation (4) we obtain Egs. (7), (8),
(10), and (11).

APPENDIX B: KUBO FORMULA FOR THE ZERO-BIAS
CONDUCTIVITY

In the linear response regime, the electric conductivity
tensor is obtained through the Kubo formula

.. 1 .
o' = lim —Im ¥ (0™"), (B1)
o—0 1w

where T (w*) is the retarded response function, and w is
the (angular) frequency of the driving electric field. Following
common practice, we work in the imaginary time and fre-
quency domain to simplify the calculations. The Matsubara
response function is given by

1/T
N (iw,) = f dt e (j'(1)j/(0)), (B2)
0

where w, = 2nm T is a bosonic Matsubara frequency, ji(z)
is the ith component of the imaginary-time Heisenberg
representation of the zero-momentum current operator

"rjq = 0)e™ 7, (B3)

and 7T is the temperature (in units of energy). We can relate this
quantity to the retarded response function through the formula

V(") =-T"'"TTY(iw, > »+i07). (B4)

r)y=e

The two—point current correlation function can be evaluated
in the graphene basis using Eq. (15):

MY (iw,) = (evp) Y /

k.k’

/T
dr ¢ s 0y, ], (K)

x (et (@)l (e tep), (B5)

PHYSICAL REVIEW B 94, 085425 (2016)

a,k B,k a,k 3,k

v, k u,k v, k 1w,k

)

FIG. 7. The current-current correlation function is represented by
a polarization diagram and an interaction vertex I". Lines represent
full graphene Green’s functions in the presence of the impurities, and
point vertices at the top and bottom represent the current operators.

where a sum is implied over all repeated Greek indices. Using
Wick’s theorem [62] to expand the correlation function, and
performing a partial summation of the resulting diagrams, the
response function is represented by the two diagrams of Fig. 7.
In the “ladder” approximation [63], the vertex I" contributes
an overall factor of order one to the full propagator result.
Since no qualitative changes are introduced, we retain only
the “bubble” diagram representing the expression

y yroo
MY (iw,) = —(evr)® Z / dre' Ty, (K)y,, (k)
0

W (—T)GE (D). (B6)

At this point we introduce the Fourier representation of the
imaginary-time Green’s functions

Gew(m) =T Y e *nrGhli(iky), (B7)
ik,

withk,, = (2m + 1)n T afermionic Matsubara frequency. The
imaginary-time integral is now easily evaluated to obtain

— (evr)’T Y vig®y,(K)
Kk, ik,

ik + @n))GEL (k). (BS)

The Matsubara sum can be evaluated by standard techniques,
and retaining only the dominant term [37] we obtain

Im 7 (w) = — (evp)? Z/

X Gl ('t + 0)Gi (@' 7)
X [np(@ +o,T) —np(@,T))], (B9)

MY (iw,) =

J/a,g(k)yw(k)

where np(w,T) is the Fermi-Dirac distribution and Gkk(wi)
is the retarded (advanced) Green’s function. Finally, the
conductivity is obtained by substituting (B9) into (B1) [64]:

. (evp)? o0 [ np(w,T)]
ij _ e el el
o1 == Xk:/_oodw_ ”

x yis Ry, (K) Gl ()G (@)
_Onp(w,T) 1

(eUF) [
Z/ L w

X Tr{y' (K)Gi(@ )y’ (K)Gr(@ )}

(B10)
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This formula is used in Sec. IV B to evaluate the resistivity
tensor as [p~(T)]¥ = o™/ (T).

APPENDIX C: THE FULL GREEN’S FUNCTION AND
THE EFFECTIVE SELF-ENERGIES

In this Appendix we present the expressions for the Green’s
functions entering Eq. (18) in the dilute impurity limit. The
self-energy is defined by the identity

[Gua@H)]™" = [g(@™)] ™" = Tk, 0®),  (CD)
with g (w™®) the bare graphene Green’s function, given by
s 0 0 0
1

—_— 0 0

swH=| ot o | ©
wEtvrk
0 0 0 =7
w VF

Substituting Egs. (19) and (20) into (C1) and inverting the
resulting matrix, we obtain an analytic expression for the
full graphene Green’s function in terms of the impurity local
Green’s function.

1

PHYSICAL REVIEW B 94, 085425 (2016)

The 11 and 22 components are given to first order in njy, by

@ + vrk = [0 (K)*Rimp G (™)

? = (vrk)? = 20|0'(K)Primp Ga(w®)’
@ = vpk — |©*(K)*Rimp Ga(@*)

2 — (vrk)? = 20|©%(K) Pimp Ga(@F)|

G (™) = (C3a)

Gl =

(C3b)

For ? # (v rk)? and Nimp < 1 the denominator can be
expanded in a geometric series, and each of the above Green’s
functions can be written (no sum over p implied)

Gil (™) = g (@F) + gl (0O T (0H)gl (0F),  (Cd)

where the effective T matrices are given by Telffl(a)i) =
Nimp| O (K)*Ga(@®) and TG (™) = nimp| OF(K)|*Ga(@™).
Using Eq. (19) we can define the effective self-energies

S 0F) = i | O (K)| G (00™). (C5)

The resistivity can be evaluated in terms of ZLf (w™). At
first glance, Eq (18) requires all terms G (a) )G(@™)
and Gy (@) Gy (0™). Upon further 1nspect10n however the
products Gy (0" )Gpp(w™) for u # v vanish identically. To
show this, let us compute

1

G0 )G ") =

w — vk — Re E (a)*) + iIm Zeff(a)+) w + vpk — Re Eeff(w+) —ilm Eeff(a)*)

—vpk —Re Tl w™) —ilm T} (™)

o+ vrk — Re 224(@") +ilm Z24(w™)

[a) — vk — Re Eeff(aﬁ)] [Im Eggf(aﬁ)] [@ + vpk — Re £2 (w+)] [Im =Z(wt) ]2
7 Py (@) 7 (@)
n,mp}@) (k)y Im XL (@) nlmp‘@z(k)‘ Im X22(w™)
x [@ — vpk — Re Tl (™) —ilm = (@) ][® + vrk — Re i (w™) +ilm =301 ], (C6)

where pp (@) = 8(w — € (k)) + O(nimp) are graphene spec-
tral densities. In the limit njn, — 0, the above expression is
proportional to §(w — vpk)§(w + vrk) and vanishes identi-
cally.

Next, notice that when nj,, — 0 the Green’s functions
G (@¥) with  # v, containing the interband and intervalley
processes, vanish. In other words, these Green’s functions must
be at least of order n;y,, and the product of the advanced
and retarded functions must be at least 0(”1mp) The terms

Gy (07)Gyk (@), on the other hand, are given by

N, iy 4y (@ —vpk)
k(@ )G (@) = —nimp|®}(k)|pd(a))’ (C7a)
2 (0GR () = — L) (C7b)

Rimp|©7 (K)| pa (@)

where py(w) = —7~'Im G4(w*) is the impurity spectral den-
sity. These expressions representing intraband and intravalley

processes, are O{nlmp} and dominate in the dilute limit.

(

APPENDIX D: AN EFFECTIVE HAMILTONIAN FOR
GRAPHENE WITH A LOW IMPURITY DENSITY

Most discussions in the literature about impurities in
graphene consider the Dirac approximation, where the
graphene Hamiltonian is Hp = hvrt®o - k. The impurities
are then introduced through terms of the form Hiy, =
Zi’ jAij tio/. This picture is particularly useful for discussing
whether the graphene symmetries are preserved or broken by
the impurities. For example, inversion symmetry is broken
within a valley by terms proportional to o3.

To make a connection with this picture, we define an
effective Hamiltonian H. for the graphene sample with a
dilute impurity distribution through

A (@h) =o' — He(k,0w™),

D1

where A (oh) = UkGu(0)U ! is the propagator in the
(2 x 2) ¢ basis. The resulting model has the form

Her = 20’ + xo? —f[Re (k) o' — Im ®(k) 2], (D2)
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with
L Satk+nimGa@H{sk@N)[gi@N)] 107 WP + gi@h)el@h)] 107 M + 2im OF 0O; (k) |

(K, = — s

o) 1 30k nim G a2 (@NOF WP + g2(@)|0; W]
(D3a)

ko) = ot [si@H] ™" + [g@] ™" +nmGatwH] sl [g@H] 107 WP + gi@ ) [sk@)] 107 1P}

wrme 2§ 2imp G (@[l (@M)O] K)2 + g2()]0; (K)P] ’
(D3b)
+ — % . +
ko= ) Re ©7F (K)O7*(K) ftimp Ga(@™") D30

21 4 nimpGa(@)[gr(@h)|OF (W)I? + gi(@h)|O7 (K)?]

The second term in Eq. (D2) breaks inversion symmetry
proportionally to the impurity density, unless x (k,»™) van-
ishes for all momenta. In other words, the condition for the
impurity to preserve inversion symmetry is

Re[OF (K)O; *(K)] = 0. (D4)

Consider a generic HS impurity (/ = H) that couples to the A
sublattice carbon atoms at afi; and to the B sublattice atoms at
—ati; about the impurity sites through complex couplings VjA
and VjB, respectively (j = 1, 2, 3). For this case the condition
(D4) translates to

3 3
Re 1D > (VP — vivi)ed @it =0, (Ds)
j=11=1

A sufficient condition for this is that VA = VB*, which is
broader than the notion of inversion symmetry discussed
throughout this article, where we have focused on the case
of real V/* and V.

Indeed, inversion symmetry can be preserved by more
general impurity models. A simple example is the case of an
in-plane f-level hollow-site impurity discussed in Ref. [20],
which couples to its surrounding carbon atoms with equal
strength but alternating sign. This type of model corresponds
to V= VP* =iV, resulting in a coupling function ©7 (k) =
lV[q)*(k) F <I>2(k)/|<1>(k)|]/«/_. Comparing to Eq. (11) we
can conclude that both impurity types display the same
transport behavior.

(

For an impurity satisfying V* = V **, the squared coupling

strength |©7(k)|? is given by

(Do)

|OE W) = |Vil* £ Re {ik)vkz}

| (k)|

3
where Vg =Y VB* iak-g;

i Given that ®(K)/|D(K)| =
' @2 ®®) has modulus unlty, the inversion symmetry condition

makes it possible for |® (K)|? to vanish. The functions

|©5 K = [Vil*(1 £ Re [/ e @l2ue i) (D7)
have zeros for momenta k such that
arg ®(k) +2arg Vg = 2n+ (1 £ 1)/2]n (D8)

with n an integer. These momenta are determined by the
spatial symmetry of the coupling, but notice that no particular
symmetry requirements are placed on Vi for (D8) to hold. In
other words, the presence of zeros in the coupling function is
protected by inversion symmetry. In the particular case of real
VB V we obtain the nodes shown in Figs. 2(c) and 2(d).

A specific case in which the condition for inversion
symmetry is not metis V4 = 0, VjB = V € R. In that case we
obtain the coupling model for symmetric vacancies Eq. (7),
such that

V2
10T (K)|? = —=|DK)|%, (D9)

V2

has zeros only at the K and K’ points, protected only by Cs,
symmetry.

[1] A. H. Castro Neto, F. Guinea, N. M. R. Peres, K. S. Novoselov,
and A. K. Geim, Rev. Mod. Phys. 81, 109 (2009).

[2] S. Das Sarma, S. Adam, E. H. Hwang, and E. Rossi, Rev. Mod.
Phys. 83, 407 (2011).

[3] I. M. Katsnelson, Eur. Phys. J. B 51, 157 (2006).

[4] J. Tworzydlo, B. Trauzettel, M. Titov, A. Rycerz, and C. W. J.
Beenakker, Phys. Rev. Lett. 96, 246802 (2006).

[5] A. Ferreira and E. R. Mucciolo, Phys. Rev. Lett. 115, 106601
(2015).

[6] H. B. Heersche, P. Jarillo-Herrero, J. B. Oostinga, L. M. K.
Vandersypen, and A. F. Morpurgo, Nature (London) 446, 56
(2007).

[7] F. Miao, S. Wijeratne, Y. Zhang, U. C. Coskun, W. Bao, and
C. N. Lau, Science 317, 1530 (2007).
[8] P. M. Ostrovsky, I. V. Gornyi, and A. D. Mirlin, Phys. Rev. B
74, 235443 (2006).
[9] P. M. Ostrovsky, M. Titov, S. Bera, I. V. Gornyi, and A. D.
Mirlin, Phys. Rev. Lett. 105, 266803 (2010).
[10] A. Pachoud, A. Ferreira, B. Ozyilmaz, and A. H. Castro Neto,
Phys. Rev. B 90, 035444 (2014).
[11] M. M. Asmar and S. E. Ulloa, Phys. Rev. B 91, 165407
(2015).
[12] T. Stauber, N. M. R. Peres, and F. Guinea, Phys. Rev. B 76,
205423 (2007).

085425-11


http://dx.doi.org/10.1103/RevModPhys.81.109
http://dx.doi.org/10.1103/RevModPhys.81.109
http://dx.doi.org/10.1103/RevModPhys.81.109
http://dx.doi.org/10.1103/RevModPhys.81.109
http://dx.doi.org/10.1103/RevModPhys.83.407
http://dx.doi.org/10.1103/RevModPhys.83.407
http://dx.doi.org/10.1103/RevModPhys.83.407
http://dx.doi.org/10.1103/RevModPhys.83.407
http://dx.doi.org/10.1140/epjb/e2006-00203-1
http://dx.doi.org/10.1140/epjb/e2006-00203-1
http://dx.doi.org/10.1140/epjb/e2006-00203-1
http://dx.doi.org/10.1140/epjb/e2006-00203-1
http://dx.doi.org/10.1103/PhysRevLett.96.246802
http://dx.doi.org/10.1103/PhysRevLett.96.246802
http://dx.doi.org/10.1103/PhysRevLett.96.246802
http://dx.doi.org/10.1103/PhysRevLett.96.246802
http://dx.doi.org/10.1103/PhysRevLett.115.106601
http://dx.doi.org/10.1103/PhysRevLett.115.106601
http://dx.doi.org/10.1103/PhysRevLett.115.106601
http://dx.doi.org/10.1103/PhysRevLett.115.106601
http://dx.doi.org/10.1038/nature05555
http://dx.doi.org/10.1038/nature05555
http://dx.doi.org/10.1038/nature05555
http://dx.doi.org/10.1038/nature05555
http://dx.doi.org/10.1126/science.1144359
http://dx.doi.org/10.1126/science.1144359
http://dx.doi.org/10.1126/science.1144359
http://dx.doi.org/10.1126/science.1144359
http://dx.doi.org/10.1103/PhysRevB.74.235443
http://dx.doi.org/10.1103/PhysRevB.74.235443
http://dx.doi.org/10.1103/PhysRevB.74.235443
http://dx.doi.org/10.1103/PhysRevB.74.235443
http://dx.doi.org/10.1103/PhysRevLett.105.266803
http://dx.doi.org/10.1103/PhysRevLett.105.266803
http://dx.doi.org/10.1103/PhysRevLett.105.266803
http://dx.doi.org/10.1103/PhysRevLett.105.266803
http://dx.doi.org/10.1103/PhysRevB.90.035444
http://dx.doi.org/10.1103/PhysRevB.90.035444
http://dx.doi.org/10.1103/PhysRevB.90.035444
http://dx.doi.org/10.1103/PhysRevB.90.035444
http://dx.doi.org/10.1103/PhysRevB.91.165407
http://dx.doi.org/10.1103/PhysRevB.91.165407
http://dx.doi.org/10.1103/PhysRevB.91.165407
http://dx.doi.org/10.1103/PhysRevB.91.165407
http://dx.doi.org/10.1103/PhysRevB.76.205423
http://dx.doi.org/10.1103/PhysRevB.76.205423
http://dx.doi.org/10.1103/PhysRevB.76.205423
http://dx.doi.org/10.1103/PhysRevB.76.205423

RUIZ-TIJERINA AND DA SILVA

[13] M. Hentschel and F. Guinea, Phys. Rev. B 76, 115407
(2007).

[14] J.-H. Chen, W. G. Cullen, C. Jang, M. S. Fuhrer, and E. D.
Williams, Phys. Rev. Lett. 102, 236805 (2009).

[15] J.Mao, Y. Jiang, D. Moldovan, G. Li, K. Watanabe, T. Taniguchi,
M. R. Masir, F. M. Peeters, and E. Y. Andrei, Nat. Phys. 12, 545
(2016).

[16] Y. Zhang, S.-Y. Li, W.-T. Li, J.-B. Qiao, W.-X. Wang, L.-J. Yin,
and L. He, arXiv:1604.06542.

[17] H. Gonzalez-Herrero, J. M. Gomez-Rodriguez, P. Mallet, M.
Moaied, J. J. Palacios, C. Salgado, M. M. Ugeda, J.-Y. Veuillen,
F. Yndurain, and I. Brihuega, Science 352, 437 (2016).

[18] J.-H. Chen, L. Li, W. G. Cullen, E. D. Williams, and M. S.
Fuhrer, Nat. Phys. 7, 535 (2011).

[19] V. G. Miranda, L. G. G. V. Dias da Silva, and C. H. Lewenkopf,
Phys. Rev. B 90, 201101 (2014).

[20] B. Uchoa, T. G. Rappoport, and A. H. Castro Neto, Phys. Rev.
Lett. 106, 016801 (2011).

[21] J. H. Garcia, B. Uchoa, L. Covaci, and T. G. Rappoport, Phys.
Rev. B 90, 085425 (2014).

[22] B. Uchoa, L. Yang, S.-W. Tsai, N. M. R. Peres, and A. H. Castro
Neto, Phys. Rev. Lett. 103, 206804 (2009).

[23] A. Hashimoto, K. Suenaga, A. Gloter, K. Urita, and S. [ijima,
Nature (London) 430, 870 (2004).

[24] J. C. Meyer, C. Kisielowski, R. Erni, M. D. Rossell, M. F.
Crommie, and A. Zettl, Nano Lett. 8, 3582 (2008).

[25] A. W. Robertson, B. Montanari, K. He, C. S. Allen, Y. A. Wu,
N. M. Harrison, A. I. Kirkland, and J. H. Warner, ACS Nano 7,
4495 (2013).

[26] A. W. Robertson and J. H. Warner, Nanoscale 5, 4079 (2013).

[27] F. Ducastelle, Phys. Rev. B 88, 075413 (2013).

[28] A. A. El-Barbary, R. H. Telling, C. P. Ewels, M. 1. Heggie, and
P. R. Briddon, Phys. Rev. B 68, 144107 (2003).

[29] Y. Ma, P. O. Lehtinen, A. S. Foster, and R. M. Nieminen, New
J. Phys. 6, 68 (2004).

[30] S.T.Skowron, I. V. Lebedeva, A. M. Popov, and E. Bichoutskaia,
Chem. Soc. Rev. 44, 3143 (2015).

[31] T. Kanao, H. Matsuura, and M. Ogata, J. Phys. Soc. Jpn. 81,
063709 (2012).

[32] T. Eelbo, M. Wasniowska, P. Thakur, M. Gyamfi, B. Sachs, T.
O. Wehling, S. Forti, U. Starke, C. Tieg, A. L. Lichtenstein, and
R. Wiesendanger, Phys. Rev. Lett. 110, 136804 (2013).

[33] C. E. Junkermeier, D. Solenov, and T. L. Reinecke, J. Phys.
Chem. C 117, 2793 (2013).

[34] C. Lin, Y. Feng, Y. Xiao, M. Diirr, X. Huang, X. Xu, R. Zhao,
E. Wang, X.-Z. Li, and Z. Hu, Nano Lett. 15, 903 (2015).

[35] V. V. Cheianov, O. Syljuasen, B. L. Altshuler, and V. I. Fal’ko,
Europhys. Lett. 89, 56003 (2010).

[36] S.Ryu, C. Mudry, C.-Y. Hou, and C. Chamon, Phys. Rev. B 80,
205319 (2009).

[37] G. D. Mahan, Many-Particle Physics, 3rd ed., Physics of Solids
and Liquid (Springer, Berlin, 2000).

[38] D. N. Zubarev, Sov. Phys. Usp. 3, 320 (1960).

PHYSICAL REVIEW B 94, 085425 (2016)

[39] A. C. Hewson, The Kondo Problem to Heavy Fermions, 3rd ed.,
Cambridge Studies in Magnetism (Cambridge University Press,
Cambridge, 1997).

[40] M. Titov, P. M. Ostrovsky, I. V. Gornyi, A. Schuessler, and
A. D. Mirlin, Phys. Rev. Lett. 104, 076802 (2010).

[41] S. Gattenlohner, W.-R. Hannes, P. M. Ostrovsky, I. V. Gornyi,
A.D. Mirlin, and M. Titov, Phys. Rev. Lett. 112, 026802 (2014).

[42] A. W. Robertson, C. S. Allen, Y. A. Wu, K. He, J. Olivier, J.
Neethling, A. I. Kirkland, and J. H. Warner, Nat. Commun. 3,
1144 (2012).

[43] N. M. R. Peres, F. Guinea, and A. H. Castro Neto, Phys. Rev. B
73, 125411 (2006).

[44] A. Ferreira, J. Viana-Gomes, J. Nilsson, E. R. Mucciolo, N.
M. R. Peres, and A. H. Castro Neto, Phys. Rev. B 83, 165402
(2011).

[45] M. M. Asmar and S. E. Ulloa, Phys. Rev. Lett. 112, 136602
(2014).

[46] K. S.Novoselov, A. K. Geim, S. V. Morozov, D. Jiang, Y. Zhang,
S. V. Dubonos, I. V. Grigorieva, and A. A. Firsov, Science 306,
666 (2004).

[47] K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang, M. L.
Katsnelson, I. V. Grigorieva, S. V. Dubonos, and A. A. Firsov,
Nature (London) 438, 197 (2005).

[48] Y.Zhang, Y.-W. Tan, H. L. Stormer, and P. Kim, Nature (London)
438, 201 (2005).

[49] T. O. Wehling, S. Yuan, A. I. Lichtenstein, A. K. Geim, and M.
I. Katsnelson, Phys. Rev. Lett. 105, 056802 (2010).

[50] S. Yuan, H. De Raedt, and M. I. Katsnelson, Phys. Rev. B 82,
115448 (2010).

[51] K. M. McCreary, A. G. Swartz, W. Han, J. Fabian, and R. K.
Kawakami, Phys. Rev. Lett. 109, 186604 (2012).

[52] O. V. Yazyev and L. Helm, Phys. Rev. B 75, 125408 (2007).

[53] M. A. Cazalilla, A. Iucci, F. Guinea, and A. H. Castro Neto,
arXiv:1207.3135.

[54] V. G. Miranda, L. G. G. V. Dias da Silva, and C. H. Lewenkopf,
Phys. Rev. B 94, 075114 (2016).

[55] L. Rodrigo, P. Pou, and R. Pérez, Carbon 103, 200 (2016).

[56] M. Vojta, L. Fritz, and R. Bulla, Europhys. Lett. 90, 27006
(2010).

[57] L. Fritz and M. Vojta, Rep. Progress Phys. 76, 032501 (2013).

[58] L. G. G. V. Dias da Silva, K. Ingersent, N. Sandler, and S. E.
Ulloa, Phys. Rev. B 78, 153304 (2008).

[59] P. S. Cornaglia, G. Usaj, and C. A. Balseiro, Phys. Rev. Lett.
102, 046801 (2009).

[60] P.-W. Lo, G.-Y. Guo, and F. B. Anders, Phys. Rev. B 89, 195424
(2014).

[61] J. Duffy, J. Lawlor, C. Lewenkopf, and M. S. Ferreira, Phys.
Rev. B 94, 045417 (2016).

[62] G. C. Wick, Phys. Rev. 80, 268 (1950).

[63] N. E. Bickers, D. L. Cox, and J. W. Wilkins, Phys. Rev. B 36,
2036 (1987).

[64] S. Ryu, C. Mudry, A. Furusaki, and A. W. W. Ludwig, Phys.
Rev. B 75, 205344 (2007).

085425-12


http://dx.doi.org/10.1103/PhysRevB.76.115407
http://dx.doi.org/10.1103/PhysRevB.76.115407
http://dx.doi.org/10.1103/PhysRevB.76.115407
http://dx.doi.org/10.1103/PhysRevB.76.115407
http://dx.doi.org/10.1103/PhysRevLett.102.236805
http://dx.doi.org/10.1103/PhysRevLett.102.236805
http://dx.doi.org/10.1103/PhysRevLett.102.236805
http://dx.doi.org/10.1103/PhysRevLett.102.236805
http://dx.doi.org/10.1038/nphys3665
http://dx.doi.org/10.1038/nphys3665
http://dx.doi.org/10.1038/nphys3665
http://dx.doi.org/10.1038/nphys3665
http://arxiv.org/abs/arXiv:1604.06542
http://dx.doi.org/10.1126/science.aad8038
http://dx.doi.org/10.1126/science.aad8038
http://dx.doi.org/10.1126/science.aad8038
http://dx.doi.org/10.1126/science.aad8038
http://dx.doi.org/10.1038/nphys1962
http://dx.doi.org/10.1038/nphys1962
http://dx.doi.org/10.1038/nphys1962
http://dx.doi.org/10.1038/nphys1962
http://dx.doi.org/10.1103/PhysRevB.90.201101
http://dx.doi.org/10.1103/PhysRevB.90.201101
http://dx.doi.org/10.1103/PhysRevB.90.201101
http://dx.doi.org/10.1103/PhysRevB.90.201101
http://dx.doi.org/10.1103/PhysRevLett.106.016801
http://dx.doi.org/10.1103/PhysRevLett.106.016801
http://dx.doi.org/10.1103/PhysRevLett.106.016801
http://dx.doi.org/10.1103/PhysRevLett.106.016801
http://dx.doi.org/10.1103/PhysRevB.90.085425
http://dx.doi.org/10.1103/PhysRevB.90.085425
http://dx.doi.org/10.1103/PhysRevB.90.085425
http://dx.doi.org/10.1103/PhysRevB.90.085425
http://dx.doi.org/10.1103/PhysRevLett.103.206804
http://dx.doi.org/10.1103/PhysRevLett.103.206804
http://dx.doi.org/10.1103/PhysRevLett.103.206804
http://dx.doi.org/10.1103/PhysRevLett.103.206804
http://dx.doi.org/10.1038/nature02817
http://dx.doi.org/10.1038/nature02817
http://dx.doi.org/10.1038/nature02817
http://dx.doi.org/10.1038/nature02817
http://dx.doi.org/10.1021/nl801386m
http://dx.doi.org/10.1021/nl801386m
http://dx.doi.org/10.1021/nl801386m
http://dx.doi.org/10.1021/nl801386m
http://dx.doi.org/10.1021/nn401113r
http://dx.doi.org/10.1021/nn401113r
http://dx.doi.org/10.1021/nn401113r
http://dx.doi.org/10.1021/nn401113r
http://dx.doi.org/10.1039/c3nr00934c
http://dx.doi.org/10.1039/c3nr00934c
http://dx.doi.org/10.1039/c3nr00934c
http://dx.doi.org/10.1039/c3nr00934c
http://dx.doi.org/10.1103/PhysRevB.88.075413
http://dx.doi.org/10.1103/PhysRevB.88.075413
http://dx.doi.org/10.1103/PhysRevB.88.075413
http://dx.doi.org/10.1103/PhysRevB.88.075413
http://dx.doi.org/10.1103/PhysRevB.68.144107
http://dx.doi.org/10.1103/PhysRevB.68.144107
http://dx.doi.org/10.1103/PhysRevB.68.144107
http://dx.doi.org/10.1103/PhysRevB.68.144107
http://dx.doi.org/10.1088/1367-2630/6/1/068
http://dx.doi.org/10.1088/1367-2630/6/1/068
http://dx.doi.org/10.1088/1367-2630/6/1/068
http://dx.doi.org/10.1088/1367-2630/6/1/068
http://dx.doi.org/10.1039/C4CS00499J
http://dx.doi.org/10.1039/C4CS00499J
http://dx.doi.org/10.1039/C4CS00499J
http://dx.doi.org/10.1039/C4CS00499J
http://dx.doi.org/10.1143/JPSJ.81.063709
http://dx.doi.org/10.1143/JPSJ.81.063709
http://dx.doi.org/10.1143/JPSJ.81.063709
http://dx.doi.org/10.1143/JPSJ.81.063709
http://dx.doi.org/10.1103/PhysRevLett.110.136804
http://dx.doi.org/10.1103/PhysRevLett.110.136804
http://dx.doi.org/10.1103/PhysRevLett.110.136804
http://dx.doi.org/10.1103/PhysRevLett.110.136804
http://dx.doi.org/10.1021/jp309419x
http://dx.doi.org/10.1021/jp309419x
http://dx.doi.org/10.1021/jp309419x
http://dx.doi.org/10.1021/jp309419x
http://dx.doi.org/10.1021/nl503635x
http://dx.doi.org/10.1021/nl503635x
http://dx.doi.org/10.1021/nl503635x
http://dx.doi.org/10.1021/nl503635x
http://dx.doi.org/10.1209/0295-5075/89/56003
http://dx.doi.org/10.1209/0295-5075/89/56003
http://dx.doi.org/10.1209/0295-5075/89/56003
http://dx.doi.org/10.1209/0295-5075/89/56003
http://dx.doi.org/10.1103/PhysRevB.80.205319
http://dx.doi.org/10.1103/PhysRevB.80.205319
http://dx.doi.org/10.1103/PhysRevB.80.205319
http://dx.doi.org/10.1103/PhysRevB.80.205319
http://dx.doi.org/10.1070/PU1960v003n03ABEH003275
http://dx.doi.org/10.1070/PU1960v003n03ABEH003275
http://dx.doi.org/10.1070/PU1960v003n03ABEH003275
http://dx.doi.org/10.1070/PU1960v003n03ABEH003275
http://dx.doi.org/10.1103/PhysRevLett.104.076802
http://dx.doi.org/10.1103/PhysRevLett.104.076802
http://dx.doi.org/10.1103/PhysRevLett.104.076802
http://dx.doi.org/10.1103/PhysRevLett.104.076802
http://dx.doi.org/10.1103/PhysRevLett.112.026802
http://dx.doi.org/10.1103/PhysRevLett.112.026802
http://dx.doi.org/10.1103/PhysRevLett.112.026802
http://dx.doi.org/10.1103/PhysRevLett.112.026802
http://dx.doi.org/10.1038/ncomms2141
http://dx.doi.org/10.1038/ncomms2141
http://dx.doi.org/10.1038/ncomms2141
http://dx.doi.org/10.1038/ncomms2141
http://dx.doi.org/10.1103/PhysRevB.73.125411
http://dx.doi.org/10.1103/PhysRevB.73.125411
http://dx.doi.org/10.1103/PhysRevB.73.125411
http://dx.doi.org/10.1103/PhysRevB.73.125411
http://dx.doi.org/10.1103/PhysRevB.83.165402
http://dx.doi.org/10.1103/PhysRevB.83.165402
http://dx.doi.org/10.1103/PhysRevB.83.165402
http://dx.doi.org/10.1103/PhysRevB.83.165402
http://dx.doi.org/10.1103/PhysRevLett.112.136602
http://dx.doi.org/10.1103/PhysRevLett.112.136602
http://dx.doi.org/10.1103/PhysRevLett.112.136602
http://dx.doi.org/10.1103/PhysRevLett.112.136602
http://dx.doi.org/10.1126/science.1102896
http://dx.doi.org/10.1126/science.1102896
http://dx.doi.org/10.1126/science.1102896
http://dx.doi.org/10.1126/science.1102896
http://dx.doi.org/10.1038/nature04233
http://dx.doi.org/10.1038/nature04233
http://dx.doi.org/10.1038/nature04233
http://dx.doi.org/10.1038/nature04233
http://dx.doi.org/10.1038/nature04235
http://dx.doi.org/10.1038/nature04235
http://dx.doi.org/10.1038/nature04235
http://dx.doi.org/10.1038/nature04235
http://dx.doi.org/10.1103/PhysRevLett.105.056802
http://dx.doi.org/10.1103/PhysRevLett.105.056802
http://dx.doi.org/10.1103/PhysRevLett.105.056802
http://dx.doi.org/10.1103/PhysRevLett.105.056802
http://dx.doi.org/10.1103/PhysRevB.82.115448
http://dx.doi.org/10.1103/PhysRevB.82.115448
http://dx.doi.org/10.1103/PhysRevB.82.115448
http://dx.doi.org/10.1103/PhysRevB.82.115448
http://dx.doi.org/10.1103/PhysRevLett.109.186604
http://dx.doi.org/10.1103/PhysRevLett.109.186604
http://dx.doi.org/10.1103/PhysRevLett.109.186604
http://dx.doi.org/10.1103/PhysRevLett.109.186604
http://dx.doi.org/10.1103/PhysRevB.75.125408
http://dx.doi.org/10.1103/PhysRevB.75.125408
http://dx.doi.org/10.1103/PhysRevB.75.125408
http://dx.doi.org/10.1103/PhysRevB.75.125408
http://arxiv.org/abs/arXiv:1207.3135
http://dx.doi.org/10.1103/PhysRevB.94.075114
http://dx.doi.org/10.1103/PhysRevB.94.075114
http://dx.doi.org/10.1103/PhysRevB.94.075114
http://dx.doi.org/10.1103/PhysRevB.94.075114
http://dx.doi.org/10.1016/j.carbon.2016.02.064
http://dx.doi.org/10.1016/j.carbon.2016.02.064
http://dx.doi.org/10.1016/j.carbon.2016.02.064
http://dx.doi.org/10.1016/j.carbon.2016.02.064
http://dx.doi.org/10.1209/0295-5075/90/27006
http://dx.doi.org/10.1209/0295-5075/90/27006
http://dx.doi.org/10.1209/0295-5075/90/27006
http://dx.doi.org/10.1209/0295-5075/90/27006
http://dx.doi.org/10.1088/0034-4885/76/3/032501
http://dx.doi.org/10.1088/0034-4885/76/3/032501
http://dx.doi.org/10.1088/0034-4885/76/3/032501
http://dx.doi.org/10.1088/0034-4885/76/3/032501
http://dx.doi.org/10.1103/PhysRevB.78.153304
http://dx.doi.org/10.1103/PhysRevB.78.153304
http://dx.doi.org/10.1103/PhysRevB.78.153304
http://dx.doi.org/10.1103/PhysRevB.78.153304
http://dx.doi.org/10.1103/PhysRevLett.102.046801
http://dx.doi.org/10.1103/PhysRevLett.102.046801
http://dx.doi.org/10.1103/PhysRevLett.102.046801
http://dx.doi.org/10.1103/PhysRevLett.102.046801
http://dx.doi.org/10.1103/PhysRevB.89.195424
http://dx.doi.org/10.1103/PhysRevB.89.195424
http://dx.doi.org/10.1103/PhysRevB.89.195424
http://dx.doi.org/10.1103/PhysRevB.89.195424
http://dx.doi.org/10.1103/PhysRevB.94.045417
http://dx.doi.org/10.1103/PhysRevB.94.045417
http://dx.doi.org/10.1103/PhysRevB.94.045417
http://dx.doi.org/10.1103/PhysRevB.94.045417
http://dx.doi.org/10.1103/PhysRev.80.268
http://dx.doi.org/10.1103/PhysRev.80.268
http://dx.doi.org/10.1103/PhysRev.80.268
http://dx.doi.org/10.1103/PhysRev.80.268
http://dx.doi.org/10.1103/PhysRevB.36.2036
http://dx.doi.org/10.1103/PhysRevB.36.2036
http://dx.doi.org/10.1103/PhysRevB.36.2036
http://dx.doi.org/10.1103/PhysRevB.36.2036
http://dx.doi.org/10.1103/PhysRevB.75.205344
http://dx.doi.org/10.1103/PhysRevB.75.205344
http://dx.doi.org/10.1103/PhysRevB.75.205344
http://dx.doi.org/10.1103/PhysRevB.75.205344



