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Mapping Dirac quasiparticles near a single
Coulomb impurity on graphene

Yang Wang"?7, Victor W. Brar"2%, Andrey V. Shytov?, Qiong Wu"?, William Regan'?, Hsin-Zon Tsai',
Alex Zettl"?, Leonid S. Levitov* and Michael F. Crommie"?*

The response of Dirac fermions to a Coulomb potential is
predicted to differ significantly from how non-relativistic elec-
trons behave in traditional atomic and impurity systems’3.
Surprisingly, many key theoretical predictions for this ultra-
relativistic regime have not been tested*'2. Graphene, a two-
dimensional material in which electrons behave like massless
Dirac fermions™, provides a unique opportunity to test such
predictions. Graphene's response to a Coulomb potential also
offers insight into important material characteristics, includ-
ing graphene's intrinsic dielectric constant®®, which is the
primary factor determining the strength of electron-electron
interactions in graphene™. Here we present a direct measure-
ment of the nanoscale response of Dirac fermions to a single
Coulomb potential placed on a gated graphene device. Scanning
tunnelling microscopy was used to fabricate tunable charge
impurities on graphene, and to image electronic screening
around them for a Q = +1|e| charge state. Electron-like and
hole-like Dirac fermions were observed to respond differently
to a Coulomb potential. Comparing the observed electron-hole
asymmetry to theoretical simulations has allowed us to test
predictions for how Dirac fermions behave near a Coulomb
potential, as well as extract graphene's intrinsic dielectric
constant: ¢, = 3.0 £1.0. This small value of ¢, indicates that
electron-electron interactions can contribute significantly to
graphene properties.

Our experiment was performed using a scanning tunnelling
microscope (STM) in ultra-high vacuum (UHV) at T =4.8K to
probe back-gated devices consisting of chemical vapor deposition
(CVD)-grown graphene'® placed on top of boron nitride (BN)
flakes'” on a SiO,/Si surface. The use of BN substrates significantly
reduces the charge inhomogeneity of graphene'®!, thus allowing
us to probe the intrinsic graphene electronic response to individual
charged impurities. The charged impurities probed in this work
were cobalt trimers constructed on graphene by atomically manip-
ulating cobalt monomers with the tip of an STM (cobalt atoms were
deposited via e-beam evaporation onto low-temperature graphene
samples). Figure la—f shows the process of manipulating three
cobalt monomers to create a single Co trimer on graphene (the
detailed interior structure of the Co trimer cannot be resolved owing
to its instability under high current measurement).

Co trimers were used in this study because they form a robust,
reproducible impurity whose charge can be toggled on and off
through the use of a back-gate electrode. Co monomers (which
can also be charge-toggled) were unsuitable for this study owing

to the fact that their charge state switches in the proximity of
an STM tip® (thus leading to spatially inhomogeneous ionization
features that mask the intrinsic graphene response to a Coulomb
impurity of fixed charge). Co trimers are ideal because they can
be prepared in different charge states (through back-gating) that
are charge-stable in the proximity of an STM tip. This is shown
in the spectroscopic data of Figs 1g and 2. Figure 1g shows STM
spectra acquired with the STM tip held directly over a single Co
trimer for two different back-gate voltages (V). Following the
analysis of ref. 20, the Co trimer impurity state marked R is seen
to lie below the Fermi level (Eg) for V; = +14V, in which case
it is filled by an electron, whereas it lies above Ey for V, = -2V,
in which case the electron has been removed from the trimer.
The R state arises from the local cobalt—graphene hybridization
and is undetectable at distances greater than ry = 1.5nm from
the trimer centre, demonstrating that short-range cobalt—graphene
interactions end at r,. The spectroscopic feature marked § arises
owing to tip-induced ionization of the trimer and thus confirms the
charging nature of the impurity state R (refs 20-22).

The gate-dependent charge states of the Co trimer were deter-
mined by performing differential conductance (dI /dV') mapping
of the surrounding graphene for different trimer charge configu-
rations. Figure 2a shows a map of the trimer in a bistable config-
uration with V, =413 V. In this configuration the trimer exhibits
a tip-induced ionization ring?? (that is, the trimer charge state
changes by one electron depending on whether the tip is inside or
outside the ring feature). In Fig. 2b the impurity state of the trimer
(R in Fig. 1g) is well below Eg (Vy =+45V), and is thus occupied
by an electron. In this state the dI/dV map shows no significant
structure outside the border of the trimer (that is, for r > ry, where
r is distance from the impurity centre), implying that the trimer is in
a stable charge-neutral state. In Fig. 2¢, however, the impurity state
Riswell above Er (V; =—20V), and so the trimer is charged here by
an amount Q = +1|e| (ref. 20). This charge state is consistent with
the long-range radially symmetric contrast in dI /dV signal that is
observed in the graphene beyond the border of the trimer. Similar
behaviour was reproducibly observed for more than 25 Co trimers
(formed both naturally and through atomic manipulation) with ten
different tips calibrated against the Au(111) surface state.

Our ability to hold Co trimers in controlled, back-gate
determined charge states allows us to measure the energy-
dependent electronic local density of states (LDOS) of graphene
around well-defined Coulomb impurities. Figure 3a shows the
results of such measurements taken at different distances from the
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Figure 1| Formation, topography and electronic structure of a Co trimer on graphene. a-¢, STM topographs show the process of manipulating two Co
monomers to form a Co dimer on a gated graphene device (atomic manipulation parameters: Vs =+0.48 V, |=0.050 nA, Vg =+45V).d.e, STM
topographs show the process of manipulating a Co dimer to combine with a monomer for creation of a Co trimer on a gated graphene device (atomic
manipulation parameters: Vs = —0.46 V,/=0.060nA, Vy = —45 V). f, Zoom-in STM topograph of a Co trimer on graphene (tunnelling parameters:
Vs=+40.30V,/=0.015nA, Vy =+30V). g, dI/dV spectra taken with tip directly above the centre of a Co trimer on graphene for different back-gate

voltages (initial tunnelling parameters: Vs =—0.15V, |=0.020 nA).

centre of a Co trimer in the charge state Q = +1|e| (V;=—15V).
The dI/dV point spectra shown here have each been normalized
by a different constant to account for the exponential change in
conductivity that occurs at each measurement location as tip height
is changed relative to the tip height at a distance far from the
impurity*>** (see Supplementary Information for details). All the
dI/dV spectra plotted in Fig. 3a show a ~130 meV wide gap-like
feature at the Fermi level caused by phonon-assisted inelastic
tunnelling”, and an additional minimum around V, = +0.13V
which is associated with the Dirac point®. The primary difference
between each spectrum is a systematic variation in the filled-state
and empty-state intensities as a function of distance from the
trimer centre. The empty-state state intensity above the Dirac point
increases as the tip nears the trimer, whereas the filled-state intensity
below the Dirac point correspondingly decreases.

Experimental dI/dV maps were obtained at different sample
biases for the graphene surface surrounding a Co trimer in the
Q=+1]|e| state. Figure 4a,c plots radial averaged dI /dV linescans
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measured as a function of distance from the Co trimer centre. These
curves have been normalized to account for the measured change
in tip height at different spatial locations (see Supplementary
Information). Figure 4a shows that the filled-state LDOS at energies
below the Dirac point reduces near the Co trimer, but otherwise has
very little spatial structure. The empty-state LDOS at energies above
the Dirac point has very different behaviour, as seen in Fig. 4c. Here
the LDOS strongly increases as the trimer is neared, and a spatial
oscillation that disperses with sample bias can be seen.

These experimental observations can be understood within a
theoretical framework that incorporates the response of ultra-
relativistic Dirac fermions to a Coulomb potential®?. In this model
the STM measures the LDOS of graphene quasiparticles as they
arrange themselves around a charged impurity according to the
physics of the massless Dirac equation. We calculated the expected
LDOS of graphene at different distances away from a positively
charged Coulomb impurity and compared this simulation to our
distance-dependent, energy-resolved measurements of graphene
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Figure 2 | Controlling the charge state of a Co trimer on graphene. a, d//dV map of graphene near a Co trimer tuned to a bistable charge state using
back-gate (tunnelling parameters: Vs =+0.30 V, = 0.018 nA, Vg =413 V). b, dI/dV map of graphene near a Co trimer tuned to a stable Q=0 charge
state using back-gate (Vs =+0.30V, /=0.010nA, Vy =+45V). ¢, dI/dV map of graphene near a Co trimer tuned to a stable Q = +1le| charge state using

back-gate (Vs =40.30V, /=0.009nA, Vg =—-20V).
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Figure 3 | dI/dV spectra near a charged Co trimer on graphene. a, Normalized d//dV spectra measured on graphene at different distances from the Co
trimer centre when the trimer is tuned to charge state Q = +1|e| (initial tunnelling parameters: Vs =+0.30 V, /=0.015nA, Vg = —15V, wiggle voltage
Vims = 6 mV). Arrows indicate the direction towards the charged impurity. b, Theoretically simulated normalized dI/dV intensity for graphene at the same
distances as in a for effective impurity charge Qeff = Q/(eges) = (+1]e]) /(3 x 2.5) = 40.13|e]. Inset: corresponding simulated bare LDOS of graphene

calculated near an impurity having Qe = +0.13]e].

LDOS around charged Co trimers. Calculations of the LDOS
around a Coulomb impurity were carried out using the method
of ref. 8. This calculation assumes a two-dimensional continuum
Dirac model for undoped graphene in the presence of a Coulomb
potential, and the only fitting parameter is the interband dielectric
constant, &g, of undoped graphene. Although the graphene used
in our experiment has some finite doping (~5 x 10" cm™2), this
model is still valid in proximity to the charged impurity as the
effects of free-electron-like screening only become important for
distances from the impurity greater than the screening length
A~ 1/kg = hvg/ep ~ 7nm (refs 26,27). For ry <r < A screening
is dominated by the intrinsic interband contribution to graphene
polarization (&,), whose main effect is to produce screening charge
localized at the impurity centre’®?”. The overall charge of the
Coulomb potential felt by graphene quasiparticles near the impurity
within the screening length is thus reduced to Qe = Q/(&,6s),
where Q is the bare impurity charge (in this case Q = +1]e|)
and &, = (epy+1)/2 = 2.5 is the average dielectric constant of the
substrates surrounding the graphene (& arises from BN on one side
and vacuum on the other).

We find that the data in Fig. 3a (which satisfies ry <r <A) is
best fit using &, = 3.0 &= 1.0. Figure 3b shows the corresponding
theoretical dI/dV spectra calculated for the same distances from
the charged impurity centre as measured experimentally. These
simulated spectra were obtained from the theoretical Dirac fermion
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LDOS (Fig. 3b inset) by rigidly shifting the LDOS in energy to
account for finite doping in the experiment, by broadening the
LDOS with the finite quasiparticle lifetime, and by including
phonon-assisted inelastic tunnelling processes, all according to the
method of ref. 28 (the estimated error in our extracted value
of &, = 3.0 £ 1.0 arises from the standard deviation in &, values
obtained from different sets of dI /dV spectra, see Supplementary
Information). Tip-induced band-bending was not included in our
simulations because it is expected to be relatively small for the
experimental doping levels used in this study (see Supplementary
Informations for details).

As can be seen in Fig. 3b, the experimentally observed spatial
dependence of the graphene LDOS around a charged impurity is
reproduced well by the simulations. Namely, the LDOS of states
above (below) the Dirac point are enhanced (reduced) as one
moves closer to the impurity. This electron—hole asymmetry can
be qualitatively understood as arising from the positive Coulomb
potential of the Co trimer attracting negative charge carriers and
repelling positive charge carriers. Our observation that the change
in LDOS reduces as the energy nears the Dirac point is qualitatively
different from the behaviour expected for a conventional material
having parabolic dispersion. This is because the electron—-impurity
interaction strength (the ratio of electronic potential energy over
kinetic energy in the presence of a charged impurity) for graphene is
independent of energy, in contrast to the 1/+/E behaviour expected
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Figure 4 | dI/dV versus distance linescans near a charged Co trimer on graphene. a, Experimental distance-dependent radial averaged normalized d//dV
linescans for graphene near a Co trimer with Q = +1|e| charge (filled states, trimer centre at r=0). All curves are normalized by the value at r =13 nm and
shifted vertically for easier viewing (experimental parameters: Vg = —15V and (Vs,/) =(—0.50 V,55pA), (—=0.40 V, 55 pA), (—=0.35V, 40 pA), (—=0.30V,
40 pA) and (=0.25 V, 30 pA) from top to bottom under constant current feedback and with wiggle voltage V,ms =8 mV). b, Theoretically simulated
distance-dependent normalized d//dV linescans for graphene near a charged impurity having Qes = +0.13|e| (filled states, impurity centre at r=0). All
theoretical curves are normalized by the value at r =13 nm. ¢, Experimental d//dV linescans for graphene near a Co trimer with Q = +1|e| charge (empty
states). Curves are plotted as in a (experimental parameters: Vg = =15V and (Vs,/) = (0.48 V,58 pA), (0.50V, 58 pA), (0.55V, 55pA), (0.60V, 65 pA),
(0.70V, 90 pA) and (0.75V, 120 pA) from top to bottom). d, Theoretically simulated d//dV linescans for graphene near a charged impurity having

Qetf = +0.13]e| (empty states). Curves are plotted as in b.

for this factor in conventional materials?”’ (see Supplementary
Information for a more detailed comparison between graphene
and conventional materials). The lack of well-defined resonances
in the graphene LDOS off the trimer indicates that no quasi-
bound states are formed around the trimer, consistent with the
theory of a subcritical graphene Coulomb impurity®®. This is
qualitatively different from traditional impurity systems involving
massive fermions, in which case a Rydberg series of bound states

always form around a Coulomb potential’. The value of &,
which is measured here by a direct ‘test-charge’ method, is close
to the value calculated using the random phase approximation
method?®? (egpa = 2.3), but is significantly smaller than the value
&g ~ 15 reported in ref. 29. The small value of &, implies that
electron—electron interactions should play an important role in
graphene'®, consistent with recent experiments reporting Fermi
velocity renormalization®®!.
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Further confirmation of this theoretical interpretation of our
data is seen in the simulated dI/dV linescan profiles of Fig. 4b,d
for graphene surrounding a charged impurity. Here we observe
a similar asymmetry in the electron-like and hole-like LDOS of
graphene near a charged impurity. The theoretical linescans also
reproduce another feature seen in the data, namely the appearance
of dispersing spatial oscillations that are stronger in the electron-like
LDOS above the Dirac point than in the hole-like LDOS below it.
These oscillations arise from the quantum interference of scattered
Dirac fermions*. The electron-like interference amplitude is larger
because electrons are pulled closer to the positive scattering centre,
and so experience a larger effective scattering phase shift than hole-
like quasiparticles. A difference between experiment and theory
is that the theoretical LDOS has a long-range slope that is not
seen in the data (that is, for r = 6 nm). This can be explained by
free-electron-like screening for r > A that arises from the finite
doping of the experimental graphene. The general asymmetry in
electron—hole behaviour observed in this study can potentially
explain differences in the mobility seen for electrons versus holes
in graphene transport measurements'®.

Methods

The experiments were performed using an Omicron STM under UHV

(P <107 torr) at 4.8 K. STM tips were calibrated against the Au(111) surface state
before all measurements. Differential conductance (dI /dV') was measured by lock-
in detection of the a.c. tunnel current modulated by a 6-9 mV (root mean squared),
350-500 Hz signal added to the tunnelling bias (V;). The Co evaporator was first
calibrated by evaporating Co atoms onto a Cu(111) surface and then checking the
Kondo dip spectroscopic feature to identify individual Co adatoms*. The graphene
sample was grown by the CVD method described in ref. 16. Boron nitride flakes
(Momentive Company) were exfoliated onto heavily doped silicon wafers coated
in 285 nm thermal oxide. The graphene was placed on top of the BN/SiO, (ref. 18)
and electrical contact was made by depositing Ti (10-nm thick)/Au (30-nm-thick)
electrodes using a stencil mask technique. The graphene sheet is grounded through
the electrode. Samples were annealed in UHV at T ~ 400 °C for several hours to
clean them before loading into the STM. Co atoms were then evaporated onto the
graphene surface while holding the graphene at low temperature (<10 K).
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