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We present a theoretical study of resonance characteristics in graphene from adatoms with s or p, character
binding in top, bridge, and hollow positions. The adatoms are described by two tight-binding parameters: on-site
energy and hybridization strength. We explore a wide range of different magnitudes of these parameters by
employing 7-matrix calculations in the single adatom limit and by tight-binding supercell calculations for dilute
adatom coverage. We calculate the density of states and the momentum relaxation rate and extract the resonance
level and resonance width. The top position with a large hybridization strength or, equivalently, small on-site
energy, induces resonances close to zero energy. The bridge position, compared to top, is more sensitive to
variation in the orbital tight-binding parameters. Resonances within the experimentally relevant energy window
are found mainly for bridge adatoms with negative on-site energies. The effect of resonances from the top and
bridge positions on the density of states and momentum relaxation rate is comparable and both positions give rise
to a power-law decay of the resonant state in graphene. The hollow position with s orbital character is affected
from destructive interference, which is seen from the very narrow resonance peaks in the density of states and
momentum relaxation rate. The resonant state shows no clear tendency to a power-law decay around the impurity
and its magnitude decreases strongly with lowering the adatom content in the supercell calculations. This is in
contrast to the top and bridge positions. We conclude our study with a comparison to models of pointlike vacancies
and strong midgap scatterers. The latter model gives rise to significantly higher momentum relaxation rates than
caused by single adatoms.
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L. INTRODUCTION as hydrogen and copper [21-23] making the spin-Hall effect
accessible in graphene [24-28]. It was also predicted that
neutral adatoms with large spin-orbit coupling may stabi-
lize the quantum spin Hall state in graphene [29] although
experimental challenges still remain [30-32]. Furthermore,
unconventional transport regimes were reported in theoretical
investigations of specific kinds of disorder [33,34].

In experiments on orbital transport, long-range Coulomb
scattering [30,31,35,36] of charged adatoms can strongly affect
the measurements, whereas short-range scattering off adatoms,
on the other hand, highly influences spin relaxation [37-43]
as the electrons feel the adsorbate induced local spin-orbit
coupling [21-23,44,45] or magnetic moment. The local mag-
netic moments originate, for example, from sp> defects such
as hydrogen adatoms [37,46—48], organic molecules [45,49],
or vacancies [50].

Vacancies furthermore give rise to zero-energy states in
graphene [51-53]. Due to the small density of states at
low energy, graphene is especially sensitive to such induced
states that affect strongly transport by resonant scattering
[54-57]. Another source for resonant states at low energy
can be substitutional impurities [52,58—60] or adsorbates in
graphene. The latter have been studied by explicit tight-binding
and density-functional theory calculations of specific adatoms
[22,23,45,61-65]. It was also realized by basic symmetry
analysis that the adsorption position of an adatom plays
an important role for the resonance scattering mechanism
[29,66-68]. For example, it was established that the s orbital
of an adatom in the hollow position is effectively decoupled
from the states of graphene [66] so that resonance scattering
“susanne.irmer @physik.uni-regensburg.de of such an orbital is strongly suppressed.

In the past decade, graphene research has made remarkable
progress; from its first experimental characterization [1], the
way was paved towards high-quality graphene devices [2,3]
and proximitized graphene as ingredients for electronic and
spintronics applications [4-9].

Graphene was the first realized two-dimensional crystal
material with a linear dispersion at low energy. As the low-
energy electrons can be described by an effective Dirac
equation for massless fermions, graphene was suggested for
studies of relativistic effects such as Klein tunneling or zit-
terbewegung [10]. Apart from this fundamental interest in the
two-dimensional carbon allotrope, efforts were taken to tailor
graphene properties for electronic and spintronics devices.

On the one hand, proximity effects in graphene were
explored. It was found that exchange interaction can be
induced in graphene by placing it on a ferromagnetic insulator
[11] or, separated by a tunnel barrier, on a ferromagnetic
metal [12]. Additionally, proximity-induced large spin-orbit
coupling [13,14] can cause topological effects [15], giant
spin lifetime anisotropy [16—18], and, together with proximity
exchange, transport magnetoanisotropies [19]. On the other
hand, local adsorbates on graphene can be used to function-
alize graphene. For example, graphene’s intrinsic spin-orbit
coupling—of the order of 10 ueV [20]—was shown to be
increased by more than a factor of 100 by adatoms, such
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Here, we study resonant scattering off single adatoms on
graphene for the three stable adsorption positions, namely,
top, bridge, and hollow, within the 7-matrix formalism. We
concentrate on adatoms with s or p, orbital character and
characterize them by hybridization strength and on-site energy
in a minimal tight-binding model. Our work extends and
connects previous theoretical studies that are available in
the relevant literature on this topic. For example, Wehling
et al. [59] studied within the 7 -matrix formalism single and
double substitutional impurities. They showed the impact
of selected orbital parameters on the local density of states
around the impurity and addressed also the case of magnetic
impurities. Here, we do not consider substitutional impurities
but rather adsorbed elements which alter, for example, the
energy dependence of the local density of states. In contrast,
Robinson et al. [57] studied HT and OH ™ adsorbing in the top
position. For small impurity concentrations, they employed
the T-matrix formalism and showed the rise of an asymme-
try in the conductivity due to the adsorbate in contrast to
the symmetric contribution of localized charged scatterers.
We calculate resonance maps that scan a large portion of
the orbital parameter space for resonance levels forming in
the density of states and thus cover a broad variety of possible
adsorbate realizations on graphene. These maps show that
adatom induced peaks in the density of states are in bridge and
hollow positions much more sensitive to the variation of orbital
parameters than in top position. Furthermore, the density
of states and momentum relaxation rate show that hollow
adatoms are (almost) not hybridizing with the 7 states of
graphene. Considering the limit of dilute adatom concentration
on graphene within supercell calculations, we investigate the
localization of the resonant states and find a clear power-law
decay for top and bridge adatoms in contrast to hollow adatoms.
We complement our resonance analysis by a comparison of
induced resonances from general adatoms with vacancies and
the model of strong midgap scatterers [55,69,70] in graphene.
The work of Ferreira et al. [55] assumes a strong resonant
scatterer sitting in the top position on graphene. In their study
of conductivity in single-layer and (biased) bilayer graphene,
they stress that the first Born approximation is not valid for
strong resonant scatterers. Using partial wave analysis, they
derive under certain approximations an analytic formula for
the influence of strong resonant scatterers on the conductivity.
We comment later in the manuscript on the applicability of
their assumptions and stress the consequences for quantitative
analyses based on this formula.

The paper is organized as follows. We introduce in Sec. II
the framework of 7-matrix formalism and investigated adatom
models. Sections III A, III B, and IIIC present our resonance
analysis for the top, bridge, and hollow adsorption position,
respectively. The localization of the resonant states is discussed
in Sec. III D, followed by a comparison between adatoms and
vacancies in Sec. [I1E, before we conclude in Sec. IV.

II. METHOD
A. T-matrix formalism

We study resonances from monovalent adatoms on
graphene in the single adatom limit within the nonpertur-

bative T-matrix approach. Given a system described by the
Hamiltonian H = H, + V), with V being the perturbation to the
unperturbed system H,, the retarded Green’s operator satisfies

[ET —HIGET) =1, 6]

where EY = E + 18 and § — 0 is an infinitesimal imaginary
part. From the Dyson equation, the full retarded Green’s
operator is given by

G(ET) = Go(E™) + Go(EN)TGo(E™) , @

with T = V[ — Go(EH)V]™! being the T-matrix. In the case
of a single adatom on graphene we use the standard nearest-
neighbor tight-binding Hamiltonian of graphene # (hopping
strength 1 = 2.6 eV),

Ho=—1) lc) {eul , 3)

(l,m)

whereas the presence of the adatom enters as a local (energy-
dependent) perturbation V. We obtain this perturbation by
integrating out the adatom from the system by the Lowdin
transformation (see Secs. II B and III for details).

From the 7-matrix and the Green’s functions of the un-
perturbed graphene (see Appendix A), we directly obtain the
perturbed density of states (DOS) per atom v(E) = vo(E) +
AV(E), where vo(E) ~ |E|/W? is the unperturbed DOS per

atom with W = v/ \/gnt, and
Av(E) = Lim Tr[igo(EﬂT(E*)] (4)
T JIE

is the correction to the DOS of pristine graphene introduced
by the impurity [71], where n = 1/(2N) is the impurity
concentration and N is the number of unit cells in graphene.

The itinerant electrons resonantly scattering off the adatom
form the virtual bound state inducing a peak in the DOS [72]. At
the energy of the peak position, the resonance energy, the wave
function is power-law localized around the impurity [73] due
to the hybridization of the impurity level with graphene’s low,
though nonzero, DOS. The width (full width at half maximum)
I" of the resonance represents the resonance lifetimet = i/ T".

To characterize the resonances, we use the DOS, but we also
show the resonant behavior in the momentum relaxation rate
7,;! (see Appendix B for details). Note that the width of the
resonance peaks in the momentum relaxation rate is in general
different from the peak widths in the DOS.

B. Adatom models

We describe the adatom on graphene in the single-electron
picture by an on-site energy ¢ of a single adatom orbital | X') and
its hybridization w to the nearest carbon neighbors in graphene.
The orbital is assumed to be invariant under C¢, point group, so
ithas s or p, orbital character. This kind of model has already
been used successfully in tight-binding investigations based
on first-principles calculations for the top and bridge positions
[22,23,44,45].

Three stable adsorption positions are typical for adatoms
on graphene: top, bridge, and hollow. As depicted in Fig. 1,
the adsorption positions defer by the number of carbon hy-
bridization partners for the adatom. While in the top position
only one carbon atom contributes to the adsorption bond,
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FIG. 1. Sketch of the orbital hopping Hamiltonian for adatoms in
(a) top, (b) bridge, and (c) hollow positions. The adatom is modeled
by on-site energy ¢ and hybridization w, which connects the adatom
to its nearest neighbors in graphene.

bridge and hollow positions offer two and six bonding partners,
respectively, for the adatom. The system is described by the
Hamiltonian

H=¢|X)(X|+0Y (X){al+He)+Ho. (5
(X.0)

where [ counts one, two, or six carbon sites, depending
on the adsorption position, and Hy is the pristine graphene
Hamiltonian, Eq. (3).

By downfolding H, we obtain the Hamiltonian H = H, +
V, including only graphene degrees of freedom, and an
energy-dependent perturbation acting on the nearest carbon
neighbor(s) of the adatom,

|o|?
E—¢
where E is the energy and P is the projection to the space of

states formed by the p, orbitals of the hybridization partners
of the adatom,

V(E) = P, (©)

> el |- (7)

(X.m)

P=|la
(X.0)

The hybridization partners are therefore coupled among them-
selves by V(E). The nonvanishing block of the 7-matrix can
be written as

= |l

T =———"—-—7P, 8

E —¢— w?A(E) ®

where A describes a combination of (retarded) Green’s func-
tions that depend on the adsorption position,

Goo(E) (top)
e 2[Goo(E) + GR(E)] (bridge) ©
~ | 6{Goo(E) + GPE(E) ‘
+2[GPP(E) + GYN(E)]}  (hollow)

Here, Gyy(FE) is the (retarded) on-site Green’s function, szB
and Gf‘f are the nearest and third-nearest neighbor Green’s
functions of unperturbed graphene, respectively, which natu-
rally couple opposite sublattices. Second-nearest neighbors on
the same sublattice are coupled by GT3 (see Appendix A for
details).

III. RESULTS AND DISCUSSION

A. Top position

Following the procedure of Sec. II, we extract the resonance
energy E., and width I' from the DOS under variation of
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FIG. 2. Resonance and momentum relaxation characteristics due
to adatoms in the top position. (a) Resonance energy E,., and width
I' are shown as functions of ¢ and w. (b) Snapshots of DOS and
r,;] at three parameter sets (1) o =5eVand e =—-1¢eV, 2) v =
S5eVande =1¢eV,and 3) w =7 eV and ¢ = 1 eV. The resonance
levels are, respectively, at (1) Es = —130 meV with I' = 109 meV,
(2) Eres = 130 meV with I' = 109 meV, and (3) E.s = 64 meV with
I' = 50 meV. DOS data are shown for adatom concentration of n =
10° ppm, for better resolution, and momentum relaxation rates for
realistic n = 1 ppm.

orbital parameters @ and ¢ and show DOS and 7, ! for
specific parameters, see Fig. 2. We restrict ourselves to the
experimentally relevant energy range of E,.s in [—0.3,0.3] eV,
which is equivalent to the variation of carrier density in the
range [—9.5,9.5] cm™2.

If we lower o for a fixed ¢, we gradually decouple the
adatom from graphene. At w = 0, the isolated adatom level
induces a é peak on top of the DOS at E = ¢. In the top position,
the resonance energy is mainly determined by the singularity
in the denominator of the T -matrix. Since the real part of the
Green’s function is an odd function of E (the imaginary part
is even), the resonance energy changes sign, E.; — — Es for
fixed w and ¢ — —e. Apart from the sign in E., the maps in
Fig. 2(a) therefore exhibit mirror symmetry with respect to the
e = 0 axis.

Figure 2(b) presents DOS and momentum relaxation
rate 7, ! for selected parameter sets, indicated by the path
(1)-(2)-(3) inpanel (a). Along path (1) to (2) the resonance level
behaves as argumented above: two adatoms with same w; =
wy = w but £ = —¢, induce resonances on opposite sites of
zero energy. Increasing the hybridization strength o for fixed
&, path (2) to (3), the resonance level shifts closer to zero with
decreasing width. In the limit of @ — oo we have the effective
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potential on the adsorption site, Eq. (6), w?/(E — &) — oo,
which enforces the wave function to vanish there. This limit
simulates a vacancy in graphene, which induces a zero-energy
mode [51,52,69,74] (see also Sec. III E). For a general impurity
in top position we see that the larger the resonance energy E
is the larger is the resonance width I'. This is because with
increased energy there are more graphene states to which the
impurity level can couple to.

The momentum relaxation rate shows characteristic peaks
at the resonance energies obtained from the DOS calculations
with slightly different widths. The farther away from zero
energy a resonance level forms, the more noticeable is the
electron-hole asymmetry [57] in the graphs of 7,,!, Fig. 2(b).
In experiments with dilute adatom coverage n >~ 1-100 ppm,
for example, fluorinated graphene of Refs. [75,76], the asym-
metry is most probably masked by the symmetric momentum
relaxation rate profile of charged impurities in the substrate
[77] or additional strong midgap scatterers [54] contributing
to transport. Asymmetric transport behavior was in contrast
observed in highly fluorinated graphene samples [78].

B. Bridge position

The bridge position, Eq. (9), is affected by the interplay of
Green’s functions with different behavior under E — —E (see
Appendix A). The symmetry arguments for resonance levels
of the previous section are no longer valid. Figure 3(a) shows
E. and I" extracted from the DOS for the bridge position.
We observe that the parameter region leading to resonances,
in the fixed energy interval [—0.3,0.3] eV, is dominated by
negative on-site energy ¢ and constrained to a smaller region
compared to the top position. The resonance level position
is much more sensitive to variation of parameters w and ¢,
which was also observed in Ref. [59] for substitutional double
impurities. Equating there the coupling strength U; between
the substitutional impurities with their on-site potentials Uy
leads to a local perturbation comparable to Eq. (6) for the
bridge position. However, the perturbation describing the sub-
stitutional double impurity is energy independent, whereas for
a bridge adatom it is energy dependent due to the downfolding
process.

Similar as in the case of a single top adatom we can shift the
resonance level for fixed @ from negative to positive energies
upon increasing ¢ along path (1) to (2). The transition from
negative to positive resonance energy is also visible in the
DOS and 7,,' in Fig. 3(b). Though, fixing the on-site energy
and increasing the hybridization strength shifts the resonance
further away from zero energy. This behavior is in contrast to
the top position and originates from the effective coupling via
the adatom between the two carbon hybridization partners in
graphene.

Still we observe the natural broadening of peaks with
increasing resonance energy. Furthermore, the magnitude of
typical momentum-relaxation rate is comparable to the top
position.

C. Hollow position

An adatom in the hollow position that preserves the Cg,
symmetry of the hexagonal graphene, as realized in the model
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FIG. 3. Resonance and momentum relaxation characteristics due
to adatoms in the bridge position. (a) Resonance energy E,., and
width I" are shown as functions of ¢ and w. (b) Snapshots of DOS and
r,,jl at three parameter sets (1) o =3eVande = —-2.5eV,(2) v =
3eVande =—-2.2¢eV,and 3) w =3.2eV and ¢ = —2.2 eV. The
resonance levels are, respectively, at (1) Eyes = —27 meV with I' =
17meV, (2) E;es = 14 meV and I' = 9 meV, and (3) E s = 60 meV
and I' =42 meV. DOS data is shown for adatom concentration of
n = 100 ppm, for better resolution, and momentum relaxation rates
for realistic = 1 ppm.

of Sec. 11, is affected by destructive interference of electrons
tunneling to the adatom. The effective decoupling of the
adatom from a wide range of graphene continuum states in
the Brillouin zone [66] leads to distinctive features in several
contexts such as local spin-orbit coupling [29,79], scanning
tunneling spectroscopy [62,67,80,81], Kondo effect [82,83],
Anderson localization [84], and graphene for chemical sensing
[68]. We focus here on the dependence of the resonance level on
the orbital parameters describing the hollow adatom in direct
comparison to the top and bridge adsorption positions and
show the results for a large parameter space, which was to
our knowledge not addressed before.

Figure 4(a) displays the drastic reduction of the (w,g)-
parameter space for resonance levels in energy range
[—0.3,0.3] eV. Following the path (1)-(3) in parameter space,
we see similar dependence of the position of resonance levels
on o and & as in the bridge position. We do not display
corresponding peak widths as we can not resolve them sat-
isfactorily. The restriction to the resolution of the peak widths
comes from an energy broadening § = 1 meV in the calculation
of Green’s functions that we keep due to numerical reasons
(see Appendix A). We estimate the width I' < 2 meV for all
addressed peaks in the DOS.
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FIG. 4. Resonance and momentum relaxation characteristics due
to adatoms in the hollow position. (a) Resonance energy E., is shown
as a function of ¢ and w. Widths I (not shown) are not resolved and
are estimated to be I' < 2meV. (b) Snapshots of DOS and 7, ! at three
parameter sets (1) w = 0.2eVande = —0.08eV, (2) w = 0.2eV and
e =0.02eV,and (3) w =0.3 eV and ¢ = 0.02 eV. The resonance
levels are, respectively, at (1) Es = —43 meV, (2) Es = 55 meV,
and (3) E.s = 99 meV. DOS data is shown for adatom concentration
of n = 500 ppm, for better resolution, and momentum relaxation rates
for realistic n = 1 ppm.

The destructive interference becomes especially visible in
particular DOS and 7,;! calculations displayed at Fig. 4(b).
The adatom level presents itself as a very sharp peak in
the DOS and is strongly sensitive to variation of @ and ¢.
This sensitivity is more pronounced than in the bridge case.
Even at higher energies where one would expect a stronger
hybridization of the impurity state with the graphene due
to larger availability of graphene states, the peaks show no
broadening but sit on top of the DOS of pristine graphene.
Furthermore, we see that the momentum relaxation rates for
E # E. are much smaller than for top or bridge for the same w
and . Figure 5 shows a comparison of the DOS and 7! for the
three adsorption positions. The hollow momentum relaxation
rate only increases with larger peak energy. The hollow adatom,
m, = 0, appears therefore as a weak scatterer in graphene
compared to the top and bridge positions. This result is in
accordance with the findings of Ref. [68] where the authors
investigate the scattering cross section further.

Overall, we find in our analysis of resonance levels, DOS
and 7, ! clear signatures for the decoupling of the hollow
adatom from the graphene continuum states. The decoupled
state is also visible in the tight-binding band structure of
graphene supercells with hollow adatoms as an dispersion-

— 40 —

AE

2 24

T 16 4.

s

@

8 -0.2 0 0204 -0.2 0 0204
E[eV] E[eV]

FIG. 5. Left and right panels show DOS and momentum re-
laxation rate, respectively, for an adatom with w = 0.54 eV and
¢ = 0.02 eV in different adsorption positions, namely, top (t), bridge
(b), and hollow (h). Corresponding resonant energies and FWHMs
are (t) E = 18 meV and I' =3 meV, (b) E. =82 meV and
I' =10 meV, and (h) E.s = 261 meV and I' < 2 meV. A toy model
calculation for the hollow position (hp) (see main text) shows strong
coupling between adatom and graphene compared to (h), leading
to a resonance peak at E,., = 286 meV, I' = 114 meV. For better
visibility, a concentration of n = 500 ppm is used in the DOS, the
momentum relaxation rate data is shown for n = 1 ppm.

less energy band on top of graphene’s band structure (see
Appendix C).

We can break the destructive interference, for example, by
considering a toy model describing an adatom orbital with
magnetic quantum number m, = 1 in a hollow position (see
Appendix C). As shown in Fig. 5, the toy model momentum
relaxation rate is now comparable in magnitude to the top and
bridge adatom. Broadening of peaks in the DOS as well as the
enhanced momentum relaxation rate indicate the lifting of the
destructive interference seen for m, = 0 and restored effective
coupling to the graphene states.

D. Localization of resonant states

To investigate the localization of states around the impurity
atresonance energy, we calculate with the triangle method [85]
the local density of states (LDOS) for representative adatoms
from tight-binding supercells of size 40 x 40. These supercells
mimic a dilute adatom concentration of about 312 ppm. We
extract the LDOS at the peak energy E™° of the DOS which is
found in all cases close to the predicted resonance energies Ees
for the single adatom limit. Figure 6 displays the LDOS depen-
dence on the distance from the adatom along selected directions
in the case of a specific top, bridge, and hollow adatom.

First, we note that the LDOS around top, bridge, and hollow
positions shows symmetrical behavior in accordance with the
local point group symmetries C3,, C»,, and Cg,, respectively,
of graphene around the corresponding adatom. This symmetry
is also seen in the LDOS as calculated from the downfolded
Hamiltonian in the 7 -matrix formalism (see Fig. 6). The tight-
binding supercell calculations are used for the quantitative
analysis. Due to the finite size of the supercells, we can only
investigate the short-range behavior around the impurity—
approaching the supercell border, the LDOS values saturate.

The wave function profile for the top position was, for
example, already investigated in Ref. [73] in the single adatom
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FIG. 6. Localization of resonant states in graphene around
(a) top, (b) bridge, and (c) hollow adatom along selected directions.
Insets show scaled LDOS (sphere radii indicate magnitude) calculated
from the 7" matrix formalism with downfolded Hamiltonian on the
graphene lattice. The colors refer to the two sublattices A (red) and
B (blue). Top and bridge positions show power-law decay in the
dominant directions (see parameters in the main text), whereas hollow
shows no clear tendency.

limit where it was also pointed out that the power-law decay
exponent depends on the direction of the path taken away
from the impurity and the sublattice of the investigated site.
Furthermore, it is well known that for a strong scatterer in the
top position the resonant state is more localized on the opposite
sublattice [65]—in the extreme case of a vacancy the resonant
state populates exclusively the opposite (intact) sublattice and
the LDOS decays [51-53] as 2. For top adatoms, the decay
exponents depend on the orbital parameters of the chosen
adatom and thus its resonance energy. For @ = 0.54 eV and
e = 0.02 eV, corresponding E, = 19 meV, the LDOS is
significantly smaller on sublattice A to which the adatom is
adsorbed than on the opposite sublattice B, see Fig. 6(a).
Along a selected line, starting at the adsorption position with

30° with respect to the x axis, we extract a power-law decay
on sublattice B, |1/f|2 xr~P, p~1.72, and a tendency to
exponential decay, | |? oc exp (—¢qr), ¢ ~ 0.12, on sublattice
A. The larger the resonant energy the broader the resonance
peak gets due to stronger interaction with the graphene states,
and the contributions on both sublattices will approach each
other [73].

The LDOS distribution for the bridge position around the
adatom is shown in Fig. 6(b). Its diamondlike shape reminds
of two intertwined triangles with their centers on neighboring
sites A and B. This appearance looks natural if one imagines
the bridge adatom as two neighboring top adatoms or double
substitutional impurities [59]. The LDOS contribution on the
hybridization partners of the bridge adatom is decreased due
to the effective coupling between them, which is mediated by
the adatom [see Eq. (6)]. The overall resulting population of
the two sublattices around the bridge adatom shows power-law
decay; for a copper adatom on graphene in the bridge position
[23], w = 0.54 ¢V and ¢ = 0.02 eV, energy E;ES = 83 meV,
we select two directions along 90° and 330° shown in Fig. 6(b)
with a clear power-law decay with p &~ 2.09 and p = 1.45,
respectively.

As in the bridge case, the hollow adatom does not distin-
guish sublattices, which is clearly seen in the LDOS distribu-
tion in Fig. 6(c). Extracting the LDOS on the lattice sites along
the 30° direction for a hollow adatom with w = 0.3 eV, ¢ =
0.02 eV, and peak energy E?, = 99 meV, we see tendencies to
both power-law and exponential decay, p ~ 3.29 andd ~ 0.62
depending on the sublattice. Note that the resonance energy is
comparable to the previous bridge example. We know from
the previous section that the hollow position (m, = 0) suffers
from destructive interference, which seems to be related to the
occurrence of both power-law and exponential behavior on the
same order of magnitude. Indeed, we found that with lowering
the adatom content in supercell calculations, the hollow adatom
(m, = 0) loses LDOS contribution much faster than the top or
bridge adatom. On the contrary, a clear power-law decay is
seen for a toy calculation with m, = 1 for the same orbital
parameters [see Appendix C, Fig. 9(c)].

E. Vacancy versus adatom

The top-position adatom is often compared to a vacancy,
the prototype of a strong resonant scatterer. This structural
defect in graphene induces a sharp midgap state at zero energy.
Leaving aside reconstruction [86,87] of a single vacancy site
in graphene, the vacancy can be modeled either by removing
the vacancy site from the graphene lattice or, equivalently, by
assigning a local potential U to the corresponding site and
taking U — 00 [52,69,74]. In our model description of the top
adatom, this would mean to send the effective on-site potential
a)z/(E —¢) — oo in Eq. (8). We obtain the T-matrix for a
vacancy [55,69],

1

Tvac = “ GolE) |co) {col - (10)

The DOS and 7, ! resulting from Eq. (10) are shown in
Fig. 7(a). The vacancy introduces a sharp resonant peak at
zero energy, fully symmetric with respect to negative and
positive energies. This symmetric appearance does not hold
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FIG. 7. Adatomin top position and vacancy model. Panel (a) com-
pares DOS (left) and momentum relaxation rate (right), respectively,
of a vacancy (Vac) with adatoms in the top position: hydrogen adatom
(H),w =7.5eVand e = 0.16 eV, copper adatom (Cu), v = 0.81 eV
and ¢ = 0.08 eV, and fluorine (F), @ =5.5 eV and ¢ = —2.2 eV.
For better resolution, a concentration of 7 = 10 ppm is used in the
DOS, the momentum relaxation rate data are shown for n = 1 ppm.
Fluorine in the top position induces a broad resonance, I' = 277 meV,
at about E; = —262 meV, leading to a small shoulder in the DOS
and momentum relaxation rate at negative energies. Copper and
hydrogen show stronger features at lower energies: copper induces
a resonance level at E, = 68 meV with I' =9 meV. Hydrogen
with E.s =7 meV, ' =5 meV, is comparable to a vacancy at zero
energy, which is fully symmetric with respect to negative and positive
energies. Panel (b) shows the dependence of the effective impurity
radius Rer on the energy for a vacancy as well as hydrogen, copper,
and fluorine adatoms. Panel (c) displays the momentum relaxation rate
for a vacancy under different approximations to Eq. (11). Neglecting
the imaginary part of G, graph (2), increases 7, ' slightly (by about
20% at E = 200 meV) compared to the exact result, graph (1). Further
overestimation of 7, ! (by a factor of 4 at E = 200 meV) originates
in an artificially increased R.; = 4.5A~!, graph (3).

for general top adatoms as presented in Sec. III A. DOS and
7! for the adatoms fluorine [44], copper [23], and hydrogen
[22] are included in Fig. 7(a). The asymmetry is very small for
a strong resonant scatterer in the top position, such as hydrogen
with a resonance level close to zero energy, which leads to the
similarity of a hydrogen adatom to a vacancy in graphene.

Using the Boltzmann transport formalism, with the tran-
sition rates from the 7-matrix and the analytic result for
the on-site Green’s function Gy (Appendix A), we obtain the
conductivity for graphene in the presence of an adatom in the
top position,

e’ 4 E? |E| w2
= ———|In®( —Re | + — |, 11
o hnnW2|:n <th ett>+ 4i| (11

where we have introduced R (E),

Rer(E) = A~ LWE(E=e) 12

eff(E) = Xl =5 T E (12)
with the momentum cut-off A (see Appendix A). The quantity
R (E) has the dimension of length and can be interpreted as
an effective radius of a top positioned scatterer. For a vacancy
we get RY =A='~ 0.9 A. Figure 7(b) displays the energy
dependence of R.y for the top adatoms hydrogen, copper,
and fluorine, in comparison to a vacancy. The effective radius
diverges at zero energy for the adsorbates.

We can directly compare Eq. (11) for a top adatom to
the model of a strong midgap scatterer (SMS) or vacancy of
Refs. [10,54,55]. There, the defect is modeled as a potential
disk with finite (energy independent) radius R. The scattering
cross section and conductivity are obtained from partial wave
decomposition. The conductivity reduces to [10,54,55]

2 12
e” 2k
osms = - > In*(kp R)
men;
22 2 E2 ., [|E|
== —_m2(=lg), (13)
h Aucni w2 flUF

where n; is the impurity concentration per unit area [55].
Comparing the result of the SMS model to Eq. (11), we obtain
0 =2-ogys if we set Rer = R and neglect the term 72 /4
which originates from the imaginary part of G(g. The quantities
n and n; are related by n = 2n; /Ay, where Ay is the unit cell
area. The additional factor of two was also found in the vacancy
study of Ref. [63].

Note that our 7'-matrix formulation uses a fixed momentum
cut-off that preserves the number of states. In the analysis of
experimental data one uses ogys and fits the radius R together
with n;, assuming that R is at the order of a few angstroms
[76,88,89]. Figure 7(c) shows the effect of the approximations
to the momentum relaxation rate for a vacancy. Neglecting the
imaginary part of Goy and using R =4.5A7' ~ 4.1 A, the
momentum relaxation rate at £ = 200 meV for a vacancy is
overestimated by a factor of four. As the momentum relaxation
rate is directly proportional to the impurity concentration, a
simultaneous fit of n; and R to experimental resistivity data
can lead to an underestimation of n;.

Clearly, the model for strong midgap scatterers is not de-
signed to reflect adatoms with resonance energies significantly
different from zero. The previous sections have shown that
the resonance level strongly depends on the orbital parameters
and equally on the adsorption position. Fluorine, an adatom
also binding in the top position [44], induces a dominant
asymmetry in the momentum-relaxation rate, Fig. 7(a), due
to a far-off (at about —300 meV) and broad resonance. A
single fluorine adatom or dilute concentration of noninteracting
fluorine adatoms is not captured by a vacancy or SMS model.
Note that the SMS model yields generally higher 7,,! than
the T-matrix model for adsorbates, which can be understood
as the consequence of several approximations to Ggg in the
SMS approach. In experiments where the conductivity is well
described by Eq. (13), also additional sources of strong midgap
scatterers, charged impurities [35], or clusters [90,91] can play
a role so that the analysis of the experimental data has to be
done more carefully.
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IV. SUMMARY

In summary, we studied the effect of adsorption position
and orbital parameters (on-site energy & and hybridization
strength w) of single adatoms on graphene to the formation
of resonances in an energy range that is accessible by exper-
iments. Overall, we find significant differences between the
three adsorption positions: top, bridge, and hollow.

In the top position, the resonance level lies closer to
zero energy the larger w, or the smaller ¢, is. Especially,
the resonance energy E..s changes sign under ¢ — —e¢. The
resonance levels leave distinct features in DOS and 7,,!. For
resonance energies far away from zero energy, a pronounced
electron-hole asymmetry is predicted.

For the bridge position, we find that the resonance level is
more sensitive to changes in orbital parameters: the parameter
range leading to resonances in the studied energy range is
dominated by negative ¢ and increasing o shifts resonance
levels to higher energies. For same orbital parameters, the
resonance level for the bridge position lies at higher energy than
for the top position. Rates 7, ! are in magnitude comparable to
the top position.

A hollow adatom with s or p, orbital, on the contrary, acts
as a weak scatterer in graphene as it is effectively decoupled
from graphene due to destructive interference of electrons
hopping on and off the adatom. Resonance levels are seen
within the studied energy range only for a narrow window of
orbital parameters. Furthermore, the resonance peaks resulting
in DOS and t,,' are very narrow, and the rates 7, ' are
significantly smaller than in the top or bridge positions. From
the LDOS calculation of tight-binding supercells, we find that
the resonance state induced by a hollow adatom shows no
clear tendency to power-law localization. On the contrary, top
and bridge adatoms give rise to resonant states with a clear
power-law decay.

Finally, we compare our findings valid for monovalent
adatoms on graphene with vacancies and the SMS model of
Refs. [10,54,55]. Both vacancy and SMS induce zero energy
resonances resulting in electron-hole symmetric 7,,!, which
is also approximately the case for adatoms with a resonance
level very close to zero energy, for example, hydrogen [22].
However, variation of the effective defect radius R in the
SMS model can enhance (and overestimate) 7, ! significantly
compared to vacancies or single adatoms from our 7 -matrix
analysis. Therefore analyzing experimental data for adsorbates
on graphene one has to take carefully into account the particular
limits of the different models.

Our results can help to understand experimental transport
studies with dilute adatom concentrations on graphene. Espe-
cially our comprehensive resonance maps, i.e., the dependence
of scattering on different adatoms in different adsorption
positions, can help to clarify the role of specific adatoms in
the limit of short-range scattering.
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APPENDIX A: GREEN’S FUNCTIONS FOR GRAPHENE

Since we investigate resonant scattering with local impu-
rities, we focus on the real space representation of retarded
Green'’s functions. We start from the (full) k-dependent Hamil-
tonian for graphene whose eigenenergies are given by

enk = nt| f (k)]

where n = 1 for the conduction band and n = —1 for the va-
lence band and f(k) = exp(ik.8;) + exp(ik.d>) + exp(ik.d3).
See Fig. 8 for our convention of the unit cell and the nearest-
neighbor vectors §; = (cos(j%” - %) sin(j%” — §))acc with
j=1,2,3.

Inverting Eq. (1) and performing the Fourier transformation
to real space, we obtain three different kinds of Green’s
functions: first, the on-site Green’s function,

Goo(E) = lim Goo(E™) = 1i K di? Er
00 = ym Goo = m NJ Qo2 EC2 i f(o)2

(A2)

(AD)

second, the Green’s function coupling opposite sublattices,
G (E) = lim G} (E™)

V[ kR —tf (el iR
= lim — 5
50N | Qr)2 E+? —t|f(k)]2

. (A3

describing the propagation from site R,, on sublattice B to site
R; on sublattice A, and, third, the Green’s function coupling
different sites at R,, and R; on the same sublattice N = A,B,
G (E) = lim GIN(E™)
Vv dk?  Etelc®-Ru)
= lim — > =73 .
0N J Q2m)* E+* —1|f(k)|?

(A4)

Interchange of sublattices leads to complex conjugation of f (k)
in Eq. (A3). Note that in this convention, vectors R,, point to
the actual positions of the lattice sites m and not to the unit
cell hosting those sites. For the calculation of the DOS, see
main text Sec. I, we use the derivative of the Green’s operator,
%go, which we obtain in real-space from Egs. (A2)—(A4) by
differentiating the integrand with respect to energy E.

There are several methods to calculate the Green’s functions
for graphene. One, rather intuitive, approach relies on the
linear approximation of the spectrum around the k-points K*
in the first Brillouin zone. The integration is transformed to
two integrals around K* up to a momentum cutoff A, which
ensures conservation of the number of states. An analytic result

FIG. 8. Site labeling convention inside the graphene unit cell
(red dashed diamond) as used for the real space representation of
the Green’s functions. The nearest-neighbor connection vectors §;,
Jj = 1,2,3 are displayed by bold arrows.
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can then be directly obtained for Gy,

E2
W2 _ E2

. |E]
—im S O(W —|E|), (AS)

E
Goo(E) = — In W

W2

where W = hvp A = v/ /37t is the cut-off energy and O(x)
the Heaviside step function.

On the contrary, analytic formulas for GiF and G)N require
the approximation A — oo [74,92]. As already pointed out by
Refs. [61,74], this approximation should be taken with a grain
of salt and the momentum-cutoff has to be chosen carefully in
general [93].

In fact, we found that applying A — oo in G2 and GIN
has severe effects on the resonance energy calculation in the
bridge and hollow positions of Secs. III B and III C. Resonance
levels in the bridge position shift significantly: the resonance
level of copper in the bridge position, as calculated in Ref. [23],
changes from E., = 128 to 82 meV when going from the
linear approximation with A — oo to numeric integration over
the full Brillouin zone. Furthermore, peaks observed in tight-
binding supercell calculations for hollow adatoms are absent
in the calculation with the linearized model and A — oo.

We therefore use full numerical integration over the 2D
Brillouin zone to obtain all Green’s functions that we need for
the calculations discussed in the main text. Due to computa-
tional reasons, we keep a finite imaginary part of § = 1073 eV
in our calculations, which induces energy broadening. We
checked, by rescaling § — §/2, that the finite imaginary part
only marginally affects the resonance position (at the order
of 0.1%). Naturally, the finite energy-broadening affects the
widths of the resonance peaks. In the top and bridge positions,
the widths I" decrease by about 1 to2 meV uponé — §/2. Very
narrow peaks I' < 2 meV can not be resolved for 6 = 1 meV.
Therefore, in the hollow position, for m, = 0, all peaks widths
appear to be twice the energy broadening. In the top and
bridge positions, we obtain, despite finite §, the correct order
of magnitude for I" values.

Symmetry considerations reduce the number of Green’s
functions that are needed for the different adsorption posi-
tions. Green’s functions Gf}f show, apart from the natural
translational symmetry, threefold rotational symmetry. Green’s
functions GNN are invariant under sixfold rotations [94].
Furthermore, it holds that G-2(E) = GB}(E). We thus end up
with a maximum of four Green’s functions (and corresponding
derivatives) that have to be evaluated for resonance energy
calculations in the hollow position, Gy, Gt = G = G%7,
G =G =GiY and G = G5 = G4&. For our con-
vention of the site labeling see Fig. 8.

APPENDIX B: MOMENTUM RELAXATION RATES

We consider elastic scattering off adatoms on graphene, ex-
cluding multiple-scattering events which are suppressed in the
dilute (single) adatom limit. The starting point is the transition
rate between states |nk) and |n'k’) of same eigenenergy &y,
expressed by the generalized Fermi’s golden rule,

27T|

Wk = — | (n'K') T (&) Ink) [*8(ent — ) . (B1)
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FIG. 9. Resonance and momentum relaxation characteristics for
a toy-adatom in the hollow position (m, = 1 orbital). (a) Graphical
representation of the phase-dependent coupling between the m, = 1
orbital and its carbon hybridization partners as implemented in the
model. Resonance energy E..s and width I" are shown as functions
of ¢ and w. (b) Snapshots of DOS and 7,; ! at three parameter sets (1)
w=14eVande = —33eV,2)w=14eVande = —2.5eV, and
(B) w=1.5eV and ¢ = —2.5 eV. The resonance levels are at (1)
Es = —94 meV with ' =72 meV, (2) E,s =40.3 meV with
I' =28 meV,and (3) E,.s = 106.7meV with[' = 92 meV.DOS data
are shown for adatom concentration of = 500 ppm and momentum
relaxation rates for n = 1 ppm. (c) LDOS around the impurity and
along the 30° direction are shown for w = 0.3 eV, ¢ =0.02 eV,
extracted at E.s = 129 meV of a 40 x 40 supercell calculation. Both
A (red) and B (blue) sublattice contributions follow power-law with
a similar exponent.
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Symboln = £1 denotes conduction and valence band, and k is
the wave vector. The adatom orbital parameters and adsorption
position enter the rate via the 7-matrix term.

From the transition rate, we obtain (for isotropic
scattering in k space) the elastic transport scattering rate by
weighting the rate with the transport factor (1 — cos ¢x') and
summing over final states, i.e.,

T = Z(l — cos ) Wakjwie - (B2)
k',n’
Here, ¢y is the angle between k and K’ vectors. Averaging

over the Fermi-contour gives the momentum relaxation rate at
given energy E,

Zk,n Tnk_l‘S(E - Snk)
Zk,n 5(E - Enk)
As we are interested in the effects near the charge neutrality
point, we use the linearized graphene spectrum around the

Dirac points. The momentum relaxation rates are directly
proportional to the adatom concentration n = 1/(2N).

T(E) =

(B3)

APPENDIX C: HOLLOW ADATOM: TOY MODEL

As seen in Sec. IIIC, the adatom with a m, = 0 orbital
in the hollow position suffers from destructive interference.
This is because the adatom orbital couples equally to its six
carbon neighbors [66]. Considering an adatom orbital with
nonzero magnetic quantum number, the hybridization coupling
w acquires a different phase for different neighbors and hence
the destructive interference can be lifted.

As a toy model, we therefore take into account an atomic
orbital with magnetic quantum number m, = 1 coupled to
all six neighboring carbon sites. Due to transformation of
the orbital under the angular momentum operator L., the
hybridization coupling w gains a phase factor of exp(i¢)) under
rotation of angle ¢. The modified Hamiltonian H’ reads

6
H' =¢|X)(X|+ ) w,(1X) (ca] +He) +Ho,  (CD)

n=1

where w, = wexp(i(n — 1)¢) with ¢ = 7w /6. Time-reversal
symmetry determines whether the coupling w is purely real
or imaginary. For the present analysis, this does not play a
role as the hybridization enters the perturbation, Eq. (6), as the
square of the absolute value.

04
| KA
0.1 A 4
= -0.1 - .
-0.2 - .
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FIG. 10. Tight-binding band structure graphene with adatoms in
the hollow position with m, = 0 (left) and m, = 1 (right) orbital for
a 40 x 40 supercell. A flat nondispersive band (black-red dotted)
is observed at about E =261 meV for m, =0 with an almost
undisturbed graphene band structure. In the case of m, = 1, clear
band anticrossings appear in the energy range [0.2,0.4] eV showing
a strong hybridization of the impurity state with graphene.

The extension of the model changes significantly the res-
onances under variation of the orbital parameters w and e,
see Fig. 9(a). Compared to the m, = 0 case, Sec. IlIC, a
much wider parameter range leads to resonances in the energy
interval [—0.3,0.3] eV, which are also significantly broadened.
This is a fingerprint of a strong coupling between adatom and
graphene. Band structure calculations for a 40 x 40 supercell,
for w = 0.54 meV and ¢ = 0.02 eV, reveal in the case m, = 0
the decoupling of the impurity level from the graphene, see
Fig. 10. The flat nondispersive band at about E = 261 meV
shows that the hybridization with graphene is strongly sup-
pressed. On the contrary, the m, = 1 case with the same orbital
parameters shows strong coupling between the impurity and
graphene with occurrence of a band anticrossing around the
predicted resonance level Es = 285 meV (I' = 114 meV).

The momentum-relaxation rate, see Fig. 9(b), reaches same
values as in the top or bridge positions, see Secs. III A and III B.
Figure 9(c) displays the localization of the resonant state in a
40 x 40 supercell for ® = 0.3 eV and ¢ = 0.02 eV at energy
E =129 meV. Both on A and B sublattice the LDOS decay
follows power law r~? with exponent b ~ 3.3.

[1] 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).

[2] C.R.Dean, A.F. Young, I. Meric, C. Lee, L. Wang, S. Sorgenfrei,
K. Watanabe, T. Taniguchi, P. Kim, K. L. Shepard, and J. Hone,
Nat. Nanotechnol. 5, 722 (2010).

[3] C.R.Dean, A.F. Young, P. Cadden-Zimansky, L. Wang, H. Ren,
K. Watanabe, T. Taniguchi, P. Kim, J. Hone, and K. L. Shepard,
Nat. Phys. 7, 693 (2011).

[4] K. S. Novoselov, V. I. Fal’ko, L. Colombo, P. R. Gellert, M. G.
Schwab, and K. Kim, Nature (London) 490, 192 (2012).

[5] S.Roche,J. Akerman, B. Beschoten, J.-C. Charlier, M. Chshiev,
S. P. Dash, B. Dlubak, J. Fabian, A. Fert, M. Guimaraes, F.
Guinea, I. Grigorieva, C. Schonenberger, P. Seneor, C. Stampfer,
S. O. Valenzuela, X. Waintal, and B. van Wees, 2D Mater. 2,
030202 (2015).

[6] W. Han, R. K. Kawakami, M. Gmitra, and J. Fabian, Nat.
Nanotechnol. 9, 794 (2014).

075417-10


https://doi.org/10.1126/science.1102896
https://doi.org/10.1126/science.1102896
https://doi.org/10.1126/science.1102896
https://doi.org/10.1126/science.1102896
https://doi.org/10.1038/nnano.2010.172
https://doi.org/10.1038/nnano.2010.172
https://doi.org/10.1038/nnano.2010.172
https://doi.org/10.1038/nnano.2010.172
https://doi.org/10.1038/nphys2007
https://doi.org/10.1038/nphys2007
https://doi.org/10.1038/nphys2007
https://doi.org/10.1038/nphys2007
https://doi.org/10.1038/nature11458
https://doi.org/10.1038/nature11458
https://doi.org/10.1038/nature11458
https://doi.org/10.1038/nature11458
https://doi.org/10.1088/2053-1583/2/3/030202
https://doi.org/10.1088/2053-1583/2/3/030202
https://doi.org/10.1088/2053-1583/2/3/030202
https://doi.org/10.1088/2053-1583/2/3/030202
https://doi.org/10.1038/nnano.2014.214
https://doi.org/10.1038/nnano.2014.214
https://doi.org/10.1038/nnano.2014.214
https://doi.org/10.1038/nnano.2014.214

RESONANT SCATTERING DUE TO ADATOMS IN ...

PHYSICAL REVIEW B 97, 075417 (2018)

[7] M. Gmitra and J. Fabian, Phys. Rev. B 92, 155403 (2015).

[8] A. Avsar, D. Unuchek, J. Liu, O. Lopez Sanchez, K. Watanabe,
T. Taniguchi, B. Ozyilmaz, and A. Kis, ACS Nano 11, 11678
(2017).

[9] M. Gurram, S. Omar, and B. J. van Wees, Nat. Commun. 8, 248
(2017).

[10] M. 1. Katsnelson and K. S. Novoselov, Solid State Commun.
143, 3 (2007).

[11] A. G. Swartz, P. M. Odenthal, Y. Hao, R. S. Ruoff, and R. K.
Kawakami, ACS Nano 6, 10063 (2012).

[12] K. Zollner, M. Gmitra, T. Frank, and J. Fabian, Phys. Rev. B 94,
155441 (2016).

[13] T. Frank, M. Gmitra, and J. Fabian, Phys. Rev. B 93, 155142
(2016).

[14] M. Gmitra, D. Kochan, P. Hogl, and J. Fabian, Phys. Rev. B 93,
155104 (2016).

[15] T. Frank, P. Hogl, M. Gmitra, D. Kochan, and J. Fabian,
arXiv:1707.02124.

[16] A. W. Cummings, J. H. Garcia, J. Fabian, and S. Roche, Phys.
Rev. Lett. 119, 206601 (2017).

[17] T. S. Ghiasi, J. Ingla-Aynés, A. A. Kaverzin, and B. J. van Wees,
Nano Lett. 17, 7528 (2017).

[18] L. A.Benitez,J. F. Sierra, W. Savero Torres, A. Arrighi, F. Bonell,
M. V. Costache, and S. O. Valenzuela, arXiv:1710.11568.

[19] J. Lee and J. Fabian, Phys. Rev. B 94, 195401 (2016).

[20] M. Gmitra, S. Konschuh, C. Ertler, C. Ambrosch-Draxl, and J.
Fabian, Phys. Rev. B 80, 235431 (2009).

[21] A. H. Castro Neto and F. Guinea, Phys. Rev. Lett. 103, 026804
(2009).

[22] M. Gmitra, D. Kochan, and J. Fabian, Phys. Rev. Lett. 110,
246602 (2013).

[23] T. Frank, S. Irmer, M. Gmitra, D. Kochan, and J. Fabian, Phys.
Rev. B 95, 035402 (2017).

[24] J. Balakrishnan, G. K. W. Koon, M. Jaiswal, A. H. Castro Neto,
and B. Ozyilmaz, Nat. Phys. 9, 284 (2013).

[25] J. Balakrishnan, G. K. W. Koon, A. Avsar, Y. Ho, J. H. Lee,
M. Jaiswal, S.-J. Baeck, J.-H. Ahn, A. Ferreira, M. A. Cazalilla,
A. H. Castro Neto, and B. Ozyilmaz, Nat. Commun. 5, 4748
(2014).

[26] A. Ferreira, T. G. Rappoport, M. A. Cazalilla, and
A. H. Castro Neto, Phys. Rev. Lett. 112, 066601
(2014).

[27] H.-Y. Yang, C. Huang, H. Ochoa, and M. A. Cazalilla, Phys.
Rev. B 93, 085418 (2016).

[28] C. Huang, Y. D. Chong, and M. A. Cazalilla, Phys. Rev. B 94,
085414 (2016).

[29] C. Weeks, J. Hu, J. Alicea, M. Franz, and R. Wu, Phys. Rev. X
1, 021001 (2011).

[30] Z. Jia, B. Yan, J. Niu, Q. Han, R. Zhu, D. Yu, and X. Wu, Phys.
Rev. B 91, 085411 (2015).

[31] U. Chandni, E. A. Henriksen, and J. P. Eisenstein, Phys. Rev. B
91, 245402 (2015).

[32] F. J. dos Santos, D. A. Bahamon, R. B. Muniz, K. McKenna, E.
V. Castro, J. Lischner, and A. Ferreira, arXiv:1712.07827.

[33] J. Schelter, P. M. Ostrovsky, I. V. Gornyi, B. Trauzettel, and M.
Titov, Phys. Rev. Lett. 106, 166806 (2011).

[34] S. Gattenlohner, 1. V. Gornyi, P. M. Ostrovsky, B. Trauzettel, A.
D. Mirlin, and M. Titov, Phys. Rev. Lett. 117, 046603 (2016).

[35] S. Adam, E. H. Hwang, V. M. Galitski, and S. Das Sarma, Proc.
Natl. Acad. Sci. USA 104, 18392 (2007).

[36] A. G. Swartz, J.-R. Chen, K. M. McCreary, P. M. Odenthal,
W. Han, and R. K. Kawakami, Phys. Rev. B 87, 075455
(2013).

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

[38] M. Wojtaszek, I. J. Vera-Marun, T. Maassen, and B. J. van Wees,
Phys. Rev. B 87, 081402 (2013).

[39] D. Kochan, M. Gmitra, and J. Fabian, Phys. Rev. Lett. 112,
116602 (2014).

[40] D. Kochan, S. Irmer, M. Gmitra, and J. Fabian, Phys. Rev. Lett.
115, 196601 (2015).

[41] B.Raes, J. E. Scheerder, M. V. Costache, F. Bonell, J. F. Sierra, J.
Cuppens, J. Van de Vondel, and S. O. Valenzuela, Nat. Commun.
7, 11444 (2016).

[42] S. Omar, M. H. D. Guimaraes, A. Kaverzin, B. J. van Wees, and
I. J. Vera-Marun, Phys. Rev. B 95, 081403 (2017).

[43] M. B. Lundeberg, R. Yang, J. Renard, and J. A. Folk, Phys. Rev.
Lett. 110, 156601 (2013).

[44] S.Irmer, T. Frank, S. Putz, M. Gmitra, D. Kochan, and J. Fabian,
Phys. Rev. B 91, 115141 (2015).

[45] K. Zollner, T. Frank, S. Irmer, M. Gmitra, D. Kochan, and J.
Fabian, Phys. Rev. B 93, 045423 (2016).

[46] E.J. Duplock, M. Scheffler, and P. J. D. Lindan, Phys. Rev. Lett.
92, 225502 (2004).

[47] O. Yazyev, Rep. Prog. Phys 73, 056501 (2010).

[48] B. Birkner, D. Pachniowski, A. Sandner, M. Ostler, T. Seyller,
J. Fabian, M. Ciorga, D. Weiss, and J. Eroms, Phys. Rev. B 87,
081405 (2013).

[49] E.J. G. Santos, A. Ayuela, and D. Sdnchez-Portal, New J. Phys.
14, 043022 (2012).

[50] M. M. Ugeda, I. Brihuega, F. Guinea, and J. M. Gémez-
Rodriguez, Phys. Rev. Lett. 104, 096804 (2010).

[51] V. M. Pereira, F. Guinea, J. M. B. Lopes dos Santos, N. M.
R. Peres, and A. H. Castro Neto, Phys. Rev. Lett. 96, 036801
(2000).

[52] V. M. Pereira, J. M. B. Lopes dos Santos, and A. H. Castro Neto,
Phys. Rev. B 77, 115109 (2008).

[53] B. R. K. Nanda, M. Sherafati, Z. S. Popovi¢, and S. Satpathy,
New J. Phys. 14, 083004 (2012).

[54] T. Stauber, N. M. R. Peres, and F. Guinea, Phys. Rev. B 76,
205423 (2007).

[55] 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).

[56] M. Monteverde, C. Ojeda-Aristizabal, R. Weil, K. Bennaceur,
M. Ferrier, S. Guéron, C. Glattli, H. Bouchiat, J. N. Fuchs, and
D. L. Maslov, Phys. Rev. Lett. 104, 126801 (2010).

[57] J. P. Robinson, H. Schomerus, L. Oroszldny, and V. I. Fal’ko,
Phys. Rev. Lett. 101, 196803 (2008).

[58] D. M. Basko, Phys. Rev. B 78, 115432 (2008).

[59] T. O. Wehling, A. V. Balatsky, M. I. Katsnelson, A. I. Lichten-
stein, K. Scharnberg, and R. Wiesendanger, Phys. Rev. B 75,
125425 (2007).

[60] Y. V. Skrypnyk and V. M. Loktev, Phys. Rev. B 73, 241402
(2006).

[61] S. Ihnatsenka and G. Kirczenow, Phys. Rev. B 83, 245442
(2011).

[62] T. O. Wehling, H. P. Dahal, A. I. Lichtenstein, M. 1. Katsnelson,
H. C. Manoharan, and A. V. Balatsky, Phys. Rev. B 81, 085413
(2010).

075417-11


https://doi.org/10.1103/PhysRevB.92.155403
https://doi.org/10.1103/PhysRevB.92.155403
https://doi.org/10.1103/PhysRevB.92.155403
https://doi.org/10.1103/PhysRevB.92.155403
https://doi.org/10.1021/acsnano.7b06800
https://doi.org/10.1021/acsnano.7b06800
https://doi.org/10.1021/acsnano.7b06800
https://doi.org/10.1021/acsnano.7b06800
https://doi.org/10.1038/s41467-017-00317-w
https://doi.org/10.1038/s41467-017-00317-w
https://doi.org/10.1038/s41467-017-00317-w
https://doi.org/10.1038/s41467-017-00317-w
https://doi.org/10.1016/j.ssc.2007.02.043
https://doi.org/10.1016/j.ssc.2007.02.043
https://doi.org/10.1016/j.ssc.2007.02.043
https://doi.org/10.1016/j.ssc.2007.02.043
https://doi.org/10.1021/nn303771f
https://doi.org/10.1021/nn303771f
https://doi.org/10.1021/nn303771f
https://doi.org/10.1021/nn303771f
https://doi.org/10.1103/PhysRevB.94.155441
https://doi.org/10.1103/PhysRevB.94.155441
https://doi.org/10.1103/PhysRevB.94.155441
https://doi.org/10.1103/PhysRevB.94.155441
https://doi.org/10.1103/PhysRevB.93.155142
https://doi.org/10.1103/PhysRevB.93.155142
https://doi.org/10.1103/PhysRevB.93.155142
https://doi.org/10.1103/PhysRevB.93.155142
https://doi.org/10.1103/PhysRevB.93.155104
https://doi.org/10.1103/PhysRevB.93.155104
https://doi.org/10.1103/PhysRevB.93.155104
https://doi.org/10.1103/PhysRevB.93.155104
http://arxiv.org/abs/arXiv:1707.02124
https://doi.org/10.1103/PhysRevLett.119.206601
https://doi.org/10.1103/PhysRevLett.119.206601
https://doi.org/10.1103/PhysRevLett.119.206601
https://doi.org/10.1103/PhysRevLett.119.206601
https://doi.org/10.1021/acs.nanolett.7b03460
https://doi.org/10.1021/acs.nanolett.7b03460
https://doi.org/10.1021/acs.nanolett.7b03460
https://doi.org/10.1021/acs.nanolett.7b03460
http://arxiv.org/abs/arXiv:1710.11568
https://doi.org/10.1103/PhysRevB.94.195401
https://doi.org/10.1103/PhysRevB.94.195401
https://doi.org/10.1103/PhysRevB.94.195401
https://doi.org/10.1103/PhysRevB.94.195401
https://doi.org/10.1103/PhysRevB.80.235431
https://doi.org/10.1103/PhysRevB.80.235431
https://doi.org/10.1103/PhysRevB.80.235431
https://doi.org/10.1103/PhysRevB.80.235431
https://doi.org/10.1103/PhysRevLett.103.026804
https://doi.org/10.1103/PhysRevLett.103.026804
https://doi.org/10.1103/PhysRevLett.103.026804
https://doi.org/10.1103/PhysRevLett.103.026804
https://doi.org/10.1103/PhysRevLett.110.246602
https://doi.org/10.1103/PhysRevLett.110.246602
https://doi.org/10.1103/PhysRevLett.110.246602
https://doi.org/10.1103/PhysRevLett.110.246602
https://doi.org/10.1103/PhysRevB.95.035402
https://doi.org/10.1103/PhysRevB.95.035402
https://doi.org/10.1103/PhysRevB.95.035402
https://doi.org/10.1103/PhysRevB.95.035402
https://doi.org/10.1038/nphys2576
https://doi.org/10.1038/nphys2576
https://doi.org/10.1038/nphys2576
https://doi.org/10.1038/nphys2576
https://doi.org/10.1038/ncomms5748
https://doi.org/10.1038/ncomms5748
https://doi.org/10.1038/ncomms5748
https://doi.org/10.1038/ncomms5748
https://doi.org/10.1103/PhysRevLett.112.066601
https://doi.org/10.1103/PhysRevLett.112.066601
https://doi.org/10.1103/PhysRevLett.112.066601
https://doi.org/10.1103/PhysRevLett.112.066601
https://doi.org/10.1103/PhysRevB.93.085418
https://doi.org/10.1103/PhysRevB.93.085418
https://doi.org/10.1103/PhysRevB.93.085418
https://doi.org/10.1103/PhysRevB.93.085418
https://doi.org/10.1103/PhysRevB.94.085414
https://doi.org/10.1103/PhysRevB.94.085414
https://doi.org/10.1103/PhysRevB.94.085414
https://doi.org/10.1103/PhysRevB.94.085414
https://doi.org/10.1103/PhysRevX.1.021001
https://doi.org/10.1103/PhysRevX.1.021001
https://doi.org/10.1103/PhysRevX.1.021001
https://doi.org/10.1103/PhysRevX.1.021001
https://doi.org/10.1103/PhysRevB.91.085411
https://doi.org/10.1103/PhysRevB.91.085411
https://doi.org/10.1103/PhysRevB.91.085411
https://doi.org/10.1103/PhysRevB.91.085411
https://doi.org/10.1103/PhysRevB.91.245402
https://doi.org/10.1103/PhysRevB.91.245402
https://doi.org/10.1103/PhysRevB.91.245402
https://doi.org/10.1103/PhysRevB.91.245402
http://arxiv.org/abs/arXiv:1712.07827
https://doi.org/10.1103/PhysRevLett.106.166806
https://doi.org/10.1103/PhysRevLett.106.166806
https://doi.org/10.1103/PhysRevLett.106.166806
https://doi.org/10.1103/PhysRevLett.106.166806
https://doi.org/10.1103/PhysRevLett.117.046603
https://doi.org/10.1103/PhysRevLett.117.046603
https://doi.org/10.1103/PhysRevLett.117.046603
https://doi.org/10.1103/PhysRevLett.117.046603
https://doi.org/10.1073/pnas.0704772104
https://doi.org/10.1073/pnas.0704772104
https://doi.org/10.1073/pnas.0704772104
https://doi.org/10.1073/pnas.0704772104
https://doi.org/10.1103/PhysRevB.87.075455
https://doi.org/10.1103/PhysRevB.87.075455
https://doi.org/10.1103/PhysRevB.87.075455
https://doi.org/10.1103/PhysRevB.87.075455
https://doi.org/10.1103/PhysRevLett.109.186604
https://doi.org/10.1103/PhysRevLett.109.186604
https://doi.org/10.1103/PhysRevLett.109.186604
https://doi.org/10.1103/PhysRevLett.109.186604
https://doi.org/10.1103/PhysRevB.87.081402
https://doi.org/10.1103/PhysRevB.87.081402
https://doi.org/10.1103/PhysRevB.87.081402
https://doi.org/10.1103/PhysRevB.87.081402
https://doi.org/10.1103/PhysRevLett.112.116602
https://doi.org/10.1103/PhysRevLett.112.116602
https://doi.org/10.1103/PhysRevLett.112.116602
https://doi.org/10.1103/PhysRevLett.112.116602
https://doi.org/10.1103/PhysRevLett.115.196601
https://doi.org/10.1103/PhysRevLett.115.196601
https://doi.org/10.1103/PhysRevLett.115.196601
https://doi.org/10.1103/PhysRevLett.115.196601
https://doi.org/10.1038/ncomms11444
https://doi.org/10.1038/ncomms11444
https://doi.org/10.1038/ncomms11444
https://doi.org/10.1038/ncomms11444
https://doi.org/10.1103/PhysRevB.95.081403
https://doi.org/10.1103/PhysRevB.95.081403
https://doi.org/10.1103/PhysRevB.95.081403
https://doi.org/10.1103/PhysRevB.95.081403
https://doi.org/10.1103/PhysRevLett.110.156601
https://doi.org/10.1103/PhysRevLett.110.156601
https://doi.org/10.1103/PhysRevLett.110.156601
https://doi.org/10.1103/PhysRevLett.110.156601
https://doi.org/10.1103/PhysRevB.91.115141
https://doi.org/10.1103/PhysRevB.91.115141
https://doi.org/10.1103/PhysRevB.91.115141
https://doi.org/10.1103/PhysRevB.91.115141
https://doi.org/10.1103/PhysRevB.93.045423
https://doi.org/10.1103/PhysRevB.93.045423
https://doi.org/10.1103/PhysRevB.93.045423
https://doi.org/10.1103/PhysRevB.93.045423
https://doi.org/10.1103/PhysRevLett.92.225502
https://doi.org/10.1103/PhysRevLett.92.225502
https://doi.org/10.1103/PhysRevLett.92.225502
https://doi.org/10.1103/PhysRevLett.92.225502
https://doi.org/10.1088/0034-4885/73/5/056501
https://doi.org/10.1088/0034-4885/73/5/056501
https://doi.org/10.1088/0034-4885/73/5/056501
https://doi.org/10.1088/0034-4885/73/5/056501
https://doi.org/10.1103/PhysRevB.87.081405
https://doi.org/10.1103/PhysRevB.87.081405
https://doi.org/10.1103/PhysRevB.87.081405
https://doi.org/10.1103/PhysRevB.87.081405
https://doi.org/10.1088/1367-2630/14/4/043022
https://doi.org/10.1088/1367-2630/14/4/043022
https://doi.org/10.1088/1367-2630/14/4/043022
https://doi.org/10.1088/1367-2630/14/4/043022
https://doi.org/10.1103/PhysRevLett.104.096804
https://doi.org/10.1103/PhysRevLett.104.096804
https://doi.org/10.1103/PhysRevLett.104.096804
https://doi.org/10.1103/PhysRevLett.104.096804
https://doi.org/10.1103/PhysRevLett.96.036801
https://doi.org/10.1103/PhysRevLett.96.036801
https://doi.org/10.1103/PhysRevLett.96.036801
https://doi.org/10.1103/PhysRevLett.96.036801
https://doi.org/10.1103/PhysRevB.77.115109
https://doi.org/10.1103/PhysRevB.77.115109
https://doi.org/10.1103/PhysRevB.77.115109
https://doi.org/10.1103/PhysRevB.77.115109
https://doi.org/10.1088/1367-2630/14/8/083004
https://doi.org/10.1088/1367-2630/14/8/083004
https://doi.org/10.1088/1367-2630/14/8/083004
https://doi.org/10.1088/1367-2630/14/8/083004
https://doi.org/10.1103/PhysRevB.76.205423
https://doi.org/10.1103/PhysRevB.76.205423
https://doi.org/10.1103/PhysRevB.76.205423
https://doi.org/10.1103/PhysRevB.76.205423
https://doi.org/10.1103/PhysRevB.83.165402
https://doi.org/10.1103/PhysRevB.83.165402
https://doi.org/10.1103/PhysRevB.83.165402
https://doi.org/10.1103/PhysRevB.83.165402
https://doi.org/10.1103/PhysRevLett.104.126801
https://doi.org/10.1103/PhysRevLett.104.126801
https://doi.org/10.1103/PhysRevLett.104.126801
https://doi.org/10.1103/PhysRevLett.104.126801
https://doi.org/10.1103/PhysRevLett.101.196803
https://doi.org/10.1103/PhysRevLett.101.196803
https://doi.org/10.1103/PhysRevLett.101.196803
https://doi.org/10.1103/PhysRevLett.101.196803
https://doi.org/10.1103/PhysRevB.78.115432
https://doi.org/10.1103/PhysRevB.78.115432
https://doi.org/10.1103/PhysRevB.78.115432
https://doi.org/10.1103/PhysRevB.78.115432
https://doi.org/10.1103/PhysRevB.75.125425
https://doi.org/10.1103/PhysRevB.75.125425
https://doi.org/10.1103/PhysRevB.75.125425
https://doi.org/10.1103/PhysRevB.75.125425
https://doi.org/10.1103/PhysRevB.73.241402
https://doi.org/10.1103/PhysRevB.73.241402
https://doi.org/10.1103/PhysRevB.73.241402
https://doi.org/10.1103/PhysRevB.73.241402
https://doi.org/10.1103/PhysRevB.83.245442
https://doi.org/10.1103/PhysRevB.83.245442
https://doi.org/10.1103/PhysRevB.83.245442
https://doi.org/10.1103/PhysRevB.83.245442
https://doi.org/10.1103/PhysRevB.81.085413
https://doi.org/10.1103/PhysRevB.81.085413
https://doi.org/10.1103/PhysRevB.81.085413
https://doi.org/10.1103/PhysRevB.81.085413

IRMER, KOCHAN, LEE, AND FABIAN

PHYSICAL REVIEW B 97, 075417 (2018)

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

[64] T. O. Wehling, M. L. Katsnelson, and A. I. Lichtenstein, Phys.
Rev. B 80, 085428 (2009).

[65] M. Farjam, D. Haberer, and A. Griineis, Phys. Rev. B 83, 193411
(2011).

[66] D. A. Ruiz-Tijerina and L. G. G. V. Dias da Silva, Phys. Rev. B
94, 085425 (2016).

[67] B. Uchoa, L. Yang, S.-W. Tsai, N. M. R. Peres, and A. H. Castro
Neto, New J. Phys. 16, 013045 (2014).

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

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

[70] P. M. Ostrovsky, I. V. Gornyi, and A. D. Mirlin, Phys. Rev. B
74, 235443 (2006).

[71] D. Kochan, M. Gmitra, and J. Fabian, Symmetry, Spin Dynamics
and the Properties of Nanostructures (World Scientific, Singa-
pore, 2015), Chap. 7, pp. 136-162.

[72] A. C. Hewson, The Kondo Problem to Heavy Fermions (Cam-
bridge University Press, Cambridge, 1997).

[73] S.-Z. Liang and J. O. Sofo, Phys. Rev. Lett. 109, 256601 (2012).

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

[75] X. Hong, S.-H. Cheng, C. Herding, and J. Zhu, Phys. Rev. B 83,
085410 (2011).

[76] X. Hong, K. Zou, B. Wang, S.-H. Cheng, and J. Zhu, Phys. Rev.
Lett. 108, 226602 (2012).

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

[78] K. Tahara, T. Iwasaki, S. Furuyama, A. Matsutani, and M.
Hatano, Appl. Phys. Lett. 103, 143106 (2013).

[79] L. Brey, Phys. Rev. B 92, 235444 (2015).

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

[81] K. Saha, I. Paul, and K. Sengupta, Phys. Rev. B 81, 165446
(2010).

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

[83] D. A. Ruiz-Tijerina and L. G. G. V. Dias da Silva, Phys. Rev. B
95, 115408 (2017).

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

[85] S. I. Kurganskii, O. I. Dubrovskii, and E. P. Domashevskaya,
Phys. Stat. Sol. (B) 129, 293 (1985).

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

[87] H. Amara, S. Latil, V. Meunier, P. Lambin, and J.-C. Charlier,
Phys. Rev. B 76, 115423 (2007).

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

[89] Z. H. Ni, L. A. Ponomarenko, R. R. Nair, R. Yang, S. Anissi-
mova, [. V. Grigorieva, F. Schedin, P. Blake, Z. X. Shen, E. H.
Hill, K. S. Novoselov, and A. K. Geim, Nano Lett. 10, 3868
(2010).

[90] K. M. McCreary, K. Pi, A. G. Swartz, W. Han, W. Bao, C. N.
Lau, F. Guinea, M. L. Katsnelson, and R. K. Kawakami, Phys.
Rev. B 81, 115453 (2010).

[91] M. L. Katsnelson, F. Guinea, and A. K. Geim, Phys. Rev. B 79,
195426 (2009).

[92] J. Bundesmann, D. Kochan, F. Tkatschenko, J. Fabian, and K.
Richter, Phys. Rev. B 92, 081403 (2015).

[93] Z. F. Wang, R. Xiang, Q. W. Shi, J. Yang, X. Wang, J. G. Hou,
and J. Chen, Phys. Rev. B 74, 125417 (2006).

[94] A. Bédcsi and A. Virosztek, Phys. Rev. B 82, 193405 (2010).

075417-12


https://doi.org/10.1103/PhysRevLett.105.056802
https://doi.org/10.1103/PhysRevLett.105.056802
https://doi.org/10.1103/PhysRevLett.105.056802
https://doi.org/10.1103/PhysRevLett.105.056802
https://doi.org/10.1103/PhysRevB.80.085428
https://doi.org/10.1103/PhysRevB.80.085428
https://doi.org/10.1103/PhysRevB.80.085428
https://doi.org/10.1103/PhysRevB.80.085428
https://doi.org/10.1103/PhysRevB.83.193411
https://doi.org/10.1103/PhysRevB.83.193411
https://doi.org/10.1103/PhysRevB.83.193411
https://doi.org/10.1103/PhysRevB.83.193411
https://doi.org/10.1103/PhysRevB.94.085425
https://doi.org/10.1103/PhysRevB.94.085425
https://doi.org/10.1103/PhysRevB.94.085425
https://doi.org/10.1103/PhysRevB.94.085425
https://doi.org/10.1088/1367-2630/16/1/013045
https://doi.org/10.1088/1367-2630/16/1/013045
https://doi.org/10.1088/1367-2630/16/1/013045
https://doi.org/10.1088/1367-2630/16/1/013045
https://doi.org/10.1103/PhysRevB.94.045417
https://doi.org/10.1103/PhysRevB.94.045417
https://doi.org/10.1103/PhysRevB.94.045417
https://doi.org/10.1103/PhysRevB.94.045417
https://doi.org/10.1103/PhysRevB.73.125411
https://doi.org/10.1103/PhysRevB.73.125411
https://doi.org/10.1103/PhysRevB.73.125411
https://doi.org/10.1103/PhysRevB.73.125411
https://doi.org/10.1103/PhysRevB.74.235443
https://doi.org/10.1103/PhysRevB.74.235443
https://doi.org/10.1103/PhysRevB.74.235443
https://doi.org/10.1103/PhysRevB.74.235443
https://doi.org/10.1103/PhysRevLett.109.256601
https://doi.org/10.1103/PhysRevLett.109.256601
https://doi.org/10.1103/PhysRevLett.109.256601
https://doi.org/10.1103/PhysRevLett.109.256601
https://doi.org/10.1103/PhysRevB.88.075413
https://doi.org/10.1103/PhysRevB.88.075413
https://doi.org/10.1103/PhysRevB.88.075413
https://doi.org/10.1103/PhysRevB.88.075413
https://doi.org/10.1103/PhysRevB.83.085410
https://doi.org/10.1103/PhysRevB.83.085410
https://doi.org/10.1103/PhysRevB.83.085410
https://doi.org/10.1103/PhysRevB.83.085410
https://doi.org/10.1103/PhysRevLett.108.226602
https://doi.org/10.1103/PhysRevLett.108.226602
https://doi.org/10.1103/PhysRevLett.108.226602
https://doi.org/10.1103/PhysRevLett.108.226602
https://doi.org/10.1103/RevModPhys.83.407
https://doi.org/10.1103/RevModPhys.83.407
https://doi.org/10.1103/RevModPhys.83.407
https://doi.org/10.1103/RevModPhys.83.407
https://doi.org/10.1063/1.4823798
https://doi.org/10.1063/1.4823798
https://doi.org/10.1063/1.4823798
https://doi.org/10.1063/1.4823798
https://doi.org/10.1103/PhysRevB.92.235444
https://doi.org/10.1103/PhysRevB.92.235444
https://doi.org/10.1103/PhysRevB.92.235444
https://doi.org/10.1103/PhysRevB.92.235444
https://doi.org/10.1103/PhysRevLett.103.206804
https://doi.org/10.1103/PhysRevLett.103.206804
https://doi.org/10.1103/PhysRevLett.103.206804
https://doi.org/10.1103/PhysRevLett.103.206804
https://doi.org/10.1103/PhysRevB.81.165446
https://doi.org/10.1103/PhysRevB.81.165446
https://doi.org/10.1103/PhysRevB.81.165446
https://doi.org/10.1103/PhysRevB.81.165446
https://doi.org/10.1103/PhysRevLett.106.016801
https://doi.org/10.1103/PhysRevLett.106.016801
https://doi.org/10.1103/PhysRevLett.106.016801
https://doi.org/10.1103/PhysRevLett.106.016801
https://doi.org/10.1103/PhysRevB.95.115408
https://doi.org/10.1103/PhysRevB.95.115408
https://doi.org/10.1103/PhysRevB.95.115408
https://doi.org/10.1103/PhysRevB.95.115408
https://doi.org/10.1103/PhysRevB.90.085425
https://doi.org/10.1103/PhysRevB.90.085425
https://doi.org/10.1103/PhysRevB.90.085425
https://doi.org/10.1103/PhysRevB.90.085425
https://doi.org/10.1002/pssb.2221290129
https://doi.org/10.1002/pssb.2221290129
https://doi.org/10.1002/pssb.2221290129
https://doi.org/10.1002/pssb.2221290129
https://doi.org/10.1103/PhysRevB.68.144107
https://doi.org/10.1103/PhysRevB.68.144107
https://doi.org/10.1103/PhysRevB.68.144107
https://doi.org/10.1103/PhysRevB.68.144107
https://doi.org/10.1103/PhysRevB.76.115423
https://doi.org/10.1103/PhysRevB.76.115423
https://doi.org/10.1103/PhysRevB.76.115423
https://doi.org/10.1103/PhysRevB.76.115423
https://doi.org/10.1103/PhysRevLett.102.236805
https://doi.org/10.1103/PhysRevLett.102.236805
https://doi.org/10.1103/PhysRevLett.102.236805
https://doi.org/10.1103/PhysRevLett.102.236805
https://doi.org/10.1021/nl101399r
https://doi.org/10.1021/nl101399r
https://doi.org/10.1021/nl101399r
https://doi.org/10.1021/nl101399r
https://doi.org/10.1103/PhysRevB.81.115453
https://doi.org/10.1103/PhysRevB.81.115453
https://doi.org/10.1103/PhysRevB.81.115453
https://doi.org/10.1103/PhysRevB.81.115453
https://doi.org/10.1103/PhysRevB.79.195426
https://doi.org/10.1103/PhysRevB.79.195426
https://doi.org/10.1103/PhysRevB.79.195426
https://doi.org/10.1103/PhysRevB.79.195426
https://doi.org/10.1103/PhysRevB.92.081403
https://doi.org/10.1103/PhysRevB.92.081403
https://doi.org/10.1103/PhysRevB.92.081403
https://doi.org/10.1103/PhysRevB.92.081403
https://doi.org/10.1103/PhysRevB.74.125417
https://doi.org/10.1103/PhysRevB.74.125417
https://doi.org/10.1103/PhysRevB.74.125417
https://doi.org/10.1103/PhysRevB.74.125417
https://doi.org/10.1103/PhysRevB.82.193405
https://doi.org/10.1103/PhysRevB.82.193405
https://doi.org/10.1103/PhysRevB.82.193405
https://doi.org/10.1103/PhysRevB.82.193405



