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M aterials and M ethods

The experiments were performed using an Omicron LT-STM under ultra-high
vacuum (P < 10™ Torr) at 5K. STM tips were calibrated against the Au(111) surface state
before all measurements (28). Differential conductance (dI/dV) was measured by lock-in
detection of the a.c. tunnel current modulated by a6 mV (rms), 500-700 Hz signal added
to the tunneling bias (Vs). The calcium getter (Alvatac) wasfirst calibrated by
evaporating Ca atoms into a mass spectrometer (Residual GasAnalyzer, SRS). The
graphene sample was grown by the CVD method described in Ref. 15. Boron nitride
flakes were exfoliated onto heavily doped silicon wafers coated by a 285nm thermal
oxide. The graphene was placed on top of the BN / SO, and electrical contact was made
by depositing Ti (10-nm thick)/Au (30-nm-thick) electrodes using a stencil mask
technique. Samples were annealed in UHV at T ~ 400 °C for several hours to clean them
before loading into the STM. To prepare calcium dimers on graphene we first deposited
calcium atoms from the calibrated getter source onto our graphene device while holding
the graphene at low temperature (<10 K). Fig. S1A shows a representative STM
topograph of the graphene surface at T=5K following atypical deposition of Caand
exhibits numerous individual Ca atoms (i.e., monomers). We then warmed the sample up
to T=16 + 3K for 1 to 2 minutes before returning to T = 5K, thus causing the Ca adatoms
to thermally diffuse and bind into dimers (we tested that this procedure does not result in
contamination of the surface). Fig. S1B shows an STM topograph of Ca dimers prepared
in thisway on the graphene surface at T = 5K. Identification of dimers was verified by
statistical analysis of the apparent height of 150 objects measured on random patches of
graphene both before and after annealing the sample, which is summarized in the
histogram in Fig. S1C. The histogram before annealing (blue) is dominated by one large
peak (Ca monomers) while after annealing (red) the histogram clusters at three different
heights (interpreted as monomer, dimer, trimer, and possibly larger Ca clusters, whose

ratio can vary depending on the annealing temperature and the initial Ca-monomer



density before annealing). Similar dimerization behavior has been seen in other systems

(29, 30). The parameters of pushing CadimersareVs=-1V, | =2pAandVy=-60V.

Supplementary Text

The effect of tip-induced band-bending

The effect of tip-induced band-bending (TIBB) is estimated by comparing the atomic
collapse state peak energiesin di/dV spectrataken at the same lateral distance from a
5-dimer cluster, but with different tip-heights (Fig. S2). The range of current set points for
the spectra shown in Fig. S2 corresponds to atotal change in tip-height of 2A (20). The
peak energies extracted by fitting the quasi-bound state resonance in the range of 0.180eV
<Vs<0.250eV with aLorentzian function are (0.213 + 0.007eV) for | = 8pA, (0.215 +
0.006eV) for | = 40pA, and (0.216 + 0.004eV) for | = 500pA (the peak energy hereis
different than the one shown in Fig. 1E because this cluster has a dlightly different
geometric configuration). The fact that the atomic collapse state energy isinsensitive to
the tip-height (i.e., the energy shift isless than 2%) indicates that TIBB does not have a

significant effect on our measurements of the atomic collapse state.

M ethod for Dirac equation simulation of graphene L DOS near a charged impurity

The theoretically simulated LDOS of graphene near a charged impurity is calculated
using the same method asin Ref. 10. This Dirac equation simulation uses a 2D
continuum model with linear dispersion for graphene, and the eigenstates are calculated
for the Dirac equation under a Coulomb potential with a smooth cutoff at ro = 1nm (i.e,,
V(r) = V(ro) for r <rg). The graphene electronic LDOS is then calculated using the
eigenstate wavefunction expression. The simulated LDOS (before adding
el ectron-phonon coupling and lifetime broadening) for Z/Z.=0.5, 0.9, 1.4, 1.8 and 2.2 at

the same distances away from the charge center as the experimental spectranear 1-5 Ca



dimer clusters are plotted in Figs. S3A to E. The effects of inelastic tunneling as well as
lifetime broadening by electron-phonon and el ectron-electron interactions on the STM
di/dV spectra are included using the method of Ref. 21 to obtain the ssmulated di/dV
spectra of Figs. 1F-J. The fitted charge value for the 3-dimer cluster just passes the
supercritical threshold, and the corresponding ssmulated LDOS (Fig. S3C) shows a peak
due to the atomic collapse state that has small spectral intensity at the Dirac point.
Because the LDOS surrounding this peak is highly asymmetric, the peak appears to be
above the Dirac point after the lifetime broadening. Thisis an effect of the lifetime
convolution (which is observed both in the experiment and in the simulation). The higher
energy narrow peak at zero energy in the theoretical LDOS for a 5-dimer cluster (Fig.
S3E) corresponds to the n=2 atomic collapse state with angular momentum of j=1/2 (8, 9).
This peak becomes invisible after lifetime broadening (Fig. 1J) due to its small spectra
weight, and so the experimental spectrum is dominated by the significantly higher

spectral density of the lower energy n=1 stete.

Dirac equation simulations using other values of the roboundary condition

We have performed simulations for the experimental di/dV spectra (Figs. 1A-E)
around Ca-dimer clusters composed of 1-5 dimersusing ro = 0.5nm (Figs. S4A-E) and rg
= 1.5nm (Figs. $4K-0) to compare with the simulation using ro = 1.0nm showed in Figs.
1F-J (also plotted in Figs. $4F-J). Curves are shown for the Z/Z. values that best fit the
experimental data. The fact that both the resulting simulated spectra and the extracted
Z/Z; values are similar for simulations using different ro values indicates that ro isnot a
sensitive parameter for our simulation over the range 0.5nm < ro < 1.5nm. Therefore we
fix the value of ro to 1nm for all of our calculationsin the paper since thisis close to the
geometry of our Cadimer clusters. Variationsin the fitted Z/Z; values over the range

0.5nm < rp < 1.5nm are accounted for in the Z/Z. uncertainty values mentioned in the

paper.



Spatial dependence of the atomic collapse state intensity

The radially averaged normalized di/dV linescan measured at the atomic collapse
state energy (Vs =+0.20V, V4 =-30V) around a 5-dimer cluster is plotted as a black solid
linein Fig. S5. The lateral distance is measured from the cluster center. The
corresponding simulation of the normalized di/dV linescan using the same method that
generates the spectrain Fig. 1Jisplotted asared dashed linein Fig. S5. The
experimentally measured spatial dependence of the atomic collapse state intensity
gualitatively matches the theoretical smulation, but there is some quantitative
disagreement (the experimental peak decays more quickly with distance). The fact that
the measured atomic collapse state intensity decays faster in distance than the theoretical
prediction is possibly due to free-electron screening effects (23, 24) which are not

included in the theory.

Normalized dl/dV spectra near a single Ca dimer at different back-gate voltages

Normalized di/dV spectrataken around a single Ca dimer with back-gate voltages Vg
=-60V, OV and +30V are plotted in Fig. S6A, B and C respectively. At al of these
back-gate voltages the normalized spectra display the typical asymmetric electron-hole
behavior of asubcritical impurity (14), demonstrating that the Ca dimer is positively
charged on graphene for the doping range of our study.

Ab initio calculation of the screened char ge associated with a single Cadimer on an

isolated graphene sheet, aswell as estimation of Z/Z. associated with a single Ca

dimer on graphene placed on a BN substr ate.

Z/Z. associated with a single Ca dimer deposited on graphene placed on aBN
substrate was estimated using ab initio density functional theory (DFT) techniquesin the
following ways. First, we calculated the screened charge associated with asingle Ca

dimer on isolated graphene, as seen by atest charge at large distance, using three different



methods (described below). All three methods arrived at the same value of a positively
charged center missing 0.4 electrons as compared to a neutral Ca dimer. Then the
dielectric screening from a BN substrate was incorporated. The additional substrate
screening reduces the overall screened charge, resulting in a Z/Z. associated with asingle

Cadimer on graphene on a BN substrate estimated to be 0.6 £ 0.3, with

Z, = hl; =0.25.

2e

As charges are transferred from a Ca dimer into graphene band states as carriers, the

Cadimer becomes charged and the electronsin the graphene layer self-consistently
rearrange to screen the bare charge on the dimer. We computed the charge density around
acalcium dimer on an isolated graphene sheet in the relaxed geometry obtained using the
first-principles norm-conserving pseudopotential density functional theory (DFT), as
implemented in the OpenM X package (31) which is based on alinear combination of
pseudo-atomic orbital (LCPAO) method. The system is modeled by an nxn (n=8, 9, and
10) hexagonal graphene supercell with a Cadimer as shown in Fig. S7. Thein- and
out-of -graphene plane | attice constants are nx2.47 A and 1000 A, respectively. The
Brillouin zone is sampled with a 3x3x1 I'-centered k-point grid and the wavefunction
cutoff used is 150Ry. In the calculated relaxed structure in the generalized gradient
approximation to the exchange correlation functional, both Ca atoms are located at 2.4 A
above the graphene plane with a Ca-Ca distance of 3.4 A and the center of the Ca dimer
ison the center of a C-C bond in graphene as shown in Fig. S7.

Partitioning the electron density in real space was used to evaluate the screened
charge of the Ca dimer as seen by atest particle far from the dimer on an isolated

graphene sheet. First, we defined the electron density difference, quantifying the

redistribution of the electron density due to the dimer-graphene interaction, as
Ap(r) = pca+g (r) _pg (r) _pca(r) )

where p_..,(r) istheelectron density of the combined dimer-graphene system, and



p,(r) and p,(r) aretheelectron density of anisolated graphene and an isolated Ca
dimer in the same position as for the dimer-graphene system, respectively. Fig. S8 shows
the z-direction-integrated charge density differences, Ap (x,y) = J.dz Ap(r).The
electron density within a stadium-shaped region (a rectangle with alength of the Ca-Ca
distance and awidth of 2xr,, plussemicircleswith aradiusof r,, ontwo sides) with

theradiusof r,, marked by black linein Fig. S8, redistributes the most. The net electron

accumulation density outside the stadium-shaped region of radius r, isdueto the

electron transferred from the Ca dimer to the graphene itinerary states, which is expected
to decrease to zero in the infinite supercell size limit. We estimated the screened charge

on a Ca-dimer as seen by atest charge at large distance by calculating the integrated

Ap (X, y) (or the monopole charge) in a stadium-shaped region. The radius of the
particular stadium r,, that gives the screened charge associated with a dimer, is defined

inour calculation astheradius r, at which the net charge inside the region has a

maximum value in magnitude, which is expected for asingle Cadimer on an infinitely
extended pristine graphene sheet. Fig. S9 shows the net charge as afunction r, inour
nxn graphene supercell calculation with n=8, 9, and 10, using the generalized gradient
approximation to the exchange correlation functional. Around r, = 3.5A, the net charge
Is at its maximum value in magnitude of -0.4e, where e is the electron charge (e = -|g]),
from all three supercell calculations regardless of the exchange correlation functional
used. As r, increasesto the supercell size dimension, the calculated net charge within
the stadium in our calculations converges to 0 due to the finite supercell size used and
charge neutrality condition. Uncertainty in the value of the screened charge as evaluated

here originates from the finite supercell size and imposed charge neutrality condition, and

should roughly be given by the ratio of the stadium area to the supercell area; in the case
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of a10x10 supercell, it should be approximately 10%.

In a second approach, we estimated the screened charge associated with a Ca dimer
on an isolated graphene sheet by employing another widely used method of “real space
partition” (32). The charge density was partitioned into two regions, one belonging to
graphene and one to the Ca dimer. The position of the partitioning plane, which is parallel
to the graphene plane (gray linein Fig. S10), is defined as the position at which the
region of charge depletion changes to that of charge accumulation for charge transfer

from the dimer to the graphene, as calculated from the x-y planar integrated electron

density difference, Ap(z)= IdxdyAp (r), asshownin Fig. S10 for the case of n=10.

The screened charge associated with the Ca dimer is defined in this method by integrating

Ap (z) within the dimer region. This method also gives a screened charge value of -0.4e

associated with the Ca dimer.

As athird method, the screened charge of a Ca dimer on an isolated graphene sheet
was obtained by calculating the dipole moment of the graphene-dimer system along the
graphene surface normal (out-of-plane) direction. By calculating the out-of-plane dipole
moment of the system and knowing the separation between the Ca dimer and the
graphene plane, we al so obtain a screened charge value of -0.4e associated with the Ca
dimer.

Our ab initio calculated results (from the three methods above and with three
different supercell sizes) thus all give a screened charge of -0.4e associated with asingle
Cadimer on an isolated graphene sheet. This vaue isinsensitive to the particul ar
exchange correlation functional used in our DFT calculation.

The dielectric screening from the BN substrate was incorporated next. This dielectric

screening renormalizes the bare Coulomb interaction in graphene, so that the dielectric

constant of isolated graphene (¢, ) will be renormalized (24) and the total dielectric

constant of the dimer-graphene placed on the BN substrate may be represented as the



product of the renormalized dielectric constant of graphene (¢, ) and the dielectric

constant of the BN substrate (¢,) within random phase approximation to the longitudinal

polarizability. The screened charge of a single Ca dimer on graphene placed on a BN

(—0.4e) xe,

Eg XES

substrate isthus given by Z = ,where ¢, =3£1(23,24,33,34), ¢, =30

+1.0(14),and ¢, =2.5+0.5(16, 35, 36). ¢, given here hasarange of values

depending on the method from which it is estimated. From ab initio calculation (34) at

wavevectors relevant to this experiment its value is 2 to 4, while from a random phase

approximation calculation (23, 24) ¢,= 4, and an experimental (33) measurement putsiit
a e,~2.2. Theuncertainty in ¢ arisesfrom fitting experimental datato a Dirac model
calculation (14), while uncertainty in e, comes from different reported values of the

dielectric constant of BN (16, 35, 36) (¢, = H% ). By taking into account the

uncertainty of the screened charge of a single Ca dimer on isolated graphene in our
calculation, as well as uncertainty in the different dielectric constants, aresulting Z/Z; =

0.6 £ 0.3 for asingle Cadimer on graphene placed on a BN substrate is obtained (here
_hve _

Z, e =0.25 isthe supercritical charge threshold).
e

Comparison between the atomic collapse state in graphene impuritiesand in

isolated 3D supercritical atoms

Several theoretical studies (8-10) have demonstrated that supercritical impuritiesin
graphene should show essentially the same atomic collapse physics as isolated 3D
supercritical atoms. However, there are some subtle differences between the two cases,
which we discuss below.

One such difference is the expression for the critical charge threshold, Z.. Solving

the 3D massive Dirac equation for the point charge Coulomb potential of an isolated atom

9



resultsin aground state energy that becomes imaginary when Z > 1. 137, wherea is
o

the fine structure constant. However, Pomeranchuk and Smorodinsky (2) (among others)
noticed that this conclusion is unphysical. They demonstrated that the singularity is
eliminated if one introduces a cutoff in the potential. The true singularity occurs only
when the level is pulled all the way through the mass gap. For arealistic nuclear radius
this gives the critical charge threshold Z; ~ 170.

For graphene charged impurities Z_ = Z% = ZL ~0.25, where vg is the graphene
o
g

Fermi velocity and o4 is the graphene effective fine structure constant (8, 9, 37).
Compared to the case for isolated 3D atoms, the expression of Z;in graphene has an extra
factor of /2. The origin of this extrafactor isthe 2D nature of graphene as shown in ref.
25. A simple, qualitative explanation can be made using the following semi-classical
argument. Electrons in graphene have spin and so their dynamics are described by a
Berry phase which is equal to n. One must account for this phase by including it in the

Bohr-Sommerfeld rule for orbital angular momentum quanti zation:

c]S p¢d¢) =2rL = (2z7m+ )% , where L is the angular momentum and m is an integer.
The dynamics are thus effectively described by assigning L half-integer values. Atomic
collapse occurs for small angular momentum: |L|v, < Ze* (This follows from an
analysis of classical trgectories, see, e.g., Landau and Lifshitz, The Classical Theory of

Fields, Section 39). Using the lowest possible value of L :%h we arrive at

VS
© 2 2,
Another difference between graphene charged impurities and isolated atoms is that
for isolated atoms the subcritical regime exhibits "normal™ Bohr-type bound states (due to
finite electron mass) while electrons around subcritical impurities in graphene are

completely delocalized (due to the zero effective mass of graphene charge carriers).

10



140 - :
] C ; Ca Cluster Distribution
120
As deposited
100 After annealing |
2 80
= J
o
O 60+
40 o
20 1 \ N
1 | \\ =
o | =2 Ny m\§§§‘\\ -

27 31 35 39 43 47 51 55 59
Height (Angstrom)

19 23

Fig. S1. (A) 18.8nm x 18.8nm STM topograph of the graphene surface at T = 5K
following atypical Cadeposition shows Ca monomers (tunneling parameters. V=

+0.30V, 1=2pA). (B) Same sizeareaat T = 5K after warming to T = 16K shows Ca
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dimers (tunneling parameters. V= +0.40V, 1=3pA). (C) Histogram of the apparent height
of 150 objects measured on random patches of graphene at T = 5K both before (blue) and
after (red) annealing to 16K.
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Fig. S2. dI/dV spectrataken 4.1nm from the center of a 5-dimer cluster using different
set-point currents to test for tip-induced band-bending effects. No significant
band-bending effects are observed. Initial tunneling parameters: V= +0.50V, | = 8pA,
wiggle voltage Vims= 6mV (black); Vs=+0.50V, | = 40pA, wiggle voltage Vms= 6mV
(red); and Vs=+0.50V, | = 500pA, wiggle voltage Vims= 2mV (green). Vg = -30V for all

measurements.
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Fig. S3. Theoretical LDOS of graphene before adding inelastic tunneling and lifetime
broadening. These curves are calculated using the Dirac equation for different distances
from an impurity having charge of (A) Z=0.5Z;, (B) Z=0.9Z., (C) Z=1.4Z., (D) Z=
1.8Z;, and (E) Z = 2.2Z.(Z. isthe critical charge threshold described in the text of the
paper). The effects of inelastic tunneling and lifetime broadening must be added to the
LDOS to simulate actual STM dI/dV spectra (as shown in Fig. 1 of the paper).
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Fig. $4. (A-E) Theoretical normalized dI/dV spectrafor graphene at different distances
from the center of Ca-dimer clusters (i.e., artificial nuclei) composed of 1-5 dimers using

boundary condition of ro=0.5nm. (F-J) Theoretical normalized di/dV spectrafor
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graphene at same distances asin (A-E) using boundary condition of ro= 1.0nm. (K-O)
Theoretical normalized di/dV spectrafor graphene at same distances asin (A-E) using
boundary condition of ro= 1.5nm. The best-fit Z/Z. values are |abeled in the figure.
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Fig. S5. Comparison between experimental and simulated distance dependence of the
atomic collapse state intensity. Black solid curve: experimental radial averaged
normalized di/dV linescan for graphene as a function of lateral distance from the center of
a5-dimer cluster (tunneling parameters: Vs= +0.20V, | = 0.015nA, V4= -30V, wiggle
voltage Vms= 6mV). Red dashed curve: theoretical simulated distance-dependent
normalized di/dV linescan for graphene near a charged impurity having Z = 2.2Z.. Both

curves are normalized by their value at r = 10nm.
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Fig. S6. Normalized dI/dV spectrataken at different distances away from asingle Ca
dimer on graphene for different gate voltages: (A) Vg =-60V, (B) Vg=0V and (C) Vg=
+30V. (Initial tunneling parameters: Vs=-0.50V, | = 0.06nA, wiggle voltage Vms= 6mV)
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Fig. S7. Geometrical structure for asingle Ca dimer on a 10x10 hexagonal graphene
supercell used in ab initio DFT calculation.
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Fig. S8. Z-direction-integrated charge density difference Ap (x,y) = jdzAp (r) ina
10x10 hexagonal graphene supercell calculation. The stadium-shaped region (arectangle

with alength of the Ca-Cadistance and awidth of 2xr,, plus semicircles with radii of

r,, On two sides) containing maximum net charge of -0.4eis shown by ablack line.
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Fig. S9. The net charge inside a stadium-shaped region as a function of the stadium

radius r, calculated in the nxn hexagonal graphene supercell with n=8, 9, and 10. The
particular stadium radius r,, that gives the screened charge associated with the Ca dimer

in our calculation is marked by agray vertical line.
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Fig. S10. The x-y planar integrated electron density difference Ap(z) = IdxdyAp (r) as

afunction of the position along the out-of graphene plane direction. Blue, gray, and red
vertical lines indicate the positions of the graphene sheet, the partition plane (see text),

and the Ca dimer, respectively.
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