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ABSTRACT: Tuning the electronic properties of graphene by
adatom deposition unavoidably introduces disorder into the
system, which directly affects the single-particle excitations and
electrodynamics. Using angle-resolved photoemission spectrosco-
py (ARPES) we trace the evolution of disorder in graphene by
thallium adatom deposition and probe its effect on the electronic
structure. We show that the signatures of quasiparticle scattering in
the photoemission spectral function can be used to identify
thallium adatoms, although charged, as efficient short-range
scattering centers. Employing a self-energy model for short-range
scattering, we are able to extract a δ-like scattering potential δ = −3.2 ± 1 eV. Therefore, isolated charged scattering centers do
not necessarily act just as good long-range (Coulomb) scatterers but can also act as efficient short-range (δ-like) scatterers; in the
case of thallium, this happens with almost equal contributions from both mechanisms.
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Many interesting properties of graphene can be tuned by
the appropriate introduction of impurities. This

concerns not just charge-transfer doping through adatoms or
molecules to tune the position of the Dirac point with respect
to the Fermi level1−5 but also different interactions (electron−
electron or electron−phonon),6−8 metal−insulator transi-
tions,9,10 and, so far only at the level of theoretical prediction,
the emergence of superconductivity11 or of topologically
insulating behavior.12 However, those same impurities give
rise to unavoidable mobility-limiting disorder and enhanced
scattering.14 Efficient doping by molecules even necessitates the
presence of defects in the graphene layer.15 In most cases,
adatoms reduce the quasiparticle lifetime by introducing long-
range (Coulomb) scattering and/or short-range (δ-potential)
scattering, which has been proposed to be largely responsible
for graphene’s residual conductivity.14

The way an impurity modifies the electronic structure
depends on how it interacts with the graphene layer, i.e.,
donating charge to the graphene layer and acting as a charged
impurity, or being attached in some way to the graphene layer.
This ranges from weakly attached physisorption16 to the
formation of a covalent bond as in the example of hydrogen,
which sp3-hybridizes the carbon bond severely affecting the
graphene electronic structure.9 While it is generally agreed
upon that the charge carrier mobility μ is inversely proportional
to the density of charged impurities nimp, resulting in an

increase of the scattering rate upon doping, other reports claim
an increase of the quasiparticle lifetime upon doping with
charged impurities.17 Such behavior critically depends on
screening, which is determined through the dielectric constant
ϵ of the system.
Although Coulomb scattering is often assumed to be the

dominant scattering mechanism in graphene, short-range
scattering can become appreciable if dielectric screening is
highly effective in reducing Coulomb scattering relative to
short-range scattering or if there are impurity states (of the
unperturbed impurity) close to the Fermi level giving rise to a
particularly strong scattering potential. In this sense, short-
range scattering can also be present for noncovalently bonded
impurities. Therefore, in real systems, it is not necessarily a
priori clear which scattering mechanism is dominant.
Here, we use the experimental spectral function measured by

angle-resolved photoemission spectroscopy (ARPES) on
thallium-doped epitaxial graphene to observe the scattering
behavior induced by the thallium adatoms and disentangle
Coulomb (long-range) from δ-like (short-range) scattering
contributions. Thallium on graphene is a particularly interesting
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model system as it nicely demonstrates the difficulty to predict
the scattering behavior beforehand. We show that it features a
sizable short-range scattering contribution although its
adsorption behavior is similar to potassium: it is extremely
weakly bonded to graphene and highly mobile at temperatures
above 15 K. Only by employing the electronic structure of the
unperturbed thallium atom, we are able to theoretically predict
the scattering behavior. In addition, thallium has been proposed
as one of the most promising candidates to open a spin−orbit
coupling related gap at the Dirac point turning graphene into a
topological insulator.12 Exploiting the fact that correlation
effects are suppressed at the Fermi level (Luttinger’s theorem),
at low temperature the spectral line width at the Fermi level
reflects predominantly defect and disorder contributions. Both
long-range and short-range scattering mechanisms can be
described by an analytic expression for the self-energy in the
dilute limit. Fitting the self-energy to the experimental data
allows us to extract the fundamental parameters of the
scattering mechanisms at play in the graphene layers.
Figure 1 shows the experimental band structure of an

epitaxial graphene monolayer near the K̅-point as a function of
thallium deposition.13 The concentration x of thallium atoms
on the surface is given in percent of a graphene monolayer, i.e.,
the number of thallium atoms per carbon atom. The left-hand
side data set is from the pristine graphene monolayer,
exhibiting an initial n-type doping due to the intrinsic charge
transfer from the SiC substrate. Upon thallium deposition,
electron doping increases so that the Dirac point shifts to
higher binding energies, away from the Fermi level. We
attribute this to charge transfer from the thallium atoms to the
graphene. For concentrations higher than 1%, the trend is
reversed, and the Dirac point shifts back toward the Fermi level.
We ascribe this to the statistical effect that, for concentrations
higher than about 1%, pairing and clustering of atoms become
non-negligible, which reduces the efficiency of charge transfer
doping. For this reason in the following we will concentrate on
the dilute limit below 1%, where clustering effects can be
neglected.
Scanning tunneling microscopy (STM) measurements

demonstrate that at very low temperatures and concentrations
thallium atoms are present as immobile monomers on the
surface (see Figure 2a). The topographic image shows a
thallium covered graphene monolayer for a coverage of 0.2%.
Even at this low coverage, a small fraction of adsorbed thallium
appears to be in dimer or trimer form, although the vast

majority appears to be thallium monomers. This has also been
confirmed by Tl deposition on a clean Au(111) surface using
the same parameters and yielding the same number density.
Although the large apparent size of the thallium adatoms and
graphene’s inherent electronic inhomogeneity make an
identification of the adsorption site difficult, thallium on more
uniform graphene patches appears to sit on the hollow site, in
agreement with density functional theory (DFT) calculations.12

As the precise coverage is important for the subsequent
quantitative analysis of the ARPES data, the STM results were
also used for the precise flux calibration of the thallium
evaporator.
While the thallium atoms were immobile below 8 K in the

topographic image (Figure 2a), we observe that thallium atoms
are extremely mobile on the graphene surface at higher
temperatures (cf. refs 13 and 18). This is illustrated in the
temperature dependence of the relative energy shift of the
Dirac point in Figure 2b for a Tl coverage of 0.5%. Above 15 K,
a rapid decrease in doping efficiency can be observed, which we
attribute to clustering of Tl atoms. We conclude that Tl is only
very weakly and not covalently bonded to the graphene similar
to alkali atoms.
The shift of the Dirac point to higher binding energies upon

thallium deposition illustrated in Figure 1 corresponds to an
increase of the Fermi surface volume. The corresponding
evolution of Fermi wave vector kF as well as charge carrier
density n and energy shift are shown in Figure 2c,d,
respectively. Below a coverage of 1%, all three parameters are
increasing monotonically. The energy shift reflects the increase
in occupation due to the donation of electrons by the thallium
atoms. A simple model employing graphene’s linear density of
states is used to estimate the number of electrons donated per
thallium atom. The best fit is found for 1.0 electrons donated
by a thallium atom to the graphene layer. This is also in
excellent agreement with recent DFT calculations for thallium
adatoms on graphene.12

At a constant low temperature, line width broadening at the
Fermi level from interactions (i.e., electron−electron, electron−
phonon, and electron−plasmon) can be regarded as a small,
constant contribution. In a Fermi liquid, line width broadening
at the Fermi level due to interactions vanishes as T2 when the
temperature goes to zero. Consequently, constant contributions
are predominantly due to scattering from disorder such as
impurities and defects. The line widths carrying the scattering
information are taken from the full-width at half-maximum

Figure 1. Monolayer graphene decorated with small amounts of thallium atoms. Experimental band structure near the K̅-point for increasing Tl
concentration x (given in % in the upper bar) measured at 8 K with a photon energy of 40.8 eV.
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(fwhm) of momentum distribution curves (MDCs) at the
Fermi level; these are shown as a function of thallium coverage
in Figure 3. They were extracted by fitting the MDCs with a
Voigt function, a convolution of a Gaussian and Lorentzian, as
illustrated in Figure 3a; the width of the Gaussian resolution
function was set to match the experimental momentum
resolution 0.016 Å−1, while the line width, presented in Figure
3b, corresponds to the fwhm of the Lorentzian line shape.
Upon increasing the thallium coverage in Figure 3, the line

width increases monotonically. This is due to scattering from
the randomly adsorbed thallium atoms, which will be the focus
of the reminder of this study. We assume that the line width we
measure for the clean sample comes from initial disorder,
defects, and residual interactions and enters as a constant offset
in every measurement. This assumption is justified as long as
we stay at a constant low temperature, which results in small
contributions from interactions. We exclude contributions to
the line width from plasmarons because of the presence of
defect scattering in the pristine graphene, which easily
suppresses their spectral weight.19−21 In order to unravel the
contributions from the thallium-induced disorder to the line
width broadening and thus the corresponding contribution to
graphene’s electrodynamics, we discuss two scattering mecha-
nisms in more detail.
The first mechanism is due to scattering from charged

impurities, which has a long-range effect due to the screened
Coulomb potential. Since thallium donates one electron per
atom to the graphene sheet, it can be treated as a long-range
Coulomb scatterer. The line width broadening, which can be
directly modeled by the imaginary part of the self-energy, has
the following simplified expression:

α π αΣ = n v I kIm (2 )/long
2

imp F F (1)

where α is the effective fine-structure constant, I(2α) is a
function defined in ref 22, vF is the Fermi velocity, nimp is the
impurity density (which relates to the thallium concentration x
via nimp = 2x/A, where A is the area of the graphene unit cell),
and kF = (π(ηnimp + η0))

1/2 is the Fermi momentum with η
being the number of electrons donated per impurity atom and
η0 the charge density in graphene before thallium deposition.
The only free parameter in eq 1 is the effective fine-structure

constant of graphene; all other parameters can be determined
from the experiment. The effective fine structure constant
depends on the dielectric constant ϵ through α = 2.2/ϵ. The
dielectric constant in turn is determined by the underlying
substrate; the smaller its value, the stronger the long-range
scattering contribution to the line width broadening. From the
analysis of plasmaron signatures in epitaxial graphene on a
buffer layer on SiC(0001),23 the dielectric constant has been
determined to be ϵ = 22 ± 8. The long-range scattering
calculated from eq 1 using this value of ϵ is shown in Figure 3b
in red and clearly does not fit the measured line width evolution
with thallium coverage. Because of the charge carrier screening
supported by the substrate, the value of ϵ for epitaxial graphene
is expected to be larger than for freestanding graphene. Recent
calculations, however, point toward an overestimate of the
dielectric constant,24 suggesting that the actual value is likely
smaller. Indeed, by analyzing the band velocity renormalization
in epitaxial graphene, a reduced value ϵ = 7.26 ± 0.02 was
found.25 The line width broadening from long-range scattering
for this value of the dielectric constant is shown as a yellow line
in Figure 3b. It also just accounts for part of the experimental
line width broadening. Therefore, another mechanism is likely
to contribute to the experimental line width.
A second prominent scattering mechanism that arises in the

presence of disorder is short-range scattering from an effective
δ-potential. This approach does not distinguish between inter-
and intravalley scattering in graphene, but it gives a general
trend about the strength of short-range scattering. The long-
range Coulomb potential and the short-range potential affect
the Dirac electrons very differently. The Coulomb potentials
associated with the Tl adatoms (charge +1) are subcritical.35

Consequently, there are no quasi bound states associated with
the Coulomb scattering alone. However, the short-range
scatterers cause characteristic resonances as manifesting for

Figure 2. Coverage and temperature dependency. (a) STM topograph
of a Tl covered graphene surface (x = 0.2%) at a temperature of 4.5 K.
The Tl atoms appear as large protrusions with diameter of about 2 nm.
(b) Temperature dependence of the doping efficiency. The energy axis
shows the energy shift of the Dirac point relative to the clean graphene
sample. (c) Evolution of the Fermi wave vector kF about K̅ for
increasing Tl coverage x. (d) Charge carrier density as well as
experimental and calculated energy shift of the Dirac point as a
function of Tl coverage x.

Figure 3. Analysis of the experimental line width at the Fermi level.
(a) Momentum distribution curves (MDCs) at the Fermi level for
different Tl coverages x with the corresponding fitted Voigt functions.
(b) Increase of the line width as a function of Tl coverage x and the
results of the model calculations using different parameters. Because of
the strongly nonlinear behavior of the function, the shaded green
region is not symmetric around the green line.
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instance in the self-energy shown in Figure 4. These resonances
are associated with quasi localized impurity states, which exhibit
enhanced density of states in the vicinity of the impurity at
certain resonant energies (cf. ref 27).
Short-range scattering is appreciable when adatoms have

states close to the Fermi level, thereby inducing a sizable
scattering potential.26,27 Its effect on the line width broadening
can be modeled by the self-energy within the Wolff−Clogston
model.28,29 We adopt a self-consistent implementation in the
dilute limit within the coherent potential approximation:30

ω δ δ ω ω
δ ω ω

Σ = + − Σ
− − Σ

⎛
⎝⎜

⎞
⎠⎟x

G
G

Im ( ) Im 1
( ( ))

1 ( ( ))short

0

0
(2)

where G0(ω) is the lattice Green’s function of the unperturbed
graphene lattice31 and δ is the scattering potential. As the
thallium concentration x as well as the lattice Green’s function
are known, the only free parameter in the short-range scattering
model is the scattering potential parameter δ.
To evaluate the combined effect of both scattering processes,

we add the self-energies for long-range and short-range
scattering and calculate the theoretical line width.32 To this
end, we note that ϵ and δ cannot be found simultaneously
based on our scattering analysis; however, using the
experimentally determined value of ϵ from ref 22, δ remains
as the only unknown parameter and can thus be determined
directly from the observed line width evolution versus thallium
concentration. We find good agreement with the experimental
data for ϵ = 7.26 and δ = −3.2 ± 1 eV (see shaded green area in
Figure 3b). As it turns out, the contributions from short-range
and long-range scattering have comparable magnitudes.
The overall behavior of the imaginary part of the short-range

scattering self-energy for graphene is shown in Figure 4. Its
rather strong energy dependence is due to the special energy
dependence of the graphene lattice Green’s function in
conjunction with that of the scattering potential itself. The
dependence on the scattering potential δ at an energy ω = 0.5
eV, thus in the vicinity of the experimentally relevant energies,
is shown in the inset of Figure 4. For δ → ±∞, which can be
interpreted as a missing atom in the lattice, the imaginary part
approaches the same finite value. For small values of δ, we see
that the imaginary part of the self-energy varies more rapidly,
although it remains bounded. Therefore, the contribution from
short-range scattering to line width broadening is limited for ω
≳ 0.5 eV, but not necessarily negligible, and exhibits a
maximum value for δ ≈ −5 eV.
When comparing the value here obtained for δ with available

calculations in the literature,12 we have to keep in mind that our
short-range scattering model does not distinguish between
different angular momentum channels, but rather attributes
equal scattering amplitude to all scattering channels. It may be
the simplest model with only one free parameter, but it still
gives a measure for the strength of the short-range scattering.
We can obtain a ballpark estimate for δ from the formula δ =
tad

2/|ΔE|, where tad is the hopping to the Tl adatom and ΔE is
the energy difference between the unperturbed (free) Tl
adatom states and the Fermi level.26,27 From the parameters
reported in ref 12, we can estimate a theoretical δth value
ranging between −1 to −4 eV. Therefore, our results suggest
that short-range scattering in this system lies on the larger side
of the theoretically predicted range.
Similar effects of enhanced scattering due to impurities have

been observed in a number of transport experiments,14,33,34 in

agreement with our findings. There, the main scattering
indicator is the carrier mobility, which decreases linearly with
increasing impurity density. By contrast, a decreasing photo-
emission line width upon potassium doping has been reported
by Siegel et al.7 We attribute this variance to the different
doping regime and correspondingly different intrinsic screening
that were probed in the experiments. Carrier scattering
mechanisms in graphene (including charge impurities, resonant
scatterers, and ripples) have been strongly debated,14,35 and
predominance of one or the other mechanism is largely sample
dependent. For graphene subjected to charged impurities, e.g.,
alkali adatoms, long-range scattering is typically expected to be
much more effective in charge carrier scattering than short-
range scattering.33,36,37 Thallium adatoms on graphene, having
an impurity charge of +1, might be expected to behave in a
similar fashion. We showed, however, that this is a system
where both mechanisms have nearly equal contributions due to
the proximity of thallium impurity states to the Fermi level.
More generally, this implies that it cannot be a priori assumed
what scattering mechanism will dominate in any given
impurity−graphene system.
In summary, we have quantitatively shown that Tl adatoms

on a monolayer of epitaxial graphene grown on a buffer layer
on SiC(0001) not only show electron doping but also have a
large effect on the quasiparticle scattering rate. Concerning the
enhanced spin−orbit gap predicted for Tl on graphene,12 we
found that a possible gap opening is likely masked by the
disorder broadening, which will make it unlikely to observe
such a small gap in photoemission directly. Also, recent
transport studies of indium on graphene did not show any
enhanced spin−orbit signature.38 To suppress the line width
broadening due to disorder, one would have to, e.g., arrange the
Tl atoms in a regular lattice on the graphene monolayer. In the
present study, however, the Tl adatoms introduce disorder and
act on the graphene electronic structure both as Coulomb long-
range scatterers and short-range scatterers with a δ-like
potential. By modeling the self-energy for both scattering
mechanisms, we are able to extract a strong short-range
scattering potential δ = −3.2 ± 1 eV. The short-range scattering
contribution can be strong for both covalent and ionically
bound impurities, if the impurity provides a resonance
sufficiently close to the Fermi level. Thus, short-range scattering
can contribute to a sizable increase of the scattering rate, even
in the case of charged impurities where long-range Coulomb
scattering is usually expected to dominate. These findings and
the ability to predict and/or account for conflating scattering

Figure 4. Short-range scattering model. Imaginary part of the self-
energy for the short-range scattering. Inset: self-energy as a function of
scattering potential δ at constant energy and normalized with respect
to the Tl coverage.
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mechanisms will have important implications in the develop-
ment of novel impurity−graphene-based electronics.
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